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STRESZCZENIE

Badania oceanograficzne czesto wigzg sie z potrzebg rozpoznania dna morskiego — jego
ksztattu, typu osadu, pokrycia przez kolonie fito- lub zoobentosu, a wiec wystepowania siedlisk
dennych. Do wydzielania obszaréw wystepowania odmiennych siedlisk z powodzeniem stosowane
sg rozne cechy batymetrii i informacje o natezeniu sygnatu akustycznego rozproszonego wstecz,
rejestrowanego przez echosondy wielowigzkowe (Diesing i Thorsnes 2018; Lecours i in. 2015; Held
i Schneider von Deimling 2019). Zastosowanie miernika przechytdw oraz pomiar pozycji podczas
badan umozliwiajg uzyskanie doktadnie zlokalizowanych map o rozdzielczosci przestrzennej rzedu
kilku centymetréw (Montereale Gavazzi i in. 2016). Rejestracje wykonywane za pomocg echosond
wielowigzkowych w ostatnich latach z duzym powodzeniem sg stosowane w celu kartowania dna.
Umozliwiajg one jednoczesng rejestracje danych batymetrycznych w kilkuset punktach i podczas
przemieszczania sie jednostki badawczej tworzg precyzyjny model dna morskiego oraz mape
natezenia sygnatu akustycznego rozproszonego wstecz. Wyniki tych prac sg bardzo przydatne dla
organow administrujgcych zeglugg oraz inwestorow planujacych konstrukcje posadowione na dnie
morskim. Badania dna morskiego s réwniez niezwykle istotne w czasach gwattownych zmian
klimatycznych isrodowiskowych, umozliwiajgc monitorowanie srodowiska dna morskiego
i wystepujacych tam siedlisk bentosowych. Kartowanie i klasyfikacja siedlisk dennych dostarcza
informacji niezbednych do utworzenia Morskich Obszaréw Chronionych. Dziatania takie mieszczg
sie w Ramowej Dyrektywie w Sprawie Strategii Morskiej 2008/56/WE, Ramowej Dyrektywie
Wodnej 2000/60/WE oraz Dyrektywie Siedliskowej 92/43/EWG. Zaktadajg one potrzebe
opracowania metod mapowania i monitoringu dna morskiego.

Obok informacji o batymetrii najczesciej rejestrowang informacjg o dnie za pomoca
echosondy wielowigzkowej jest wzgledne natezenie sygnatu akustycznego rozproszonego wstecz.
Jest ono zalezne od czynnikéw zwigzanych z urzgdzeniem pomiarowym, takich jak: czestotliwos¢
sygnatu, czuto$é odbiornika, charakterystyka kierunkowa przetwornika; czynnikdéw zwigzanych ze
Srodowiskiem, przez ktére transmitowana jest fala akustyczna i powracajacy sygnat jak temperatura
i zasolenie; czynnikow zwigzanych z geofizycznymi cechami dna morskiego, jak nieréwnosé
powierzchni dna, czy gestos¢ osadu. Dodatkowo wzgledne natezenie sygnatu akustycznego
rozproszonego wstecz od dna morskiego rejestrowanego przez echosonde wielowigzkowg
wykazuje silng zaleznos¢ od kata padania na dno. Na rysunku 1 przedstawitam przyktad takiej
zaleznosci zarejestrowanej podczas moich badan.
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Rys. 1. Przyktad zaleznosci katowej natezenia sygnatu akustycznego rozproszonego wstecz od dna
morskiego.



Informacje zawarte w sygnatach rozproszonych wstecz sg wykorzystywane w algorytmach
bezinwazyjne] klasyfikacji dna morskiego, jednakze zalezno$¢ katowa natezenia takiego sygnatu
znacznie utrudnia poprawng klasyfikacje. Problemem do rozwigzania jest ujednolicenie mapy
natezen sygnatéw akustycznych rozproszonych wstecz poprzez sprowadzenie natezenia sygnatéw
w catym badanym akwenie do wartosci odpowiadajgcych jednemu katowi padania wigzki
akustycznej na dno. Prébe takiej korekcji zrealizowano w komercyjnym oprogramowaniu FMGT QPS
z narzedziem o nazwie Geocoder (Fonseca i Calder 2005). Przygotowatam mapy wzglednego
natezenia sygnatéw rozproszonych wstecz badanego obszaru, wykorzystujac narzedzie Geocoder,

jednak w opracowanych tak mapach zaobserwowatam duze btedy dla katéw padania bliskich 0°.
Dlatego zdecydowatam sie opracowa¢ wtasng metode zmiennego wzmocnienia katowego
(publikacja 3), co byto nietatwym zadaniem.

Akustyczna klasyfikacja i mapowanie dna morskiego przy uzyciu powtarzalnych,
zautomatyzowanych metod wcigz wymaga ulepszenia, pomimo postepu dokonanego w ostatnich
latach. Parametry dna obliczone dla batymetrii i natezenia sygnatu akustycznego rozproszonego
wstecz sg bezposrednio zwigzane z przestrzennym zasiegiem siedlisk i czesto wykorzystywane
w klasyfikacji dna morskiego. Niektdre z ostatnich publikacji podkreslajg potrzebe wprowadzenia
nowych parametréw opisujgcych dno morskie do kartowania siedlisk bentosowych (Diesing i in.
2016), dlatego zastosowatam parametry widmowe obliczone z cyfrowego modelu terenu, ktére sg
zupetnie nowe w nadzorowanej klasyfikacji siedlisk bentosowych.

Wyniki pomiaréw natezenia sygnatu akustycznego rozproszonego wstecz wykonane
z uzyciem réznej czestotliwosci emitowanego sygnatu lub podczas oddzielnych rejsow
pomiarowych, prezentowane przez badaczy, zazwyczaj znacznie rdznig sie zakresami wartosci.
Utrudnia to wykonanie automatycznej lub pétautomatycznej klasyfikacji siedlisk bentosowych. Na
obserwowane rdznice wptywa wiele czynnikdw, takich jak: czestotliwos¢ emitowanego sygnatu
akustycznego, zmieniajaca sie podczas réznych pomiardéw absorpcja fal akustycznych w wodzie, czy
kierunek ptyniecia jednostki podczas wykonywania pomiaréw oraz zmieniajgce sie parametry
fizyczne opisujgce powierzchnie dna i osad na nim wystepujacy.

Pomimo czestego stosowania w pracach badawczych wzglednego natezenia sygnatéw
rozproszonych wstecz od dna nie informujg one o rzeczywistych wtasnosciach rozpraszajacych,
poniewaz ich wartos¢ zalezy nie tylko od typu osadu na dnie, ale rdwniez od urzadzenia
pomiarowego i czynnikdw zwigzanych z parametrami wysytanego impulsu. To rzeczywiste wartosci
sity rozpraszania wstecznego (ang. bottom backscattering strength - BBS) sg immanentng cechg
siedlisk bentosowych. By je zarejestrowaé, niezbedne jest zastosowanie echosondy skalibrowanej
akustycznie, skorygowanie wyniku o absorbcje diwieku w wodzie oraz o straty zwigzane
z geometrycznym rozchodzeniem sie dzwieku i uwzglednienie wielkosci powierzchni, od ktérej
zarejestrowany sygnat zostat rozproszony. Akustyczna kalibracja echosondy wielowigzkowej nie jest
prostg sprawg. Od niedawna na rynku dostepne sg echosondy wielowigzkowe firm Kongsberg
i NORBIT skalibrowane akustycznie. Nadal informacje o rzeczywistych wartosciach sity rozpraszania
wstecznego réznych siedlisk bentosowych dla czestotliwosci sygnatéw powyzej 100 kHz sg
w literaturze niezwykle rzadkie. Modele teoretyczne rozpraszania sygnatéw akustycznych na dnie
morskim dziatajg dla zakresu czestotliwosci od 10 kHz do 100 kHz (model APL-UW 1994). Wiele
echosond jednowigzkowych uzywa sygnatéw o czestotliwosciach mieszczagcych sie w tym
przedziale, natomiast echosondy wielowigzkowe i sonary boczne uzywajg znacznie wyzszych
czestotliwosci. Badaczom nadal brak szczegétowych informacji o rozpraszaniu dzwieku wstecz od
dna morskiego dla czestotliwosci sygnatu sondujgcego wiekszej niz 100 kHz. Charakterystyki kgtowe
rzeczywistej sity rozpraszania wstecznego sg fizyczng cechg siedlisk bentosowych i stanowig ich



wazng akustyczng wtasciwosé. Poznanie tych cech siedlisk bentosowych umozliwi stworzenie
katalogu natezen sygnatéw akustycznych rozproszonych wstecz zaleinych od czestotliwosci
sygnatu, kata padania oraz parametréw srodowiska. Umozliwi to lepsze niz dotychczas zrozumienie
procesdow Srodowiskowych zachodzgacych na dnie morskim lub wptywajgcych na nie. Pomiar
bezwzglednych wartosci zaleznosci kgtowych sity rozpraszania wstecznego jest rowniez niezbedny
do oceny zmiennosci w czasie i przestrzeni charakterystyk siedlisk bentosowych. Wzgledne
natezenie sygnatdw rozpraszanych wstecz byto najskuteczniejszym parametrem w klasyfikacji
siedlisk dennych w licznych pracach (publikacja 1; Gaida i in. 2020; Buscombe i in. 201; Preston
2009). Podkresla to znaczenie tego parametru i zwraca uwage na konieczno$é jak
najdoktadniejszego pomiaru, aby mdc go wykorzystaé do badan w jak najbardziej efektywny sposéb
(Lurton i Lamarche 2015).

Cele pracy

Gtéwnym celem pracy doktorskiej jest zbudowanie wiarygodnego systemu akustycznej
charakterystyki siedlisk dennych, na ktéry sktada sie:

wykonanie cyfrowego modelu dna badanych rejonéw wraz z jego parametryzacjg,

wykonanie mapy natezenia sygnatu akustycznego rozproszonego wstecz sprowadzonego do
jednego kata padania,

poznanie charakterystyk kagtowych bezwzglednej sity sygnatu akustycznego rozproszonego wstecz
od dna dla sygnatéw o wybranej czestotliwosci.

bezinwazyjna klasyfikacja siedlisk bentosowych.

Ponadto celem pracy jest znalezienie parametréw opisujgcych powierzchnie dna, ktére
zwiekszajg site predykcji w klasyfikacji nadzorowanej i nie sg zalezne od czestotliwosci sygnatu
wykorzystywanego podczas rejestracji dna echosondg wielowigzkowg i nie sg takze zalezne od
innych zmian wzglednych wartosci natezenia sygnatu akustycznego podczas réznych kampanii
pomiarowych. Dodatkowym celem jest stworzenie wtasnego, empirycznego algorytmu do korekcji
zaleznosci kgtowej natezenia sygnatu rozproszonego wstecz, ktéry umozliwia dalsze wykorzystanie
tego parametru w procesie klasyfikacji.

Obszar badan

Do testowania nowych metod badawczych wybrano obszar dna morskiego, ktory na
niewielkim obszarze skupia roine typy siedlisk bentosowych. W akwenie pomiarowym
o powierzchni ~1,4 km? potozonym w odlegtosci ok 1,5 km na pdéthoc od portu Rowy
w potudniowym Battyku zarejestrowano dane batymetryczne oraz natezenia sygnatow
rozproszonych wstecz za pomocg echosondy wielowigzkowej (publikacja 1, publikacja 2, publikacja
3). Z zarejestrowanych danych przygotowano cyfrowy model batymetrii oraz mape wzglednych
wartosci natezenia sygnatu akustycznego rozproszonego wstecz od dna. W badanym obszarze
wystepuja: obszary pokryte bardzo drobnym piaskiem (VFS), piaskiem lub piaskiem ze zwirem
miejscami tworzgcym ripplemarki (S), zwir piaszczysty lub piasek zwirowy (SG-GS), gtazy i otoczaki
pokryte matzami Mytilus trossulus (B), gtazy i otoczaki pokryte matzami Mytilus trossulus,
poros$niete krasnorostami (R) oraz sztuczna struktura jaka jest wrak statku (A). Podczas pomiaréw
pobrano prébki osadow czerpaczem Van Veen’a oraz wykonano rejestracje video kamerg
umieszczong na zdalnie kierowanym pojezdzie podwodnym. tgcznie zinwentaryzowano 57 miejsc
dna morskiego. Pobrane prébki osadow zostaty przeanalizowane laboratoryjnie w celu okreslenia
ich sktadu granulometrycznego, natomiast miejsca wystepowania duzych gtazéw, w ktérych nie
udato sie pozyskac probek osaddw, oceniono wizualnie na podstawie zarejestrowanego nagrania



wideo. Nastepnie punkty inwentaryzacji przyporzgdkowano do szesciu wymienionych wczesniej
grup (Folk i Ward 1957; Wentworth 1922).

Opis wykonanych prac wchodzacych w sktad dysertacji
Klasyfikacja siedlisk dennych

W ostatnich latach w badaniach hydroakustycznych intensywnie poszukuje sie jak
najlepszych metod geomorfologicznej analizy dna morskiego (Goff i Jordan 1988; Wilson i in. 2007;
Micallef i in. 2012; Diesing i Thorsnes 2018; Gafeira i in. 2018; Lucieer i in. 2018). Do klasyfikacji
siedlisk bentosowych stosowane sg rézne metody (Diesing i in. 2020), ktére ogdélnie mozemy
podzieli¢ na klasyfikacje nadzorowang i nienadzorowang, w ktdrej nie rozrdéznia sie na poczatku
ilosci i cech wynikowych klas. Czesto do okreslenia klas oraz miejsca ich wystepowania in situ
wykorzystywane sg prébki osadow dennych. Podczas grupowania na podstawie analizy map
parametréw przypisywane do poszczegdlnych klas mogg by¢ pojedyncze piksele lub piksele
zgrupowane w obiekty o podobnych cechach. Wreszcie sposdb przypisania danych do
poszczegblnych grup moze by¢ realizowany za pomocg réznych metod jak maszyna wektoréw
nosnych, las losowy, algorytm grupowania k-srednich, k-najblizszych sgsiadéw, drzewa klasyfikacji
i regresji, sieci neuronowe (Diesing i in. 2020; publikacja 1; publikacja 2). Punkty zinwentaryzowane
na dnie morza mogg by¢ podzielone na dwie grupy — grupe treningowa, ktéra bierze udziat
w ,,uczeniu” algorytmu prawidtowego przypisania klas oraz grupe walidacyjng stuzgcg sprawdzeniu
poprawnosci predykcji. Metoda klasyfikacji polegajaca na wykorzystaniu nadzorowanej analizy
obiektowe] realizowanej w oprogramowaniu eCognition z wykorzystaniem wieloskalowej
segmentacji, algorytmu doboru cech Boruta i pordwnania wynikéw kilku algorytméw
klasyfikujgcych osigga bardzo dobre rezultaty opisane miedzy innymi ogdlng doktadnoscig na
poziomie powyzej 80% (publikacja 1; Janowski i in. 2020) dlatego zostata wybrana do klasyfikacji
siedlisk w moim badaniu.

W przypadku nadzorowane] analizy obiektowej (publikacja 1; publikacja 2), czynnikami
wejsciowymi do klasyfikacji s3 probki osadéw dennych, mapy batymetryczne, mapy wzglednego
natezenia sygnatu akustycznego rozproszonego wstecz od dna morskiego oraz mapy obliczonych
z nich parametréw. Parametry statystyczne obliczane w wielu pracach dla batymetrii to nachylenie
(slope), kierunek ekspozycji (aspect), krzywizna (curvature), odchylenie standardowe (standard
deviation). Przyktady parametréw obliczanych dla mapy wzglednego natezenia sygnatu
rozproszonego wstecz to odchylenie standardowe oraz parametry teksturalne (macierze
wspotwystepowania poziomow szarosci - GLCM) (Haralick i in. 1973; Montereale Gavazziiin. 2017,
Prampolini i in. 2018; Samsudin i Hasan 2017), w tym homogenicznos$¢ i kontrast. W badaniach
metod klasyfikacji siedlisk bentosowych na szczegdlng uwage zastugujg analizy w wielu skalach
przestrzennych (Lecours i in. 2015; Misiuk i in. 2018). Istnieje wiele mozliwych do przygotowania
map parametréw, dlatego wazne jest okreslenie, ktdre z nich w sposéb istotny opisujg badany
obszar. Realizuje sie to poprzez algorytm doboru cech Boruta (Kursa i Rudnicki 2010) okreslajacy
wskaznik waznosci (important score) lub poprzez analize sktadowych gtéwnych (Jolliffe 2002), ktéra
okresla stopien korelacji wzajemnej poszczegdlnych zmiennych. Do grupowania siedlisk nalezy
wybraé mapy parametrow, ktére w sposdb istotny opisujg zmiennos¢ badanego obszaru i nie sg ze
sobg silnie skorelowane (publikacja 2).

Jedng z najnowszych tendencji w mapowaniu siedlisk bentosowych jest wykorzystanie
wieloczestotliwosciowych danych rejestrowanych przez echosondy wielowigzkowe. Zaleznosé
natezenia sygnatu akustycznego rozproszonego wstecz od czestotliwosci zaobserwowano
w badaniach laboratoryjnych i terenowych, sprawdzajac wartosc tego parametru dla réznych typow



osadow (publikacja 1; Jackson iin. 1986; Urick 1983; Feldens i in. 2018; Gaida i in. 2018). Rejestracje
akustyczne osaddéw dna morskiego przeprowadzone na kilku czestotliwosciach czesto dostarczajg
wiecej informacji na temat fizycznych i biologicznych wtasciwosci siedlisk dna morskiego
w poréwnaniu z badaniami wykorzystujgcymi jedng czestotliwosé. Zaobserwowano, ze drobne
osady, takie jak piaski i muty inaczej rozpraszajg sygnaty akustyczne o danej czestotliwosci, niz osady
grubsze, takie jak zwir, muszle lub gtazy (Jacksoniin. 1986; Gaida i in. 2018).

Lyons i inni (2002) opisali jedno z pierwszych zastosowarnn Dwuwymiarowej Transformacji
Fouriera (2D FFT) do charakterystyki dna morskiego o wysokiej rozdzielczosci. Zastosowanie 2D FFT
umozliwito uzyskanie przestrzennego rozktadu widmowej gestosci mocy cyfrowego modelu terenu.
Ta sama technika zostata zastosowana w kilku innych badaniach (np.: Briggs i in. 2005). Metoda
zostata udoskonalona i zastosowana do analizy batymetrii o wysokiej rozdzielczosci uzyskanej
znowoczesnych pomiaréw hydroakustycznych, w tym z wykorzystaniem echosond
wielowigzkowych (Cazenave i in. 2008; Lefebvre i in. 2009). Schonke i inni (2017) zastosowali
transformacje Fouriera do opisu mikro nieréwnosci dna morskiego, stosujgc podwodne skanowanie
laserem w potudniowo-wschodniej czesci Morza Pétnocnego.

Zaproponowatam, aby w klasyfikacji siedlisk bentosowych zastosowac parametry opisujace
badany obszar obliczone z cyfrowego modelu dna morskiego. Wprowadzitam do analizy obiektowej
nowa grupe parametréw widmowych obliczonych z cyfrowego modelu dna (publikacja 2). Sg nimi:
moment widmowy m0O, moment widmowy m2, Srednia czestotliwos$¢, szerokos¢ widmowa,
skosnos¢ widmowa, wspétczynnik dobroci (Q-factor), skosnos¢ widmowa zdefiniowana dla
momentow centralnych, wymiar fraktalny. Cyfrowy model dna podzielitam na mate kwadraty, przy
czym kazdy kolejny kwadrat zachodzit w 90% na potozenie poprzedniego a w kazdym z nich
obliczytam gestos¢ widmowa mocy korzystajac z algorytmu 2D FFT (Rys. 2).

K [1/m]

K, [1/m]

Rys. 2. Przyktad gestosci widmowej mocy obliczonej w oknie obejmujgcym fragment cyfrowego
modelu terenu.

W kazdym z okien (Rys. 2) robitam przekroje gestosci widmowej mocy co 5 stopni i z tak
otrzymanych dwuwymiarowych przekrojow obliczytam parametry widmowe. Usrednione wyniki
parametru z poszczegdlnych okien ztozytam w mape przestrzennego rozktadu parametru
w badanym obszarze. Na Rys. 3 przedstawitam przyktadowy parametr - moment widmowy 2, ktéry
zostat obliczony w oknie o wielkos$ci 20x20 m.
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Rys. 3. Mapa rozktadu wartosci parametru moment widmowy (m2), obliczconego w ruchomym oknie
20x20 m.

W publikacji 2 przygotowano zestawienie map przyktadowych parametréw moggcych braé
udziat w procesie klasyfikacji dna, w tym parametry statystyczne, widmowe oraz macierze
wspotwystepowania poziomow szarosci. Nastepnie sprawdzono, ktére sposréd 62 map
parametréw sg najistotniejsze w klasyfikacji nadzorowanej wykorzystujgc algorytm doboru cech
Boruta (Kursa i Rudnicki 2010). Ten algorytm doboru cech wykorzystuje uczenie maszynowe typu
random forest (RF) (Breiman 2001). Klasyfikacje obiektowg OBIA zrealizowano stosujac
oprogramowanie eCognition (publikacja 1; publikacja 2; Blaschke 2010; Janowski i in. 2020).
W algorytmie segmentacji wielorozdzielczej (MS) piksele o podobnych cechach zostaty potgczone
w grupy o okreslonych ksztattach i rozmiarach (Benz i in. 2004). Najlepszy wynik klasyfikacji
osiggnieto metoda - maszyna wektorow nosnych (Support Vector Machine - SVM). Otrzymano 86%
ogoblnej doktadnosci predykcji, poréwnujgc wynik klasyfikacji ze zbiorem prébek osadéw
walidacyjnych.

Rzeczywista wartos¢ sity rozpraszania wstecznego od dna

Standardy hydrograficzne IHO (2008) w sposéb szczegdétowy opisujg jako$¢ pomiaréow
batymetrycznych echosondg wielowigzkowsg, jednak standardy zwigzane z pomiarami echosondg
wielowigzkowg rozpraszania wstecznego niezmiernie rzadko sg opisywane w literaturze.
Kompendium dobrych praktyk w zakresie rejestracji i przetwarzania natezenia sygnatow
rozpraszanych wstecz opracowane przez grupe BSWG GeoHab, jest pierwszym tego typu
dokumentem skupiajgcym sie na jakosci danych o natezeniu sygnatu akustycznego rozproszonego
wstecz rejestrowanego przez echosonde wielowigzkowg (Lurton i Lamarche 2015). Natezenie
sygnatéw akustycznych rozproszonych wstecz powinno byé rejestrowane urzadzeniami
skalibrowanymi akustycznie, dajgc dostep do rzeczywistej sity rozpraszania wstecznego (Lurton
i Lamarche 2015; Eleftherakis i in. 2018).

Dostarczenie rzeczywistych wartosci sity rozpraszania wstecznego dna morskiego wymaga
uzycia sonaru, ktérego charakterystyka i czuto$¢ podczas nadawania i odbioru sygnatu sg dobrze
znane przy okreslonej czestotliwosci i kacie padania na dno morskie. Ponadto wymaga to
zastosowania doktadnych kompensacji strat transmisji oraz powierzchni rewerberacji (Lurton
i Lamarche 2015; Eleftherakis i in. 2018). W ostatnich latach opublikowano wyniki zaledwie kilku
badan siedlisk bentosowych z wykorzystaniem skalibrowanej akustycznie echosondy
wielowigzkowej (Wendelboe 1018; Eleftherakis i in. 2014; Weberiin. 2018; Roche i in. 2018). Prace



te przedstawiajg wybrane charakterystyki rzeczywistej sity rozpraszania wstecznego dla kilku typow
siedlisk przy zastosowaniu sygnatdw o réznych czestotliwosciach przy znanych parametrach
Srodowiska. Gdy takie pomiary stang sie czeste, mozliwe bedzie stworzenie kompleksowego
katalogu przedstawiajgcego charakterystyki kgtowe rzeczywistej sity rozpraszania wstecznego dla
réznych siedlisk bentosowych.

Do pomiaréw prezentowanych w publikacji 3 wykorzystatam echosonde wielowigzkowa
iWBMSh (model STX) skalibrowang akustycznie przez jej producenta - firme NORBIT. Dodatkowo
zarejestrowane wartosci natezenia rozpraszania wstecznego zostaty przeze mnie skorygowane
o wielkos$¢ powierzchni rewerberacji oraz przyporzadkowane do katéw padania wigzki akustycznej
na dno. W publikacji zaprezentowatam krzywe przedstawiajgce katowe zaleznosci rzeczywistej sity
rozpraszania wstecznego dla siedlisk dennych wystepujgcych w badanym obszarze dla sygnatu
akustycznego o czestotliwosci 150 kHz. Jest to niezwykle wazny wynik w kontekscie poznania
akustycznej charakterystyki siedlisk bentosowych.

BBS [dB]

.35 i i L L L
0 10 20 30 40 50 60 70 80

Kat padania wigzki akustycznej [*]

Rys. 4. Wyniki wartosci rzeczywistej sity rozpraszania wstecznego w funkcji kata padania dla
obszaréw pokrytych bardzo drobnym piaskiem (VFS), piaskiem lub piaskiem ze zwirem miejscami
tworzacym ripplemarki (S), zwiru piaszczystego lub piasku zwirowego (SG-GS), gtazéw i otoczakow
pokrytych matzami Mytilus trossulus (B), gtazow i otoczakdw pokrytych matzami Mytilus trossulus,
porosnietych krasnorostami (R) dla sygnatéw akustycznych o czestotliwosci 150 kHz.

Uzyskane wartosci rzeczywistej sity rozpraszania wstecznego wyniosty: od -12 do -31 dB dla
obszaréw pokrytych piaskiem lub piaskiem ze zwirem miejscami tworzgcym ripplemarki (S); od -
12,5 do -27 dB dla obszaréw pokrytych bardzo drobnym piaskiem (VFS); od -10,5 do -18 dB dla zwiru
piaszczystego lub piasku zwirowego (SG-GS); od -12 do -20 dB dla gtazow i otoczakdéw pokrytych
matzami Mytilus trossulus i porosnietych krasnorostami (R) oraz -11,5 do -18 dB dla gtazéw
i otoczakdw pokrytych matzami Mytilus trossulus (B).

W przypadku ptaskich w makroskali typéw dna (obszary pokryte bardzo drobnym piaskiem,
obszary pokryte piaskiem lub piaskiem ze Zwirem miejscami tworzacym ripplemarki)
zaobserwowatam duzy spadek rzeczywistej sity rozpraszania wstecznego wraz ze wzrostem
odchylenia kierunku padania fali od pionu a w przypadku dna o bardziej nieregularnym ksztatcie
(zwir piaszczysty lub piasek zwirowy, gtazy i otoczaki pokryte matzami Mytilus trossulus, gtazy
i otoczaki pokryte matzami Mytilus trossulus i porosniete krasnorostami) spadek wartosci
rzeczywiste] sity rozpraszania wstecznego dla bardziej odchylonych wigzek ten jest mniejszy.
Wartosci rzeczywistej sity rozpraszania wstecznego uzyskane dla zwiru piaszczystego lub piasku



zwirowego, gtazow i otoczakow pokrytych matzami Mytilus trossulus i poro$nietych krasnorostami
oraz gtazédw i otoczakdw pokrytych matzami Mytilus trossulus byty wyzsze niz dla obszarow
pokrytych piaskiem lub piaskiem ze zwirem miejscami tworzgcym ripplemarki i obszary pokryte
bardzo drobnym piaskiem. Krzywe wartosci rzeczywistej sity rozpraszania wstecznego dla obszaréw
pokrytych piaskiem lub piaskiem ze zwirem miejscami tworzgcym ripplemarki i obszaréw pokrytych
bardzo drobnym piaskiem w przedstawionych przeze mnie badaniach miaty charakterystyczne
ksztatty typowe dla krzywej osadéw drobnoziarnistych w modelu APL-UW (1994).

Korekcja wzglednego natezenia sygnatu rozproszonego wstecz od dna polegajaca na
zmiennym wzmocnieniu katowym

Wzgledne natezenie sygnatu akustycznego rozproszonego wstecz wykazuje silng zaleznos¢
od kata padania. Na Rys. 5 przedstawiono przyktadowa mape wartosci wzglednego natezenia
sygnatéw rozproszonych wstecz w funkcji kata padania zarejestrowanych przeze mnie w akwenie
pomiarowym.
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Rys. 5. Mapa wzglednych wartosci natezenia sygnatéw akustycznych rozproszonych wstecz
zarejestrowana w akwenie Rowy w potudniowym Battyku.

Opracowatam empiryczng metode korekcji polegajgcg na zmiennym wzmocnieniu
katowym (publikacja 3). Wykorzystuje ona usrednione wartosci zmierzonego natezenia sygnatu
akustycznego rozproszonego wstecz, a nie zatozenia modelowe, tak jak to uczyniono w
standardowym oprogramowaniu Geocoder. Wysokiej jakosci mapy rozpraszania wstecznego
sprowadzone do jednego kata padania sg niezbedne do przeprowadzenia doktadnej klasyfikacji
siedlisk bentosowych. Wszystkie pomiary natezenia sygnatu akustycznego rozproszonego wstecz
w badanym obszarze sprowadzitam do wartosci odpowiadajgcych rozpraszaniu wstecznemu dla
kata padania 40° w celu sporzadzenia jednorodnej mapy fatwej do interpretacji oraz dalszego
wykorzystania w programach realizujgcych klasyfikacje. Zaproponowany przeze mnie algorytm
umozliwia sprowadzenie sity rozpraszania wstecznego do dowolnego kata padania wigzki
akustycznej na dno.

Nowatorska procedura korekcji polega na podziale danych zarejestrowanych przez
echosonde wielowigzkowg na grupy, z ktérych kazda zawiera sekwencje 50 impulséw, a kazdy



impuls kilkaset zarejestrowanych odebranych sygnatéw (wykorzystywana echosonda operowata na
512 wigzkach odbiorczych). Dla uproszczenia przyjetam zatozenie, ze witasciwosci rozpraszania
wstecz sygnatu akustycznego od dna morskiego sg state w kazdej sekwencji zarejestrowanych
impulsow. Kazdy zarejestrowany sygnat przypisatam do odpowiedniego przedziatu kata padania. Ze
wszystkich danych zarejestrowanych w danej sekwencji obliczytam $rednie wartos$ci natezenia
sygnatu akustycznego rozproszonego wstecz dla réznych katéw padania. Nastepnie sprawdzitam,
jaka wartos¢ odpowiada katowi padania 40 stopni i obliczytam wspdtczynnik korekcji dla
poszczegdlnych katéw padania. Kazdg zarejestrowang wartos¢ natezenia sygnatu akustycznego
rozproszonego wstecz przemnozytam ze wspotczynnikiem korekcji odpowiednim dla danego kata
padania. Wspodtczynniki korekcji byty obliczane oddzielnie dla kazdej sekwencji 50 impulséw.

Na Rys. 6 przedstawitam mape wzglednych wartosci natezenia sygnatdéw akustycznych
rozproszonych wstecz o wartosciach przeliczonych do kata padania 40°. Wynik procedury
korekcyjnej jest przedstawiony w postaci mapy obliczonych wartosci wzglednego natezenia sygnatu
akustycznego rozproszonego wstecz po korekcji nazwanej BBS-Coder.
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Rys. 6. Rezultat dziatania algorytmu BBS-Coder - mapa wzglednych wartosci natezenia sygnatow
akustycznych rozproszonych wstecz o wartosciach przeliczonych do kata padania 40°
zarejestrowana w akwenie Rowy w potudniowym Battyku.

Narzedzie Geocoder (Fonseca i Calder 2005) umozliwito przygotowanie map wzglednego
natezenia sygnatu akustycznego rozproszonego wstecz badanego obszaru bez zaleznosci katowych.
Jednak dla katéw padania bliskich 0° otrzymano wysokie odchylenie standardowe wartosci
parametru prezentowanego na mapie. Geocoder przypisuje informacje o waznosci do prdobek

rozpraszania wstecznego. Dane dla katéw padania bliskich 0° i blisko 90° majg niskg waznos¢,
natomiast probki w srodkowym zakresie majg wyzsze wartosci i wiekszy wptyw na koicowg mape
mozaikowg rozpraszania wstecznego (Fonseca i Calder 2005). W przypadku przedstawionej przeze
mnie korekcji polegajgcej na zmiennym wzmocnieniu kagtowym (publikacja 3), gdy w jednym oknie
mapy rastrowej wystepowaty dane o rozpraszaniu zarejestrowane z rédznym katem padania,
wszystkie wartosci zostaty usrednione zgodnie z przyporzagdkowaniem przestrzennym do siatki
rastrowej. Przedstawiona przeze mnie metoda polegajgcej na zmiennym wzmocnieniu kgtowym



jest prostym i efektywnym narzedziem do przygotowania mapy mozaikowej rozpraszania
wstecznego, przydatnej do klasyfikacji siedlisk dna morskiego.

Podsumowanie i wnioski

Przygotowujgc dysertacje, wykonatam cyfrowy model dna badanego obszaru na pétnoc
od miejscowosci Rowy w potudniowym Battyku oraz przygotowatam mapy parametréw
widmowych modelu cyfrowego powierzchni dna. W celu zbadania akustycznej charakterystyki
siedlisk dennych w badanym obszarze zmierzytam i obliczytam rzeczywiste wartosci sity
rozpraszania wstecznego sygnatdw akustycznych. W dysertacji wykorzystatam bardzo efektywng
metode klasyfikacji wykorzystujgcg analize obiektowg, ktérg ulepszytam o wykorzystanie
parametréw widmowych cyfrowego modelu terenu. Ponadto opracowatam metode ujednolicenia
mapy natezen sygnatow akustycznych rozproszonych wstecz nazwang w publikacji 3 BBS-Coder,
poprzez sprowadzenie natezenia sygnatéw w catym badanym akwenie do wartosci
odpowiadajgcych jednemu katowi padania wigzki akustycznej na dno. Za jej pomoca
przygotowatam mape natezenia sygnatu akustycznego rozproszonego wstecz sprowadzonego do
kata padania 40°.

Podsumowanie i wnioski dotyczgce akustycznej klasyfikacji siedlisk bentosowych

Parametry widmowe opisujgce dno morskie obliczone dla cyfrowego modelu terenu
(publikacja 2) nie s3g zalezne od zmiennych parametréw Srodowiska, takich jak natezenie sygnatu
rozproszonego wstecz od dna, dlatego dobrze realizujg cel postawiony w dysertacji. S3 wazne
w opracowaniu powtarzalnych i jednorodnych metod klasyfikacji siedlisk dna morskiego.
To zupetnie nowatorskie podejscie umozliwia w sposéb pdtautomatyczny i powtarzalny
klasyfikowac siedliska bentosowe potudniowego Battyku (publikacja 2) jak réwniez znalazto
zastosowanie w predykcji lgdowych form postglacjalnych, co potwierdza skutecznosc
i uniwersalnos¢ metody (Janowski i in. 2021 - praca mojego wspotautorstwa nie wchodzaca do
dysertacji, opublikowana w IEEE Transactions on Geoscience and Remote Sensing, IF=5,6).
Otrzymane wyniki badaid potwierdzaja wysoka efektywnos¢ parametrow widmowych
w rozpoznawaniu siedlisk bentosowych, co potwierdza wysoka zgodnos$¢ (86%) wynikow
klasyfikacji z prébkami osadéw dennych w procesie walidacji (publikacja 2).

W pracy przedstawitam osiem parametrow widmowych opisujgcych powierzchnie dna.
Znaczenie parametrow widmowych zostato wyrazone za pomocg tak zwanego wskaznika waznosci
(importance score) jako rezultatu algorytmu selekcji cech Boruta. Siedem z o$miu
zaproponowanych parametréw widmowych znacznie poprawito moc predykcyjng klasyfikatoréw
nadzorowanych (publikacja 2). Najistotniejszymi parametrem w tym badaniu byta mapa natezenia
sygnaftu akustycznego rozproszonego wstecz od dna morskiego dla emitowanych sygnatéw
o czestotliwosciach 400 kHz i 150 kHz. Natomiast kolejnym, istotnym parametrem byt wymiar
fraktalny obliczony z nachylenia widma. Co ciekawe, wyniki analizy algorytmu Boruta wskazujg, ze
niektére parametry widmowe majg wieksze znaczenie dla prawidtowej klasyfikacji niz batymetria,
z ktdrej zostaty obliczone. Na uwage zastuguje fakt, ze wszystkie inne wyekstrahowane cechy, w tym
parametry geomorfologiczne, statystyczne i teksturalne batymetrii i natezenia sygnatu
akustycznego rozproszonego wstecz, nie zostaly uznane za istotne. Wynik ten podkredla, ze
zastosowanie parametréow widmowych moze znacznie poprawi¢ klasyfikacje nadzorowang
i mapowanie siedlisk bentosowych. Przedstawiona przeze mnie metoda dowiodta swojej
skutecznosci na obszarze o ztozonej geomorfologii. Odpowiednie zastosowanie nowych
parametréow zwiekszyto doktadnosc klasyfikacji w stosunku do prac przedstawionych w publikacji 1.
Dodatkowo potwierdzono, ze istniejg umiarkowane réznice w rozpraszaniu wstecznym badanych
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siedlisk dla czestotliwosci 150 kHz i 400 kHz i oba te parametry majg wysoki wskaznik waznosci.
Potwierdza to uzytecznos$¢é podejscia wieloczestotliwosciowego w mapowaniu siedlisk dennych.

Mozna zauwazy¢ duze podobieAstwo miedzy mapami parametrow widmowych
a niektérymi cechami mapy wzglednego natezenia sygnatu akustycznego rozproszonego wstecz.
Jest ono niezwykle istotne dla mocy predykcji klasyfikatorow nadzorowanych. Parametry widmowe
mogg by¢ bardzo przydatne do mapowania siedlisk bentosowych, gdy dostepna jest tylko
batymetria. Jednak uwzglednienie parametréw spektralnych wymaga danych batymetrycznych o
wysokiej rozdzielczosci i jakosci. Wszelkie artefakty zwigzane z btedami podczas pomiaréw
echosondy wielowigzkowg mogg znieksztafci¢ obraz batymetryczny i wptywa¢ na obliczone
wartosci parametrow widmowych. Jednakze nowoczesne systemy kompensacji ruchu podczas
pomiaréw echosondg wielowigzkowga dobrze radzg sobie z korygowaniem tych bteddéw.

Kolejnym ciekawym zagadnieniem moze by¢ wykorzystanie tego typu parametréow
widmowych do klasyfikacji cyfrowych modeli terenu o réznym pochodzeniu. Przyktadem takiego
zastosowania jest klasyfikacja morfologiczna form polodowcowych z wykorzystaniem cyfrowego
modelu terenu miedzy innymi z pomiaréw lidarowych (Janowski i in. 2021 - praca mojego
wspodtautorstwa nie wchodzgca do dysertacji, opublikowana w IEEE Transactions on Geoscience and
Remote Sensing, IF=5,6).

Przedmiotem dalszych badan powinno by¢ ustalenie optymalnej wielkosci okna
przesuwnego, w ktérym obliczane sg parametry widmowe, aby maty jak najwiekszy wptyw na
prawidtowga predykcje siedlisk.

Podsumowanie i wnioski o pomiarach rzeczywistej sity rozpraszania wstecznego

Akustyczna kalibracja echosondy wielowigzkowej umozliwia pomiar wartosci rzeczywistej
sity rozpraszania wstecznego, ktdére sg istotng geoakustyczng cechg siedlisk bentosowych i s3
pomocne w ich dyferencjacji. Niestety wyniki pomiaréw bezwzglednych wartosci sity rozpraszania
wstecznego zarejestrowanych echosondg wielowigzkowa przedstawiajgcych catg zaleznos¢ katowa
sg niezwykle rzadkie i niewystarczajgce (Wendelboe 2018; Eleftherakis 2018). Kazda fizycznie
poprawna metoda kalibracji poprawia jakos¢ danych i dostarcza cennych informacji. Przedstawiona
przeze mnie w publikacji 3 metodyka uzyskania bezwzglednych wartosci sity rozpraszania
wstecznego umozliwia odtworzenie procesu pomiaru i analizy danych poprzez wykorzystanie
skalibrowanej przez producenta echosondy i uzupetnienie o korekcje zwigzang z powierzchnig
rewerberacji oraz korekcjg katéw padania. Waznos$é bezwzglednych wartosci sity rozpraszania
wstecznego sprawia, ze nalezy zawsze, gdy to mozliwe stosowaé skalibrowane akustycznie
echosondy.

Wzgledne wartosci natezenia sygnatu akustycznego rozproszonego wstecz byty skutecznie
wykorzystywane do klasyfikacji siedlisk bentosowych (publikacja 1; Gaida i in. 2020; Buscombe
i in. 2014; Preston 2009), jednak dla bardziej zaawansowanych analiz srodowiskowych konieczne
jest okreslenie bezwzglednych wartosci sity rozpraszania wstecznego. Przyktadem jest badanie
zmiennosci dobowej i sezonowej rozpraszania wstecz przez trawy morskie, poniewaz rdznica
poziomu sity rozpraszania wstecznego o kilka dB moze decydowac o zmiennosci (Feldens i in. 2018).
Rejestracje wzglednych wartosci rozpraszania wstecznego od dna morskiego przeprowadzone
w innym czasie w innych obszarach a czesto za pomocg innego modelu echosondy wielowigzkowej
dajg bardzo odmienne wyniki dla tych samych siedlisk bentosowych. Uzycie bezwzglednych
wartosci sity rozpraszania wstecznego umozliwi poréwnanie tych wynikéw. Nalezy jednak
pamietac, ze pozornie podobne siedliska denne mogg znacznie rdznic sie od siebie wtasciwosciami
fizycznymi, takimi jak liczba i wielko$¢ pecherzykéw gazowych w osadzie, gestos¢ osadu i innych, co
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wplywa na powstanie réznic w bezwzglednych wartosciach sity rozpraszania wstecznego. Konieczne
sg intensywne badania, aby poznac rzeczywiste wartosci rozpraszania wstecz réznych siedlisk
bentosowych. Przyktady pomiaréw przedstawionych w réznych badaniach wskazujg na duig
zmiennos¢ rzeczywistej sity rozpraszania wstecznego, dlatego wazne jest znalezienie empirycznych
wartosci granicznych rzeczywistej sity rozpraszania wstecznego dla konkretnych siedlisk w réznych
basenach. Przedstawione dotychczas badania opisujgce charakterystyki katowe rzeczywistej sity
rozpraszania wstecznego sg bardzo rzadkie i niewystarczajgce do poznania cech siedlisk
bentosowych, dlatego w publikacji 3 opisatam ten problem, przedstawitam sposdéb korekcji danych
oraz charakterystyki siedlisk dennych badanego obszaru w pofudniowym Battyku. To jedna
z pierwszych tego typu prac na $wiecie.

W publikacji 3 przedstawitam katowg zaleznos¢ rzeczywistej sity rozpraszania wstecznego
dla pieciu siedlisk bentosowych w Morzu Battyckim przy czestotliwosci sygnatu akustycznego 150
kHz. Korekcje zarejestrowanych danych o rozpraszaniu obejmowaty wykorzystanie skalibrowanej
akustycznie echosondy wielowigzkowej, korekcje nachylenia dna w obszarze rewerberacji sygnatu
oraz zastosowanie powierzchni rewerberacji.

Wyniki pomiardw rzeczywistej sity rozpraszania wstecznego w funkcji kata padania
przedstawione w publikacji 3 sg zbiezne z przewidywaniami teoretycznymi jak réwniez z wynikami
uzyskanymi przez innych autoréw, ktdrzy przeprowadzili pomiary echosondy wielowigzkowg
(Eleftherakis 2018; Fonseca i in 2009). W przedstawionych przeze mnie badaniach dla katéw
padania od 25 do 65 krzywa bezwzglednych wartosci sity rozpraszania wstecznego wykazata
znaczny spadek wartosci wiekszy niz w modelu APL (APL-UW 1994) przy 100 kHz. Moze to by¢
zwigzane z wyzszg czestotliwoscig stosowanego sygnatu - 150 kHz.

W niektérych badaniach zauwazono trend rosngcej wartosci rzeczywistej sity rozpraszania
wstecznego wraz ze wzrostem czestotliwosci [Williams i in. 2002; Williams i in. 2009]. Wyzsze
wartosci rzeczywistej sity rozpraszania wstecznego dla wyzszych czestotliwosci mogg by¢ zwigzane
z silnym rozpraszaniem sygnatow na chropowatej powierzchni dna, natomiast stopien nieréwnosci
dna jest opisany parametrem Rayleigha i zalezy od dtugosci fali akustycznej, skali nieréwnosci
obecnych na powierzchni rozpraszajacej i kata padania (Ogilvy 1991).

Rzeczywiste wartosci sity rozpraszania wstecznego sg bardzo potrzebne do charakterystyki
siedlisk bentosowych i stanowig ich wazng akustyczng wtasciwosé. Zréznicowane charakterystyki
katowe o znanym nachyleniu krzywej i znanym zakresie wartosci dla odpowiednich siedlisk dennych
moga w przysztosci postuzy¢ do klasyfikacji z wtasciwym przypisaniem obszaréow do klas siedlisk
pomimo matej liczby prébek osadéw dennych lub ich braku. Rzeczywiste wartosci sity rozpraszania
wstecznego umozliwig lepsze niz dotychczas zrozumienie proceséw srodowiskowych zachodzacych
na dnie morskim a ich poznanie jest czescig badan podstawowych.

Podsumowanie i wnioski o BBS-Coder

Do analizy obiektowe]j (OBIA), analizy teksturalnej (GLCM) czy automatycznej klasyfikacji
niezbedne s3 skartowane wartosci sity rozpraszania wstecznego bez widocznej zaleznosci kgtowe;j.
Najczesciej stosowanym narzedziem pozwalajgcym na sprowadzenie wartosci sygnatéw
rozproszonych wstecz do jednego kata padania jest Geocoder (Fonseca i Calder 2005).

W mapach mozaikowych wzglednego natezenia sygnatu akustycznego rozproszonego
wstecz badanego obszaru przygotowanych za pomocy narzedzia Geocoder wystepujg duze btedy

dla katéw padania bliskich 0°, dlatego opracowatam wtasng metode korekcji. Sprowadza ona site
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rozpraszania wstecznego do wybranego kata padania réwnego 40 stopni i w efekcie redukuje
wptyw kata padania.

Przedstawiony algorytm do korekcji polegajgcej na zmiennym wzmocnieniu katowym BBS-
Coder (publikacja 3) jest prosty i efektywny. Zostanie udostepniony do szerokiego uzytku na stronie
projektu ECOMAP (https://www.bonus-ecomap.eu/). Bardzo dobra jako$s¢ map rozpraszania
wstecznego utworzonych za pomocg BBS-Coder wskazuje na ich przydatnosc do kartowania siedlisk
bentosowych i zréwnowazonego zarzadzania zasobami dna morskiego.
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ABSTRACT

Oceanographic studies often involve identification of the seabed —its shape, sediment type,
coverage by phyto- or zoobenthic colonies, and thus the presence of benthic habitats. Various
bathymetry features and backscattered acoustic signal intensity information recorded by
multibeam echosounders have been successfully used to separate areas of distinct habitats (Diesing
and Thorsnes 2018; Lecours et al. 2015; Held and Schneider von Deimling 2019). The use of
a gyrocompass and measurement of position during surveys enable the production of accurately
located maps with spatial resolution of several centimeters (Montereale Gavazzi et al. 2016).
Recordings made with multibeam echosounders have been used with great success in recent years
for seafloor mapping. They allow simultaneous recording of bathymetric data at several hundred
points and, during the movement of the survey vessel, produce an accurate model of the seabed
and a map of the intensity of the backscattered acoustic signal. The results of these works are very
useful for navigation authorities and for investors planning structures located on the seabed.
Seabed surveys are also extremely important in times of rapid climatic and environmental change,
allowing the monitoring of the seabed environment and the benthic habitats present. Mapping and
classification of benthic habitats provides the information necessary to establish Marine Protected
Areas. Such activities are included in Marine Strategy Framework Directive 2008/56/EC, Water
Framework Directive 2000/60/EC and Habitats Directive 92/43/EEC. These include the need to
develop methods for mapping and monitoring the seabed.

In addition to bathymetric information, the most commonly recorded information about
the seabed with a multibeam echosounder is the relative intensity of the backscattered acoustic
signal. It depends on factors related to the measuring device, such as signal frequency, receiver
sensitivity, directional characteristics of the transducer; factors related to the environment through
which the acoustic wave and the returning signal are transmitted, such as temperature and salinity;
factors related to geophysical features of the seabed, such as seafloor surface roughness or
sediment density. In addition, the relative intensity of the acoustic signal backscattered from the
seabed, recorded by a multibeam echosounder, shows a strong dependence on the angle of
incidence on the seabed. Figure 1 shows an example of this relationship recorded during my
research.

Backscattered acoustic signal intensity
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Fig. 1. Example of the angular dependence of the intensity of an acoustic signal backscattered from
the seafloor.
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The information contained in backscattered signals is used in non-invasive seafloor
classification algorithms; however, the angular dependence of the intensity of such a signal makes
correct classification very difficult. The problem to be solved is to unify the intensity map of
backscattered acoustic signals by bringing the intensity of the signals throughout the study area to
values corresponding to a single angle of incidence of the acoustic beam on the bottom. An example
of such a correction was implemented in the commercial FMGT QPS software with a tool called
Geocoder (Fonseca and Calder 2005). | prepared maps of the relative intensity of backscattered
signals over the study area using the Geocoder tool, but | observed large errors in such maps for

incidence angles close to 0°. Therefore, | decided to develop my own angle varying gain method
(publication 3), which was a challenging task.

Acoustic seafloor classification and mapping using repeatable, automated methods still
needs improvement, despite the progress made in recent years. Seabed parameters calculated for
bathymetry and intensity of backscattered acoustic signals are directly related to the spatial extent
of habitats and often used in seabed classification. Some recent publications highlight the need for
new parameters describing the seafloor for benthic habitat mapping (Diesing et al. 2016), so | used
spectral parameters calculated from a digital terrain model that are completely new to supervised
benthic habitat classification.

The results of backscattered acoustic signal intensity measurements presented by
researchers, made using different frequencies of the emitted signal or during separate
measurement cruises, usually differ significantly in the ranges of values. This makes it difficult to
conduct an automatic or semi-automatic classification of benthic habitats. The observed
differences are influenced by a number of factors such as the frequency of the emitted acoustic
signal, changing absorption of acoustic waves in the water during different measurements, or the
direction of the vessel during the measurements as well as changing physical parameters describing
the bottom surface and the sediment present on it.

Although relative intensities of bottom backscattered signals are often used in research
work, they do not inform about the actual scattering properties, because their value depends not
only on the type of sediment on the bottom, but also on the measuring device and factors related
to the parameters of the pulse sent. It is the real values of bottom backscattering strength (BBS)
that are an immanent feature of benthic habitats. To record them, it is necessary to use an
acoustically calibrated echosounder, correct the result for sound absorption in the water and for
losses associated with geometric sound propagation, and to take into account the size of the surface
from which the recorded signal was scattered. Acoustic calibration of a multibeam echosounder is
not a simple task. Recently, acoustically calibrated multibeam echosounders from Kongsberg and
NORBIT have been available on the market. There is still very little information in the literature on
the real values of backscattering strength of different benthic habitats for signal frequencies above
100 kHz. Theoretical models of the scattering of acoustic signals on the seabed work for the
frequency range from 10 kHz to 100 kHz (APL-UW model 1994). Many singlebeam echosounders
use signals with frequencies within this range, while multibeam echosounders and sidescan sonars
use much higher frequencies. Researchers still lack detailed information on the backscattering of
sound from the seafloor for sonar signal frequencies greater than 100 kHz. Angular characteristics
of the actual backscattering strength are a physical feature of benthic habitats and are an important
acoustic property thereof. Knowledge of these characteristics of benthic habitats will enable the
creation of a catalog of backscattered acoustic signal intensities dependent on signal frequency,
angle of incidence, and environmental parameters. This will enable a better understanding of
environmental processes occurring on or affecting the seafloor than has been possible to date.
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Measuring the absolute values of the angular dependence of backscattering strength is also
necessary to assess spatial and temporal variability in benthic habitat characteristics. The relative
strength of backscattered signals has been the most effective parameter for benthic habitat
classification in many works (publication 1; Gaida et al. 2020; Buscombe et al. 2014; Preston 2009).
This emphasizes the importance of this parameter and draws attention to the need to measure it
as accurately as possible so that it can be used for research in the most efficient way (Lurton and
Lamarche 2015).

Thesis Objectives

The main objective of the dissertation is to build a reliable system for acoustic
characterization of seabed habitats, which consists of:

building a digital model of the seabed of the studied regions together with its parameterization,
building a map of the intensity of the backscattered acoustic signal brought to a single angle of
incidence,

determining the angular characteristics of the absolute strength of the acoustic signal
backscattered from the seabed for signals of selected frequency.

non-invasive classification of benthic habitats.

Furthermore, the objective of this dissertation is to find parameters describing the seabed
surface that increase the prediction power in supervised classification and are not dependent on
the frequency of the signal used when recording the seabed with a multibeam echosounder and
are also not dependent on other changes in relative acoustic signal intensity values during different
measurement campaigns. An additional objective is to develop an in-house empirical algorithm for
correcting the angular dependence of the backscattered signal intensity, which enables further use
of this parameter in the classification process.

Study area

To test the new research methods, an area of the seabed was selected, which comprises
different types of benthic habitats within a small area. Bathymetric data and backscattered signal
intensities were recorded with a multibeam echosounder in a survey area of ~1.4 km? located about
1.5 km north of the port of Rowy in the southern Baltic Sea (publication 1; publication 2; publication
3). A digital bathymetry model and a map of relative intensities of acoustic signal backscattered
from the bottom were prepared from the recorded data. In the study area, there are areas covered
with very fine sand (VFS), sand or sand with gravel locally forming ripple marks (S), sandy gravel or
gravelly sand (SG-GS), boulders and pebbles covered with mussels Mytilus trossulus (B), boulders
and pebbles covered with mussels Mytilus trossulus, overgrown with red algae (R), and an artificial
structure, i.e. a shipwreck (A). Sediment samples were collected with a Van Veen grab sampler and
video recordings were made with a camera on a remotely operated vehicle (ROV). A total of 57
seabed locations were surveyed and inventoried. The collected sediment samples were analyzed in
a laboratory to determine their granulometric composition, while locations of large boulders where
sediment samples could not be obtained were visually assessed from recorded video. Inventory
points were then assigned to the six groups listed previously (Folk and Ward 1957; Wentworth
1922).
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Description of the work carried out as part of the dissertation
Classification of benthic habitats

In recent years, hydroacoustic studies have intensively searched for the best possible
methods of geomorphological analysis of the seafloor (Goff and Jordan 1988; Wilson et al. 2007;
Micallef et al. 2012; Diesing and Thorsnes 2018; Gafeira et al. 2018; Lucieer et al. 2018). Different
methods are used to classify benthic habitats (Diesing et al. 2020), which can generally be divided
into supervised and unsupervised classification, where the number and characteristics of the
resulting classes are not distinguished at the beginning of the process. Often, bottom sediment
samples are used to determine the classes and where they occur in situ. During clustering based on
parameter map analysis, classes may be assigned to individual pixels or pixels grouped into objects
with similar features. Finally, the way of assigning data to different groups can be done by different
methods such as support vector machine, random forest, k-means clustering algorithm, k-nearest
neighbors, classification and regression trees, neural networks (Diesing et al. 2020; publication 1;
publication 2). The points inventoried on the seafloor can be divided into two groups — a training
group that participates in "teaching" the algorithm for correct class assignment and a validation
group for checking the correctness of the prediction. The classification method based on supervised
object-based analysis implemented in eCognition software using multi-scale segmentation, the
Boruta feature selection algorithm and comparison of the results of several classification algorithms
produces very good results described, among others, by an overall accuracy of more than 80%
(publication 1; Janowski et al. 2020) was therefore selected for habitat classification in my study.

In the case of supervised object-based analysis (publication 1; publication 2), the input
factors for classification are bottom sediment samples, bathymetric maps, maps of relative
intensity of the acoustic signal backscattered from the seafloor, and maps of parameters calculated
from these. Statistical parameters calculated in many works for bathymetry include slope, aspect,
curvature and standard deviation. Examples of parameters calculated for relative intensity of
backscattered signal maps are standard deviation and textural parameters (gray level co-
occurrence matrices — GLCM) (Haralick et al. 1973; Montereale Gavazzi et al. 2017; Prampolini et
al. 2018; Samsudin and Hasan 2017), including homogeneity and contrast. In the study of benthic
habitat classification methods, analyses at multiple spatial scales deserve special attention (Lecours
et al. 2015; Misiuk et al. 2018). There are many possible parameters to prepare maps, so it is
important to determine which of them significantly describe the study area. This is accomplished
through the Boruta feature selection algorithm (Kursa and Rudnicki 2010), determining the
importance score, or by principal component analysis (Jolliffe 2002), which determines the degree
of cross-correlation of individual variables. For habitat clustering, parameter maps that significantly
describe the variability of the study area and are not highly correlated with each other should be
selected (publication 2).

One of the recent trends in benthic habitat mapping is the use of multifrequency data
recorded by multibeam echosounders. The frequency dependence of backscattered acoustic signal
intensity has been observed in laboratory and field studies, testing the value of this parameter for
different sediment types (publication 1; Jackson et al. 1986; Urick 1983; Feldens et al. 2018; Gaida
et al. 2018). Acoustic recordings of seafloor sediments conducted at several frequencies often
provide more information on physical and biological properties of seafloor habitats compared to
studies using a single frequency. It has been observed that fine sediments such as sands and silts
scatter acoustic signals at a given frequency differently than coarser sediments such as gravel,
shells, or boulders (Jackson et al. 1986; Gaida et al. 2018).
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Lyons et al. (2002) described one of the first applications of the Two-Dimensional Fourier
Transform (2D FFT) to high-resolution seafloor characterization. The use of 2D FFT made it possible
to obtain a spatial distribution of the power spectral density of the digital terrain model. The same
technique has been used in several other studies (e.g., Briggs et al. 2005). The method has been
improved and applied to analyze high-resolution bathymetry obtained from modern hydroacoustic
measurements, including multibeam echosounders (Cazenave et al. 2008; Lefebvre et al. 2009).
Schonke et al. (2017) applied the Fourier transform to describe seafloor micro irregularities using
underwater laser scanning in the southeastern North Sea.

For the classification of benthic habitats, | proposed to use parameters describing the study
area, calculated from the digital seabed model. | introduced a new group of spectral parameters
calculated from the digital seabed model into the object analysis (publication 2). These are: spectral
moment mO0, spectral moment m2, mean frequency, spectral width, spectral skewness, Q-factor,
spectral skewness defined for central moments, and fractal dimension. | divided the digital bottom
model into small squares, each successive square overlapping 90% of the position of the previous
one and in each square | calculated the power spectral density using the 2D FFT algorithm (Fig. 2).

K [1/m]

K, [1/m]

Fig. 2. Example of power spectral density computed in a window covering a section of a digital
elevation model.

In each of the windows (Fig. 2), | made cross-sections of the power spectral density every
5 degrees and calculated the spectral parameters from the thus obtained two-dimensional cross-
sections. The averaged results of a parameter from each window were combined into a map of the
spatial distribution of that parameter in the studied area. In Fig. 3, | have presented an example of
the parameter — spectral moment 2, which was calculated in a 20x20 m window.
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Fig. 3. Distribution map of the spectral moment (m2) values, calculated in a 20x20 m moving
window.

In publication 2, a set of sample parameter maps that may be involved in the seafloor
classification process was prepared, including statistical parameters, spectral parameters, and gray
level co-occurrence matrices. It was then verified which of the 62 parameter maps were most
relevant for supervised classification using the Boruta feature selection algorithm (Kursa and
Rudnicki 2010). This feature selection algorithm uses random forest (RF) machine learning (Breiman
2001). OBIA object-based classification was implemented using eCognition software (publication 1;
publication 2; Blaschke 2010; Janowski et al. 2020). In the multi-resolution segmentation algorithm
(MS), pixels with similar features were combined into groups with specific shapes and sizes (Benz
et al. 2004). The best classification result was achieved with the method — Support Vector Machine
(SVM). An overall prediction accuracy of 86% was obtained when comparing the classification result
with a set of validation sediment samples.

The absolute value of the bottom backscattering strength

The IHO Hydrographic Standards (2008) describe in detail the quality of multibeam
echosounder bathymetric measurements, but the standards associated with multibeam
backscatter echosounder measurements are extremely rare in the literature. The compendium
"Backscatter measurements by seafloor-mapping sonars: Guidelines and Recommendations",
developed by the BSWG GeoHab group, is the first document of its kind to focus on the quality of
backscattered acoustic signal intensity data recorded by a multibeam echosounder (Lurton and
Lamarche 2015). The intensity of backscattered acoustic signals should be recorded with
acoustically calibrated devices, giving access to the real strength of backscattering (Lurton and
Lamarche 2015; Eleftherakis et al. 2018).

Providing real values of seafloor backscattering strength requires the use of a sonar whose
characteristics and sensitivity during signal transmission and reception are well determined at
a given frequency and angle of incidence on the seafloor. Furthermore, it requires the use of
accurate transmission loss compensations and reverberation surfaces (Lurton and Lamarche 2015;
Eleftherakis et al. 2018). In recent years, results of only a few studies of benthic habitats using an
acoustically calibrated multibeam echosounder have been published (Wendelboe 1018;
Eleftherakis et al. 2014; Weber et al. 2018; Roche et al. 2018). These papers present selected
characterizations of the real backscattering strength for several habitat types using signals of
different frequencies under known environmental parameters. When such measurements become
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frequent, it will be possible to create a comprehensive catalog showing the angular characteristics
of the real backscattering strength for different benthic habitats.

For the measurements presented in publication 3, | used an IWBMSh multibeam
echosounder (model STX) acoustically calibrated by its manufacturer, NORBIT. Additionally, the
recorded backscattering intensity values were corrected by me for the size of the reverberation
area and assigned to the angles of incidence of the acoustic beam on the bottom. In the publication,
| presented curves showing the angular dependence of the real backscattering strength for benthic
habitats present in the study area for an acoustic signal at 150 kHz. This is an extremely important
result in the context of understanding the acoustic characteristics of benthic habitats.
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Fig. 4. Results of the real value of the backscattering strength as a function of incidence angle for
areas covered with very fine sand (VFS), sand or sand with gravel locally forming ripple marks (S),
sandy gravel or gravelly sand (SG-GS), boulders and pebbles covered with mussels Mytilus trossulus
(B), boulders and pebbles covered with mussels Mytilus trossulus, overgrown with red algae (R) for
acoustic signals of 150 kHz.

The real values of backscattering strength obtained in the study were as follows: —12 to —
31 dB for areas covered with sand or sand with gravel locally forming ripple marks (S); -12.5 to -27
dB for areas covered with very fine sand (VFS); —10.5 to —18 dB for sandy gravel or gravelly sand
(SG-GS); —12 to —20 dB for boulders and pebbles covered with Mytilus trossulus and overgrown
with red algae (R); and —11.5 to —18 dB for boulders and pebbles covered with Mytilus trossulus (B).

For macroscale flat seabed types (areas covered with very fine sand, areas covered with
sand or sand with gravel locally forming ripple marks), | observed a large reduction in the real
backscattering strength with increasing deviation of the wave direction from vertical, and for more
irregularly shaped seabed types (sandy gravel or gravelly sand, boulders and pebbles covered with
the bivalve Mytilus trossulus, boulders and pebbles covered with the bivalve Mytilus trossulus and
overgrown with red algae), the decrease in the value of the real backscattering strength for more
tilted beams was smaller. The real backscattering strength values obtained for sandy gravel or
gravelly sand, boulders and pebbles covered with clams Mytilus trossulus and overgrown with red
algae, and boulders and pebbles covered with Mytilus trossulus were higher than for areas covered
with sand or sand with gravel locally forming ripple marks and areas covered with very fine sand.
The absolute backscattering strength curves for areas covered with sand or sand with gravel locally
forming ripple marks and areas covered with very fine sand in the studies | have presented had
characteristic shapes typical of the fine-grained sediment curve in the APL-UW model (1994).
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Angle varying gain correction of the relative intensity of the signal backscattered from the
seabed

The relative intensity of the backscattered acoustic signal shows a strong dependence on
the angle of incidence. Fig. 5 shows an example map of the relative intensity values of backscattered
signals as a function of incidence angle recorded by me in the measurement area.
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Fig. 5. Map of relative intensity values of backscattered acoustic signals recorded in the Rowy area
in the southern Baltic Sea.

| developed an empirical correction method based on angle varying gain (publication 3). It
uses averaged values of the measured backscattered acoustic signal intensity rather than model
assumptions as is done in the standard Geocoder software. High quality backscattering maps
reduced to a single angle of incidence are necessary to perform accurate benthic habitat
classification. | reduced all backscattered acoustic signal intensity measurements in the study area
to values corresponding to backscattering for an incidence angle of 40° in order to produce
a homogeneous map that is easy to interpret and further use in programs that perform
classification. The algorithm | propose makes it possible to bring the backscattering strength to any
angle of incidence of the acoustic beam on the seabed.

The novel correction procedure involves dividing the data recorded by the multibeam
echosounder into groups, each containing a sequence of 50 impulses and each impulse containing
several hundred recorded received signals (the echosounder used operated on 512 receiver
beams). For simplicity, | assumed that the backscattering properties of the acoustic signal from the
seabed were constant in each sequence of recorded pulses. | assigned each recorded signal to an
appropriate incidence angle interval. From all the data recorded in a given sequence, | calculated
average values of the backscattered acoustic signal intensity for different incidence angles. | then
checked what value corresponded to an incidence angle of 40 degrees and calculated the correction
factor for each incidence angle. | multiplied each recorded backscattered acoustic signal intensity
value with the correction factor appropriate for that incidence angle. The correction factors were
calculated separately for each sequence of 50 impulses.
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In Fig. 6, | have presented a map of the relative intensity values of backscattered acoustic
signals with values converted to an incidence angle of 40°. The result of the correction procedure
is shown as a map of the calculated values of the relative intensity of the backscattered acoustic
signal after the correction called BBS-Coder.
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Fig. 6. Result of the BBS-Coder algorithm — a map of relative intensities of backscattered acoustic
signals converted to 40° incidence angle, recorded in the Rowy area in the southern Baltic Sea.

The Geocoder tool (Fonseca and Calder 2005) allowed the preparation of maps of the
relative intensity of the backscattered acoustic signal of the study area without angular
dependence. However, for incidence angles close to 0°, a high standard deviation of the parameter
value presented in the map was obtained. The Geocoder assigns validity information to
backscattering samples. Data for incidence angles near 0° and near 90° have low validity, while
samples in the middle range have higher validity values and greater influence on the final
backscattering mosaic map (Fonseca and Calder 2005). In the case of the angle varying gain
correction | presented (publication 3), when scattering data recorded with different incidence
angles were present in a single raster map window, all values were averaged according to the
spatial assignment to the raster grid. The method | have presented, based on angle varying gain, is
a simple and effective tool for preparing a backscatter mosaic map useful for seabed habitat
classification.

Summary and conclusions

While preparing the dissertation, | created a digital model of the seabed of the study area
north of Rowy in the southern Baltic Sea and prepared maps of spectral parameters of the digital
model of the seabed surface. To investigate the acoustic characteristics of the benthic habitats in
the study area, | measured and calculated the real backscattering strength of acoustic signals. In
the dissertation, | used a very effective classification method using object-based analysis, which
| improved by using spectral parameters of the digital terrain model. In addition, | developed
a method to unify the intensity map of backscattered acoustic signals, referred to in publication 3
as BBS-Coder, by bringing the signal intensities throughout the study area to values corresponding
to one angle of incidence of the acoustic beam on the seabed. Using it, | prepared a backscattered
acoustic signal intensity map reduced to an incidence angle of 40°.
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Summary and conclusions on acoustic classification of benthic habitats

The spectral parameters describing the seafloor calculated for the digital elevation model
(publication 2) are not dependent on variable environmental parameters, such as the intensity of
the signal backscattered from the seafloor, and therefore fulfill well the objective set in the
dissertation. They are important in developing repeatable and homogeneous methods for seafloor
habitat classification. This completely novel approach makes it possible to semi-automatically and
repeatably classify benthic habitats of the southern Baltic Sea (publication 2) and has also been
applied in the prediction of terrestrial postglacial forms, which confirms the effectiveness and
universality of the method (Janowski et al. 2021 — my co-authored paper not included in the
dissertation, published in IEEE Transactions on Geoscience and Remote Sensing, IF = 5.6). The
obtained results confirm the high efficiency of spectral parameters in identifying benthic habitats,
which is evidenced by the high agreement (86%) of classification results with bottom sediment
samples in the validation process (publication 2).

In this publication 2, | have presented eight spectral parameters describing the seafloor
surface. The importance of the spectral parameters was expressed by the so-called importance
score as a result of the Boruta feature selection algorithm. Seven of the eight proposed spectral
parameters significantly improved the predictive power of the supervised classifiers (publication 2).
The most significant parameter in this study was the intensity map of the backscattered acoustic
signal from the seabed for the emitted signals at 400 kHz and 150 kHz. The next significant
parameter was the fractal dimension calculated from the slope of the spectrum. Interestingly, the
results of the Boruta algorithm analysis indicate that some spectral parameters are more important
for correct classification than the bathymetry from which they were calculated. It is noteworthy
that all other extracted features, including geomorphological, statistical and textural parameters of
bathymetry and backscattered acoustic signal intensity, were not identified as significant. This
result highlights that the use of spectral parameters can significantly improve supervised
classification and mapping of benthic habitats. The method | presented proved its effectiveness in
an area with complex geomorphology. The appropriate use of new parameters increased the
classification accuracy over the work presented in publication 1. In addition, it was confirmed that
there are moderate differences in the backscattering of the studied habitats for 150 kHz and 400
kHz, and both parameters have a high validity index. This confirms the utility of the multi-frequency
approach in mapping benthic habitats.

A strong similarity can be observed between the spectral parameter maps and some
features of the relative intensity map of the backscattered acoustic signal. It is extremely important
for the predictive power of supervised classifiers. Spectral parameters can be very useful for
mapping benthic habitats when only bathymetry is available. However, the inclusion of spectral
parameters requires high resolution and quality bathymetric data. Any artifacts associated with
errors during multibeam echosounder measurements can distort the bathymetric image and affect
the calculated spectral parameter values. However, modern motion compensation systems during
multibeam echosounder measurements are good at correcting these errors.

Another interesting issue may be the use of such spectral parameters for classification of
digital terrain models of different origins. An example of such an application is the morphological
classification of glacial forms using a digital terrain model from i.a. lidar measurements (Janowski
et al. 2021 — my co-authored paper not included in dissertation, published in IEEE Transactions on
Geoscience and Remote Sensing, IF = 5.6).
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Further research should focus on determining the optimal size of the sliding window in
which spectral parameters are calculated to have as much influence as possible on the correct
prediction of habitats.

Summary and conclusions about measurements of the real backscattering strength

Acoustic calibration of the multibeam echosounder allows measurement of real values of
the backscattering strength, which are an important geoacoustic feature of benthic habitats and
are helpful in their differentiation. Unfortunately, the results of measuring values of the real
backscattering strength recorded with a multibeam echosounder representing the entire angular
relationship are extremely rare and insufficient (Wendelboe 2018; Eleftherakis 2018). Any
physically correct calibration method improves data quality and provides valuable information. The
methodology | present in publication 3 for obtaining real absolute values of backscattering strength
makes it possible to replicate the measurement and data analysis process by using the
manufacturer's calibrated echosounder and supplementing it with corrections related to the
reverberation area and incidence angle corrections. The validity of absolute values of
backscattering strength makes it necessary to use acoustically calibrated echosounders whenever
possible.

Relative values of backscattered acoustic signal strength have been effectively used to
classify benthic habitats (publication 1; Gaida et al. 2020; Buscombe et al. 2014; Preston 2009), but
for more advanced environmental analyses, real values of backscattering strength are needed. An
example is the study of diurnal and seasonal variability of backscattering by seagrasses, as
a difference of a few dB in the backscattering strength level can determine the variability (Feldens
et al. 2018). Recordings of relative values of backscatter from the seabed made at different times
in different areas and often using a different multibeam echosounder model give very different
results for the same benthic habitats. Using absolute values of backscattering strength will allow
a comparison of these results. However, it is important to keep in mind that apparently similar
benthic habitats may differ significantly in physical properties, such as the number and size of gas
bubbles in the sediment, sediment density, and others, which contributes to differences in absolute
values of backscattering strength. Intensive research is necessary to determine absolute
backscattering strength values of different benthic habitats. Examples of measurements presented
in various studies indicate a large variation in real backscattering strength, so it is important to find
empirical limits of the actual backscattering strength for specific habitats in different basins. The
studies presented so far describing the angular characteristics of the real backscattering strength
are very rare and insufficient to know the characteristics of benthic habitats, therefore in
publication 3 | described this problem, presented the method of data correction and the
characteristics of benthic habitats of the study area in the southern Baltic Sea. This is one of the
first works of this kind in the world.

In publication 3, | presented the angular dependence of the actual backscattering strength
for five benthic habitats in the Baltic Sea at an acoustic signal frequency of 150 kHz. Corrections to
the recorded scattering data included the use of an acoustically calibrated multibeam echosounder,
correction of the seabed slope in the signal reverberation area, and the use of a reverberation area.

The results of measurements of the real backscattering strength as a function of incidence
angle presented in publication 3 are consistent with theoretical predictions as well as with results
obtained by other authors who performed measurements with a multibeam echosounder
(Eleftherakis 2018; Fonseca et al. 2009). In the study | presented, for incidence angles ranging from
25 to 65, the curve of real values of the backscattering strength showed a significant decrease in
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values greater than that in the APL model (APL-UW 1994) at 100 kHz. This may be related to the
higher frequency of the applied signal — 150 kHz.

In some studies, a trend of increasing values of the real backscattering strength with
increasing frequency was observed (Williams et al. 2002; Williams et al. 2009). Higher values of the
real backscattering strength for higher frequencies may be related to the strong scattering of signals
on the rough bottom surface, while the degree of bottom roughness is described by the Rayleigh
parameter and depends on the acoustic wavelength, the magnitude of the roughness present on
the scattering surface and the angle of incidence (Ogilvy 1991).

Real values of backscattering strength are essential for characterizing benthic habitats and
represent their important acoustic property. Differential angular characteristics with a known slope
of the curve and a known range of values for the corresponding benthic habitats can in the future
be used for classification with proper assignment of areas to habitat classes despite little or no
bottom sediment sampling. Real values of backscattering strength will provide a better
understanding of environmental processes on the seafloor than ever before and learning about
them is part of basic research.

Summary and conclusions about BBS-Coder

For object-based analysis (OBIA), textural analysis (GLCM) or automatic classification,
mapped values of the backscattering intensity without an apparent angular dependence are
necessary. The most commonly used tool to reduce backscattered signal values to a single angle of
incidence is Geocoder (Fonseca and Calder 2005).

Mosaic maps of the relative intensity of the backscattered acoustic signal of the study area
prepared with the Geocoder tool have large errors for incidence angles close to 0°, so | developed
my own correction method. It reduces the backscattering intensity to a selected incidence angle of
40° and, as a result, reduces the effect of the incidence angle.

The algorithm presented for correction involving angle varying gain BBS-Coder (publication
3) is simple and effective. It will be made available for wide use on the ECOMAP project website
(https://www.bonus-ecomap.eu/). The very good quality of the backscatter maps created with BBS-
Coder indicates their suitability for benthic habitat mapping and sustainable seabed resource
management.
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Abstract: Recently, the rapid development of the seabed mapping industry has allowed researchers to
collect hydroacoustic data in shallow, nearshore environments. Progress in marine habitat mapping
has also helped to distinguish the seafloor areas of varied acoustic properties. As a result of these
new developments, we have collected a multi-frequency, multibeam echosounder dataset from the
valuable nearshore environment of the southern Baltic Sea using two frequencies: 150 kHz and
400 kHz. Despite its small size, the Rowy area is characterized by diverse habitat conditions and the
presence of red algae, unique on the Polish coast of the Baltic Sea. This study focused on the utilization
of multibeam bathymetry and multi-frequency backscatter data to create reliable maps of the seafloor.
QOur approach consisted of the extraction of 70 secondary features of bathymetric and backscatter
data, including statistic and textural attributes of different scales. Based on ground-truth samples,
we have identified six habitat classes and selected the most relevant features of the bathymetric and
backscatter data. Additionally, five types of image processing pixel-based and object-based classifiers
were tested. We also evaluated the performance of algorithms using an accuracy assessment based on
the validation subset of the ground-truth samples. Our best results reached 93% overall accuracy and
a kappa coefficient of 0.90, confirming that nearshore seabed habitats can be accurately distinguished
based on multi-frequency, multibeam echosounder measurements. Our predictive habitat mapping
of shallow euphotic zones creates a new scientific perspective and provides relevant data for the
management of natural resources. Object-based approaches previously used in various environments
and areas suggest that methodology presented in this study may be scalable.

Keywords: habitat mapping; multibeam echosounder; multi-frequency; image processing; feature
selection; object-based image analysis

1. Introduction

Shallow, coastal benthic habitats represent one of the most productive and valuable ecosystems
on Earth [1]. The particular hydrodynamic conditions of these environments are responsible for the
highly active exchange of nutrients, sediments, and biota. Their locations within euphotic zones
make them an ideal place for the growth of macroalgae, which provide good settlements for benthic
communities. Nearshore benthic habitats usually form complicated patterns, in which conducting
spatial determination analysis is very important for ecosystem management and protection. Finally,
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precise mapping of the seafloor substratum and geomorphology is a fundamental task for marine
spatial planning, especially with respect to marine protected areas (MPAs) or European Union (EU)
legislative frameworks (e.g., Water Framework Directive 2000/60/EC, Habitats Directive 92/43/EEC,
and Marine Strategy Framework Directive 2008/56/EC). In this study, we recognized and determined
spatial areas occupied by valuable habitats that occur in the southern Baltic Sea. We evaluated our
methods to obtain the most reliable maps of the studied area, which is one of the goals of the ECOMAP
EU BONUS project, promoting Baltic Sea environmental assessments by opto-acoustic remote sensing,
mapping, and monitoring.

The remote sensing methods used for seafloor mapping take advantage of sound propagation in
marine environments. Over the last few decades, the rapid development of hydroacoustic methods
utilizing single-beam echosounders, side-scan sonars, and multibeam echosounders (MBES) has
occurred [2]. The quick growth of statistical techniques, which has taken place in recent years, has
created great potential for precise mapping. Although global maps of the world’s oceans’ bathymetry
based on gravity measurements are currently available, their low resolution makes them unusable for
detailed analysis in such fields including benthic habitat mapping, mapping of sediments, underwater
archeology, etc. [3].

Recently developed multibeam echosounders have allowed researchers to acquire three types of
information: bathymetric data, which after processing is equivalent to interpolated digital elevation
model (DEM) data, the angular dependency of the backscatter intensity of the acoustic signals from
the seafloor, and the volume backscatter intensity of the water column. The spatial resolution of
multibeam echosounder data, especially as applied in shallow water environments, can be compared
to high-resolution LiDAR remote sensing data [4]. Up to now, only small areas of the world’s
oceans—much less than 15%—have been mapped with high-resolution bathymetry [5]. The availability
of MBES backscatter data is even more limited. Seafloor acoustic reflectivity is a phenomenon that
can be characterized as a measure of the acoustic energy coming back from the seafloor, reflecting the
properties of the seafloor [6]. The determination of backscatter is therefore the most useful technique
for creating categorical maps of the seabed. The backscatter of the water column is beyond the scope
of this study.

Backscatter measurements from multibeam echosounders are not yet fully supervised and
standardized [6]. For a better understanding of these phenomena, it is necessary to define the
characteristic properties of backscatter intensity for particular benthic habitats in different areas.
Seafloor substrata can be determined based on certain acquisition, processing, and interpretation
techniques, which should be specified [7,8]. Considering the abovementioned objectives, we
defined following research hypotheses: (1) different properties of backscatter intensity will allow
us to distinguish habitat types in the southern Baltic Sea (the Rowy area); (2) the use of two
frequencies significantly increases the amount of information gathered that will be useful for the correct
classification of seafloor habitats; and (3) image processing methods, together with the application of
statistical and textural analysis, will allow us to develop semi-automatic workflows to recognize and
determine benthic habitats in the southern Baltic Sea.

Despite the fact that they were designed to gather deep water measurements, recent models
of multibeam echosounders are capable of performing hydroacoustic surveys in shallow areas.
Consequently, an increasing amount of research is being conducted in coastal areas (e.g., [9-12]).
Nevertheless, hydroacoustic measurements in shallow water require especially careful sensor
calibration, proper survey design, and experience to obtain accurate geospatial data.

Maps of benthic habitats can be created from hydroacoustic measurements using three types
of analyses: manual expert interpretation of bathymetry and backscatter maps, acoustic signal
parametrization, and image processing [13]. Knowledge-based expert interpretation has many
disadvantages, such as lack of objectivity, high time consumption, and lack of repeatability; therefore,
it is less frequently used in modern applications. Signal processing methods are usually related
to unsupervised methods of classification and often work on one type of data (bathymetry or
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backscatter) [14]. They include, for example, angular range analysis (ARA, e.g., [15]), texture
analysis [16,17], spectral analysis [18], and neural network analysis (e.g., [19,20]). The image processing
approach benefits from different kinds of classification (often supervised) and allows researchers to
apply many geomorphometric attributes (e.g., [21,22]). The approach presented here is based on
object image analysis related to different acoustic products: backscatter and bathymetry combined in a
relational database.

2. Materials and Methods

2.1. Study Site

This study focused on the nearshore shallow area located within the Polish Exclusive Economic
Zone (EEZ). The detailed location of the aforementioned area is presented in Figure 1. The research
area has dimensions of around 1.0 x 1.4 km, covering approximately 1.4 km?. The outer boundary is
located at a distance ranging between 0.5 and 2.0 km from the shoreline. The depth of the analyzed
area varies from 4 to 20 m with a mean of 10 m. The geomorphology of the seabed is diversified,
including valleys and crests of irregular shapes.
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Figure 1. Location of the Rowy area in the southern part of the Baltic Sea near Poland. Sources: our
study, OpenStreetMap, and the European Environment Agency.

The Rowy site neighbors and is partly within the nearshore coastal area of Slowinski National
Park in northern Poland, near Gardno lake, at the coast. The protection of the surrounding marine
environments has been established since 1995, when the borders of the National Park were expanded
to marine areas up to a depth of 10 m as Ramsar site no. 757 [23]. The Rowy site is also located within
the area of Natura 2000, no. PLB990002 [24].

The substratum of the study site is made of glacial tills that belong to a large moraine area
occurring at the coast. The till outcrops represent relicts of postglacial structures that are crossed by
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valleys filled with modern marine sand and gravelly sand deposits, which form structures similar to
ripple marks [25]. Glacial tills are often covered by large, dense boulder areas, and such terrain is rare
within the Polish part of the southern Baltic Sea. Such a hard substratum provides a good base for
various vegetation and benthic communities. Within the immediate surroundings of the Rowy area
there is a lack of big urban or industrial areas, sources of contamination, and big river estuaries, so
the environment maintains its relatively original nature. Previous research has confirmed the high
biodiversity of the benthic communities within the analyzed area [26]. The presence of six species of
red algae has been found there, such as Bangiophyceae, which is very rare in the Polish coast of the Baltic
Sea, including unique Furcellaria Iumbricalis and Polysiphonia fucoides. Moreover, boulder sites are often
colonized by dense, cemented communities of Mytilus trossulus bivalves, with over 2500 individuals
per m? in some locations [27]. The presence of large patches of such macroalgae is very valuable in
terms of the functioning of the ecosystem and increasing the diversity of the phytophile fauna [28].

2.2. Hydroacoustic Data Acquisition and Processing

Hydroacoustic data were acquired during two surveys on 26-27 May 2018, using a small boat
equipped with a multibeam echosounder (MBES) NORBIT iWBMS (model STX). The MBES was
mounted on a pole and oriented vertically downwards during the measurements. The device allowed
us to collect bathymetric data in a depth range of 2-150 m. Its angular spread across the ship’s track
was 150°, allowing us to collect 512 beams. The beam width had dimensions of 0.9 x 0.9° at the
working frequency of 400 kHz. The maximum angular coverage at the aforementioned frequency
could be set up to 210°. The MBES worked with an integrated GNSS/INS navigation system (Wave
Master, manufactured by Applanix: 85 Leek Crescent, Richmond Hill, ON Canada, L4B 3B3), including
online RTK corrections for high positioning accuracy. During each survey, the working frequency of
the MBES was set to a fixed value of 150 kHz or 400 kHz, depending on the day of the acquisition.
In the case of a survey with the 150 kHz frequency, the maximum angular coverage was reduced to
160°. Our measurements were performed with a maximum ping rate of 30 Hz and a sweep time of
500 us. To provide accurate profiles of the sound speed in the water column, the sound speed was
measured consistently using a sound velocity profiler. Multibeam echosounder surveys were designed
and performed to provide full spatial coverage (150%) of the area at a constant speed of 5.5-6 knots.

The hydroacoustic data were processed and cleaned using QPS Qimera 1.6.3 and Fledermaus
Geocoder Toolbox (FMGT) 7.8.4 software. We gridded the bathymetric and backscatter data from the
MBES with the maximum reliable resolution, which helped to avoid data gaps between the survey lines
and to maintain consistency. Therefore, for the 150 kHz frequency, the data was gridded with a grid
size of 0.75 m, and for the 400 kHz frequency, the grid size was 0.5 m. In order to determine the sensor
errors, we utilized the combined uncertainty and bathymetric estimator (CUBE) algorithm, which
obtains multiple estimations of depths related to the variation of the acoustic data [29]. We obtained
standard deviations of the CUBE surface of lower than 30 cm. The backscatter mosaic was created
using the ‘flat” mode of the angle varying gain (AVG) correction tool with ‘blend” mosaicking style
and a window size of 300 [30]. The AVG correction in Fledermaus Geocoder Toolbox normalizes the
backscatter data without angular dependency based on the calculations of the average backscatter
response, between 20 and 60 degrees (or grazing angles [8]). ‘Flat’ mode is a standard type of
AVG calculation, which smooths small variations of the backscatter signal and reduces its noise [31].
The window size indicates a series of a specified number of consecutive pings that is used for AVG
normalization. The selected number of corrected curves (in our study, 300 pings) is used as a sliding
window, moving along the survey lines (e.g., [32]). “Blend’ mosaicking style is a standard method
for the management of overlapping lines in FMGT [8]. It blends nadir pixels with other overlapping
pixels [31]. The bathymetric and backscatter data were created in reference coordinate system UTM 33
N based on WGS 84.
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2.3. Ground-Truth Sampling and Analysis

The ground-truth samples were collected on 7 September 2018. They included sediment and
video sampling using a Van Veen grab sampler and a remotely operated vehicle. The locations of the
samples were carefully selected, chosen because of the particular characteristics of the seafloor based
on prior knowledge of the research area [26]. Because of the difficulties of taking sediment samples
from tills and boulders, of the total number of 31 samples, 29 were documented by video recordings
and 14 were collected by the grab sampler. The sediment ground-truth data were analyzed using
granulometric and sieve analysis, including the use of Folk and Ward parameters and Wentworth
classification of the sediments [33,34]. A ROV was used in almost all the point locations, and apart
from the video recordings in the target place, it was directed to carefully investigate the seafloor of
each ground-truth point sampling area. Using mounted sensors, it obtained additional information,
such as time, depth, direction, and temperature data, but its positioning and driving path were not
capable of being precisely obtained during such seabed investigations. Therefore, despite having over
100 min of video recordings, we decided to generalize the obtained material and identify one class
of ground-truth sample per specific point location. A deep investigation of the video recordings in
conjunction with sediment analysis and hydroacoustic data distinguished six classes of habitats [6],
which are presented in Table 1. The characteristic examples of the backscatter images shown in Table 1
occupy a spatial area of 9 m? and were presented using a false composite with R and G bands that
corresponded to the backscatter intensity at 400 kHz and 150 kHz, respectively. The image descriptions
shown in Table 1 also refer to fragments of backscatter images presented as false RGB composites.
The geographic coordinates of the ground-truth samples with their descriptions are shown in Table A1.
It should be noted that despite the fact that Samples 11 and 11b were acquired in similar locations,
the distance between them was 15 m in a straight line, which was reflected in the different seafloor
types at those locations. Because one class of acoustic facies represented artificial structures, such as a
shipwreck located at a single, certain site of the area, we decided to perform classification algorithms
for five distinct classes and assign the class of artificial structures manually at the end of the process.

2.4. Feature Extraction and Selection

We extracted 70 secondary features from the bathymetric and backscatter data, 35 for each of the
two analyzed frequencies (150 kHz and 400 kHz). Together with the primary datasets (bathymetry
150 kHz, bathymetry 400 kHz, backscatter 150 kHz, and backscatter 400 kHz), we had 74 parameters
in total. Table 2 presents all the extracted secondary features. The bathymetry-based features included
the following: slope, aspect, eastness, northness, curvature, planar curvature, profile curvature, surface
area to planar area (arc—chord ratio) [35], vector ruggedness measure (VRM) ruggedness [36], kurtosis,
standard deviation of bathymetry, variance, fine-scale bathymetric position index (BPI), and broad-scale
bathymetric position index [37]. While a majority of the features were calculated based on a sliding
window size of 3 x 3 pixels, for some of them (slope, VRM ruggedness, bathymetry standard deviation,
and kurtosis), we tested a multiscale approach [38]. For these features, we applied the following scales:
3x3,5x%x5,7x7 and 9 x 9. The backscatter secondary features included the following: backscatter
standard deviation and various kinds of grey level co-occurrence matrices (GLCMs) [39], including
homogeneity, contrast, dissimilarity, entropy, angular second moment, mean, standard deviation,
and correlation. The backscatter secondary features were extracted based on object-based statistics.
The spatial extent of all the secondary features (of both the bathymetric and backscatter data) was
almost the same within the analyzed dataset (150 kHz or 400 kHz). The sizes of the sliding windows
resulted in the occurrence of no data in some parts of the area, which slightly reduced its dimensions
in the case of some secondary features, but it did not affect the further analysis.
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Table 1. Acoustic facies, their descriptions, and the corresponding backscatter and seabed images

Backscatter Image _— Seabed
(9 % 9 m) Image Description Seabed Image Composition

Class ID/Color

Bare, flat area of
very fine sand with
worm burrows

Dark green
homogenous areas

Sand or slightly
gravelly sand with
ripple marks

Very dark
homogenous areas

Slightly gravel or
gravelly sand, rare
boulders with
barnacles and

Green to orange
areas

Muytilus Trossulus
Light yellow to Ahigh
orange concentration of
heterogenous areas Mytilus Trossulus
with patchy on dense boulder
patterns substratum
Large, dense
patches of red
Dark orange areas ek ridh s high
with rad patches concentration of
P Muytilus Trossulus
on boulder
substratum
ey d?rk sy of Artificial structures,
undefined sharp :
P : suchas a
transition with :
shipwreck
other areas

All the secondary features were imported (or created within the software in the case of the GLCMs)
to eCognition software. The object-based statistics were extracted on the basis of the multiresolution
segmentation of the backscatter intensity images with different ‘scales’ of segmentation (see Sections 2.4
and 3 .4). The image objects were simply classified based on the point locations of the training samples
(see Table Al). The mean scalar statistics of the classified objects, including all the investigated
secondary features, were exported as georeferenced data.

All the secondary features were selected using the Boruta feature selection algorithm in the
R software, using the ‘Boruta” and ‘rgdal’ libraries [40,41]. Boruta is a wrapper function based on
the random forest classifier, which selects the most important attributes after conducting multiple
executions, evaluating performance by combining different subsets of input variables [22]. The result
of the algorithm is expressed via feature importance (Z-score). The Z-score expresses a number of
standard deviations between the result and the mean score. Features with the highest importance
have Z-scores that are significantly higher than their shadow attributes and therefore are selected as
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confirmed [42]. Features without a decision at the end of the analysis are marked as tentative [43].
We used the ‘rgdal’ library to properly import the georeferenced data to the R software [41].

Table 2. List of extracted secondary features of the bathymetric and backscatter data for each of the
analyzed frequencies (150 kHz and 400 kHz). VRM—vector ruggedness measure; BPl—bathymetric
position index; and GLCM—grey level co-occurrence matrix.

D Bathymetry Feature Window Size 1D Backscatter Feature Segmentation

Scale
14 Slope I3%x3,5%57x7.9%x9 27 Standard deviation 5/10
5 Aspect 3x3 28 GLCM Homogeneity 5/10
6 Eastness 3xa 29 GLCM Contrast 5/10
7 Northness 3x3 30 GLCM Dissimilarity 5/10
8 Curvature 3x3 31 GLCM Entropy 5/10
9 Planar curvature 3x3 32 CRLEN rular Sl 5/10
Moment
10 Profile curvature Ix3 33 GLCM Mean 5/10
Surface area to planar area GLCM Standard
L (art—chordpratin) SXo o Deviation 5/10
12-15 VRM ruggedness I n35xb7x7,9%9 35 GLCM Correlation 5/10
16-19 Kurtosis 3x3,5x%x57x79%x9
20-23 Standard deviation A% 3;8%B,TX7;I%9
24 Variance Ix3
25 Fine scale BPI Ix3
26 Broad scale BPI Ix3

2.5. Image Processing and Evaluation

The backscatter mosaics created using the FMGT software were classified using image processing
techniques. We evaluated pixel-based (PB) and object-based (OB) approaches. In our study, we used
one unsupervised pixel-based (PB) method of image clustering—]Jenks natural breaks classification.
The algorithm works by maximizing the variance between the clusters and minimizing the variance
within them [44]. We applied the method separately for grey-level backscatter images of different
frequencies in the ArcGIS 10.4 software. According to our analysis of the ground-truth data, we
computed the algorithm for the five classes of habitats.

The object-based image analysis (OBIA) of the acoustic facies was performed based on a
multi-frequency, georeferenced backscatter image. We created objects in the eCognition Developer
9 software based on the multiresolution segmentation algorithm [45]. The technique creates images
of objects using a bottom-up region merging method from one pixel based on a defined ‘scale’ of
multiresolution segmentation. The merging process is based on the specific features of the relevant
objects, such as their spectral properties or shapes. When the algorithm reaches the homogeneity
criterion expressed by the ‘scale’ parameter, the fusion of neighboring objects stops [45]. Similarly,
such as in other OB habitat mapping studies, we used the following multiresolution segmentation
parameters: shape 0.1 and compactness 0.5 [46-49]. We tested the image objects created for the ‘scales’
of the multiresolution segmentation from 1 to 20 (with steps of 1).

The classifications of the image objects were performed based on a supervised approach using a few
algorithms: classification and regression trees [50], support vector machines [51], random forests [52], and
k-nearest neighbors. A supervised method assumes the utilization of a subset of ground-truth samples as
training sites. Table A1 shows a description of all the ground-truth samples with separation for training
and validation types. During the training process, the classifier computed the relationships between the
image and the separated ground-truth data. The next step—application—used the inferred function to
assign the unclassified areas implicitly [53].

The classification and regression tree (CART) technique generates a decision tree based on
recursive partitioning. Decision trees are organized in branches and leaves (or nodes) that concentrate
on similar groups of objects. Tree splitting increases the similarity within the groups until the terminal
nodes are reached, and the splitting process stops [50]. The strength of the CART classifier is the easily
interpreted result of the classification, which is explained as a series of questions. It does not assume
any underlying relationships between the predictor and the response features. The weaknesses of the
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CART classifier include the need for a primary estimation of the right size of the trees and the risk of
overfitting due to a large number of splits [54].

The support vector machine (SVM) is machine learning algorithm based on the support vector
approach. It partly belongs to the kernel-based classification methods [51]. The kernel is responsible
for the transformation of datapoints from the input space to a higher dimensional feature space.
The classifier creates the finest decision boundaries (called hyperplanes) that separate the feature
vectors inside this feature space [55]. The feature vectors that are nearest (in terms of distance) to a
hyperplane are called support vectors. The goal of the classifier is to obtain the largest possible margin
that will separate the features in the best way.

Similarly to the CART method, random forest (RF) is a classification technique based on a decision
tree approach [52]. The algorithm is responsible for the generation of many simple decision trees
based on a random set of variables. The classifier considers an input feature vector, classifying it with
all the trees in the forest and resulting in a class with the highest number of “votes’ [56]. One of the
best advantages of the RF classifier is the high level of performance that can be achieved after the
evaluation of many decision trees.

The k-nearest neighbors (KNN) algorithm is one of the simplest classifiers used in this study.
The algorithm classifies a certain query object based on a specified number (K) of training samples
located at the direct neighbor of the query point. To measure the influence of the neighbors, the
classifier calculates the Euclidean distance between the query point and each instance. The value of
K has a significant impact on the classification results. A number that is too small can cause a large
variance in the prediction, whereas a number that is too large may result in large model bias. Therefore,
it is typically recommended to choose a small value for K but to choose one that is large enough to
avoid the probability of misclassification [57].

The performance of the chosen classifiers was evaluated based on an accuracy assessment. Error
matrices were calculated for each classification result with cross-tabulation performed between the
generated map and the validation subset of the ground-truth samples [58]. We calculated the common
accuracy assessment statistics, such as the following: user’s and producer’s accuracy [59,60], overall
accuracy, and kappa index of agreement (KIA) [61]. We anticipated the possibility of several good
results related to different methods of classification. In such a case, we combined the best results to
strengthen the accuracy, similar to the approach used in a previous study [12]. The general workflow
of all the steps required to generate the predictive habitat maps in this study is presented in Figure 2.
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MBES data processing (bathymetry in QPS Qimera, backscatter in Fledermaus Geocoder)

|
v v

PB Jenks” natural breaks unsupervised classification
for separate backscatter datasets

Extraction of all PB secondary features

v

Multiresolution segmentation of multi-frequency backscatter image with input of all
extracted secondary features and GLCM textures to compute object statistics

l

Feature selection based on ,,Boruta” and ,,rgdal” librariesin R

l

Supervised classification (CART, RF, SVM, KNN) of objects,

l

Calculation of error matrix and accuracy assessment based on validation ground-truth samples
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Figure 2. General workflow of the predictive habitat mapping developed in this study. MBES—multibeam
echosounder; PB—pixel-based; GLCM—grey level co-occurrence matrix; CART—classification and
regression trees; RE—random forest; SVM—support vector machine; and KNN—k-nearest neighbors.

3. Results

3.1. Discrimination of Ground-Truth Samples

Our analysis of the ground-truth sediment samples and the ROV video inspections distinguished
5 main habitat classes. One additional class of artificial structures, visible in Table 1 was assigned
manually, so it was not considered as an input for the purposes of image processing. Figure 3A,B
present the distribution of the mean backscatter intensity versus the specified habitat class for both
of the frequencies used: 150 and 400 kHz. The values of the backscatter intensity were expressed
as relative intensity values in the logarithmic scale in dB [6]. In general, the diagrams depicting the
discrimination of the habitat classes showed a clear separation between the two groups of habitat
classes. Sands and very fine sands were characterized by a low return of the acoustic signal, whereas
the three remaining classes showed high backscatter. Moreover, the spread of the boxplots for the
150 kHz dataset was wider than the spread of the boxplots for the 400 kHz dataset. The thinner spread
of the latter suggested that it could separate the habitat classes more clearly than the 150 kHz dataset.

3.2. Multibeam Echosounder Data Processing

The results of the multibeam data processing using the QPS Qimera and FMGT software are
presented in Figure 4. The multi-frequency backscatter mosaic contained bands R (red) and G (green).
We assigned the backscatter mosaic for the 400 kHz frequency to band R and backscatter grid
of the 150 kHz frequency to band G. Figure 4B shows the location sites of the acquisition of the
ground-truth samples. The bathymetric and backscatter datasets were used as a basis to compute
70 secondary features.
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Figure 3. The distribution of the backscatter intensity in the five ground-truth classes: (A) for the
150 kHz frequency dataset, and (B) for the 400 kHz frequency dataset.
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Figure 4. Results of the bathymetric and backscatter data processing: (A) bathymetry at 150 kHz;

(B) multi-frequency backscatter at 150 kHz and 400 kHz; and (C) difference map between bathymetry
150 kHz and bathymetry 400 kHz.

3.3. Feature Selection

The Boruta feature selection algorithm was used as a basis for the supervised classifiers. For each
scale of tested multiresolution segmentations, we extracted values of all the secondary features.
We predicted the habitat maps using different sets of important and tentative attributes of the Boruta
results. Figure 5A,B present the boxplots of the application of the feature selection algorithm for the
best results in this study. For multiresolution segmentation scale 5, Boruta confirmed the importance
of three features: backscatter 400 kHz, backscatter 150 kHz, and curvature 400 kHz. Three additional
tentative features were suggested: bathymetry 150 kHz, GLCM homogeneity 400 kHz, and bathymetry
400 kHz. For multiresolution segmentation scale 10, the Boruta feature selection technique confirmed
the importance of backscatter 400 kHz, backscatter 150 kHz, and bathymetry 400 kHz. It suggested
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three additional tentative attributes: slope 400 kHz, GLCM entropy 150 kHz, and the standard
deviation of bathymetry 400 kHz created with sliding window size 9. Other secondary features were

not relevant, so they were left for further analysis.
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Figure 5. Boxplot of the Boruta feature selection algorithm for the objects created with different ‘scales’
of multiresolution segmentation: (A) scale 5 and (B) scale 10.

3.4. Image Processing

As described above, object-based image analysis was performed based on multiresolution
segmentation of different scales, from 1 to 20. The best classification results were obtained for image
objects scales 5 and 10. For scale 5, the highest performance used the k-nearest neighbors classifier
with K =1, after applying six selected secondary features (with tentative attributes). Another best
classification result was calculated using the random forest classifier for multiresolution segmentation



Remote Sens. 2018, 10, 1983 12 0f 21

scale 10. In this example, a set of four secondary features was applied: backscatter 400 kHz, backscatter
150 kHz, bathymetry 400 kHz, and slope 400 kHz.

Independently of the object-based image analysis, we performed pixel-based image processing
using Jenks natural breaks clustering algorithm with unsupervised separation of single-frequency
backscatter intensity images (150 kHz and 400 kHz) for the five classes. The results of all the applied
methods of classification are presented in Figure 6.
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Figure 6. Results of the image analysis for the images of backscatter intensity from the Rowy area in
the southern Baltic Sea: (A) multi-frequency backscatter of the analyzed area; (B) PB Jenks classification
for the 150 kHz frequency; (C) PB Jenks classification for the 400 kHz frequency; (D) object-based
(OB) KNN classification; (E) OB random forest (RF) classification; and (F) combined OB KNN and
RF classification.
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A visual inspection of the generated results supported by knowledge of the ground-truth samples
allowed us to determine that both of the pixel-based results (Figure 6B,C) had difficulties with
separating between the very fine sand (VFS) and sand (S) classes. These difficulties were visible
in the pixel-based results as large noise in the areas with low backscatter return (the darkest areas in
corresponding Figure 6A). It may have been caused by similar and slightly overlapping distribution
of the backscatter intensity between these two classes (Figure 3). Moreover, the pixel-based results
probably underestimated the class of red algae (R) and simultaneously overestimated the class of
boulders (B). This was visible especially in the results of the Jenks natural breaks algorithm for the
150 kHz frequency, where the areas of red algae, represented in the backscatter false color composite
by dark orange areas (see Figure 6A), were almost not separated from the boulder class (Figure 6C).
The separation of the sandy gravel and gravelly sand (SG_GS) class was similar in both PB results
(Figure 6B,C) and one OB result (KNN, see Figure 6D), and it was probably underestimated in the
case of the random forest result (Figure 6E). For comparison with the PB results, it seems that the
performance of both of the OB classifiers was good in separating between the very fine sand (VFS) and
sand (S) classes. The noise within the areas of low backscatter intensity visible in both PB results was
almost absent in the OB results. Between the two OB results there was, however, visible bias in the
spatial separation between the boulder (B) and sandy gravel-gravelly sand (SG_GS) classes (compare
Figure 6D,E).

3.5. Accuracy Assessment of Results

The performances of all the applied approaches of image analysis were evaluated based on error
matrices and accuracy assessment statistics, shown in Tables A2-A5. Both object-based results had
similar statistics with an overall accuracy of 86% and a kappa index of agreement of 0.81 (Tables A4
and A5). The accuracy assessment of the pixel-based results indicated much lower statistics with an
overall accuracy of 42% and a kappa index of agreement of 0.24-0.27 (Tables A2 and A3). The error
matrices confirmed our visual evaluations of the classifiers for certain classes suggested in the
previous section. The highest user’s and producer’s accuracy per class indicated that apart from
the VFS class, the KNN classifier perfectly determined the SG_GS class, while the RF method ideally
separated the R class in comparison with all the other results. We took advantage of these perfect
separations by combining both OB results. The predictive model that combines the object-based
KNN and RF algorithms is presented in Figure 6F. This model increased the overall accuracy to 93%
and the KIA measurement to 0.90. The error matrix of the combined model is shown in Table A6.
Despite receiving high statistics in the accuracy assessment, we should note that the small number
of ground-truth samples meant that each sample represented a high kappa value. This issue should
be paid close attention as a potential source of errors when comparing this study with other marine
habitat mapping studies.

4. Discussion

Multi-frequency, multibeam echosounder data is a promising new approach in the characterization
of seabed habitats. Recent research confirms that the simultaneous analysis of many frequencies
leads to a better understanding of seafloor properties [62]. Although we did not use a multibeam
echosounder with multispectral mode (such as the R2Sonic 2026) for our measurements, we repeated
the hydroacoustic surveys with different frequencies. Similar research has been presented in [62], where
the surveys were repeated with three different frequencies: 200, 400, and 600 kHz. This approach helped
us to make a detailed acoustic characterization of the seabed sediments. In our case, we performed
hydroacoustic research at two frequencies: 150 kHz and 400 kHz. The additional information from the
ground-truth data allowed us to define the distributions of the acoustic backscatter for all the classes of
habitats, which differed depending on the frequency used. All the feature selection results confirmed
that attributes of both frequencies were useful to explain the variability of the analyzed data.



Rentote Sens. 2018, 10, 1983 14 of 21

The Boruta feature selection algorithm has been tested in the benthic habitat mapping literature a
few times, giving promising results [22,63]. Our results confirmed the usefulness of the application of
this feature selection method in habitat mapping. We recommend that if the algorithm would work on
statistics gathered from object-based image analysis, then the classification should be performed on
the same segmentation setting.

Our study confirmed that beyond the primary features, such as backscatter and bathymetry,
some other secondary features were useful, such as slope, GLCM entropy, GLCM homogeneity, and
the standard deviation of bathymetry. We suggest remembering such attributes for further feature
selection actions. The list of suggested secondary features is not yet finished and may include, for
example, spatial autocorrelation [63]; hue, saturation, and intensity [64]; angular range analysis [65],
Q-values [66]; and maximum orbital velocity [64].

The scale of multiresolution segmentation is a very important setting of OBIA, which has an
impact on further analysis, including the results of the classification [45]. Up to now, at least a few
benthic habitat mapping studies have included the application of different scales of multiresolution
segmentation [46,49]. To estimate the parameter in a proper way, we tested many scales from 1 to 20,
with a step of 1—similar to the approach in [49]—for a wider range of the parameters. The best scale
was chosen for the best accuracy assessment of the evaluated classification methods. Although the
investigation of the dependency between the accuracy and the multiresolution segmentation scale
used was not the aim of this study, we tested 80 sets of the OB segmentation—classification results
(20 scales x 4 classifiers). Our attempts confirmed that the scale of the multiresolution segmentation
was imperfect, and its incorrect determination may have led to poor results in the object-based
classification. Future research should take a closer look at this phenomenon and investigate the
changes in accuracy depending on the scale of the multiresolution segmentation parameter.

In this study, we performed a robust object-based methodology on a relatively small test area,
characterized by diverse habitat conditions with the occurrence of unique red algae. Considering
the regional conditions, there are no areas with similar characteristics within the Polish coast of the
southern Baltic Sea. It should be noted that in the marine habitat mapping literature, there have
been studies based on similar or smaller spatial extents, such as 0.056 km? [48] or 0.39 km? [12].
Other methods of benthic habitat mapping based on object-based image analysis were previously
applied in various environments and areas, from smaller areas [48] to slightly less diverse areas within
the Polish coast of the southern Baltic Sea [49] to larger areas [67]. Therefore, we can state that our
methodology would be scalable.

In this study, we designed a ground-truth survey to encompass the representativeness of all kinds
of habitats. It is necessary to keep in mind that a set of samples that is too small can lead to a falsified
accuracy result [68]. Some studies have presented results of seabed mapping after analysis of similarly
small but representative numbers of ground-truth samples [10,17,42,49]. In any such case, there is
a possibility of errors, for which the sources have been described in detail (e.g., [69]). Despite the
relatively small number of samples, we used varied methods of sampling, including Van Veen grabs
and ROV video inspections within all the sites. Thus, our ground-truth survey was designed to obtain
strict and diverse knowledge of the analyzed area.

Considering the unit of analysis, the methods of classification could be separated between
pixel-based (PB) and object-based (OB) methods. The utilization of ground-truth samples allowed for
further division between unsupervised and supervised techniques. The Jenks natural breaks method
has been applied in habitat mapping studies several times [48,70]. In comparison with similar research,
we obtained poor accuracy using this classification in this study. In our pixel-based classifications,
there were visible ‘salt and pepper” effects caused by the noise of the input data, which was obvious
in comparison with the OB approaches [71]. The reason for the poor accuracy may be related to the
overlapping distribution of the backscatter intensity for the habitat classes described in Section 3.1.

Different approaches of machine learning or decision trees have been widely used in recent
predictive habitat mapping (e.g., [12,22,46,48,67,72,73]). Such approaches belong to both PB and OB
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techniques and supervised classification methods, executing top-down strategies: “assemble first,
predict later” [13]. The OB approach of supervised classifiers has been developed over the last few
years in marine habitat mapping (e.g., [12,46,48,65,67]). Many of the aforementioned studies concerned
evaluations of classification methods. In particular, the random forest method seems to be a promising
method for the automatic classification of benthic habitats. For example, in [65], the RF method
achieved an excellent result of 94% overall accuracy and a KIA of 90%. Results with 80% overall
accuracy are common in marine habitat mapping when using the random forest classifier [12,22,67].

The KNN classifier has been applied much less often in marine habitat mapping studies with
other well-known examples [46,48]. In these studies, the KNN classifier separated classes with an
overall accuracy from 52% to 66%. Considering the KIA value (from 0.38 to 0.43), the performance
of the KNN classifier in these studies can be described as fair to moderate [46]. In our study, we
obtained better accuracy using this method, but possible sources of errors should be kept in mind (see
Section 3.5). We recommend continuing to evaluate this method of classification in further habitat
mapping studies.

The application of two frequencies of MBES measurements is very interesting from the viewpoint
of marine habitat mapping. The acoustic responses of the habitats are dependent on the frequency;
therefore, distinct frequencies may reveal different attributes. With two frequencies, we have a better
possibility of achieving habitat discrimination. One recent study has suggested that the combination of
PB and OB methods can lead to a better separation of classes, resulting in better accuracy [12]. In the
aforementioned study, the application of such an approach increased the overall accuracy by 5.1% and
the kappa value by 0.06 (overall accuracy—83.6%, KIA—0.78). In comparison, the combination of
two OB classifiers in our study allowed us to increase the overall accuracy by 7.1% and the KIA by
0.10. Both results suggest that the combination of the best classification outcomes might be useful and
promising in future marine habitat mapping studies.

5. Conclusions

In this study, we developed a robust workflow for predictive habitat mapping based on
multi-frequency, multibeam echosounder data. For the first time, we recognized and distinguished six
nearshore habitats of the Rowy area in the southern Baltic Sea. The identified habitats included very
rare seascapes for the Polish coast of the Baltic Sea, encompassing species of red algae and boulder
sites colonized by Mytilus Trossulus bivalves. Future research will be conducted using the same model
of multibeam echosounder device but with an acoustically calibrated option regarding the backscatter
strength. Therefore, the composition of the seafloor will be represented from a physical point of view,
which would create new perspectives in benthic habitat mapping, such as the ability to track spatial
changes of habitats over time [42].

An important part of our workflow was the feature extraction and selection. We extracted
70 secondary features of the bathymetric and backscatter data. They included either pixel-based
statistics or object-based GLCM textures. Some features were calculated based on multiscale or
object-based approaches. The Boruta feature selection algorithm allowed us to choose relevant
attributes, which included the following (beyond bathymetry and backscatter): slope, GLCM entropy,
GLCM homogeneity, and the standard deviation of bathymetry. Our results confirmed the usefulness
of the application of the Boruta feature selection method in habitat mapping. The proper feature
selection helped us to discriminate habitat classes with similar distributions of backscatter intensity.
However, the list of secondary features is not yet complete. We suggest expanding it for other attributes
and a multiscale approach.

We tested different aspects of image processing, such as pixel-based and object-based image
analysis, unsupervised and supervised methods of classification, and habitat mapping based
on single-frequency and multi-frequency multibeam echosounder (MBES) datasets. Our results
demonstrated the great usefulness of object-based image analysis and supervised classifiers, such as the
random forest and k-nearest neighbors algorithms. Because, in our case, each classifier performed better
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with respect to specific classes of habitats, we took advantage of the best results and combined them,
obtaining very good agreement—93% overall accuracy and a 0.90 Kappa coefficient. We applied such
a combination based on two object-based results. In our study, the application of the multi-frequency,
MBES dataset with the proper selection of secondary features significantly increased the accuracy of
the habitat maps with respect to the single-frequency results.

Our workflow encouraged us to offer some additional suggestions. We recommend taking a
closer look at the scale of multiresolution segmentation in object-based marine habitat mapping studies.
A particularly interesting topic is the changes in accuracy depending on the scale of multiresolution
segmentation parameter. We also recommend evaluating the k-nearest neighbors method of classification
in future habitat mapping studies.

The rapid development of the hydroacoustic industry will bring about the greater availability of
multi-frequency, multibeam echosounder data. Our predictive habitat mapping of shallow euphotic zones
creates a new scientific perspective and provides relevant data for the management of natural resources.
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Appendix A

Table Al. Specifications of the ground-truth samples with their ID numbers, types, and geographic
coordinates. The symbols of the habitat classes correspond with those in Table 1.

ID Habitat Class ~ Type Grab? Latitude Longitude
1 S & + 54.677560 17.054628
2 S v + 54.677732 17.050173
3 B i 54.678197 17.046282
4 S T + 54.677502 17.044602
5 s T + 54.677612 17.040122
6 SG_GS v + 54.677525 17.036633
7 s v + 54.677740 17.035105
8 B T 54.678568 17.035853
9 B v 54.678383 17.038660
10 SG_GS T + 54.678663 17.042602
11 B i 54.679515 17.048127

11b SG_GS T ++ 54.679627 17.048258
12 B v 54.679442 17.052195

13 s A% + 54.680213 17.053486
14 R T 54.681648 17.050273
15 R+A T 54.681360 17.047902

16 R v 54.680400 17.041873
17 B T 54.681088 17.035512

18 B A% 54.682185 17.035162
19 VFS v + 54.685313 17.034647

20 VFS T ++ 54.684372 17.037770

21 SG_GS & + 54.683967 17.037770

22 VFS T + 54.684997 17.045757

23 SG_GS \ + 54.685348 17.053240

24 R v 54.683367 17.050290

25 R T 54.682583 17.046350

26 B \% 54.683652 17.044187

27 B T 54.682180 17.040230

28 R v 54.681417 17.044258

29 R T 54.684967 17.041220

30 B v 54.680248 17.038418

! The types of samples are as follows: T—training and V—validation; ? the methods of acquisition include the
following: video recordings and grab samples (+), only video recordings (blank cells), or only grab samples (++).



Remote Sens. 2018, 10, 1983 17 of 21

Appendix B

Table A2. Error matrix and accuracy assessment statistics for the Jenks classification of the PB results
based on the backscatter intensity grid of 150 kHz.

Reference Class

User S SG_GS B R VFS Sum
S 0 0 0 0 0 0
SG_GS 0 1 1 0 0 2
B 1 1 5 2 0 7
R 0 0 1 1 0 2
VFS 2 0 0 0 1 3
Sum 3 2 5 3 1
Producer 0 0.5 0.6 0.333333 1
User 0 0.5 0.428571 0.5 0.333333
Overall Accuracy  0.428571
KIA 0.243243

Table A3. Error matrix and accuracy assessment statistics for the Jenks classification of the PB results
based on the backscatter intensity grid of 400 kHz.

Reference Class

User S SG_GS B R VFS Sum
S 1 0 0 0 0 1
SG_GS 0 1 3 0 0 4
B 0 1 2 2 0 5
R 0 0 0 1 0 1
VFS 2 0 0 0 il 3
Sum 3 2 5 3 1
Producer 0.333333 0.5 0.4 0.333333 1
User 1 0.25 0.4 1 0.333333
Overall Accuracy 0428571
KIA 0.272727

Table A4. Error matrix and accuracy assessment statistics for the KNN classification of the results
based on multiresolution scale 5.

Reference Class

User S SG_GS B R VES Sum

S 2 0 0 0 0 2

SG_GS 0 2 0 0 0 2

B 1 0 5 1 0 7

R 0 0 0 2 0 2

VFS 0 0 0 0 1 1
Sum 3 2 5 3 1
Producer 0.666667 1 1 0.666667 1
User 1 1 0.714286 1 1,

Overall Accuracy  0.857143
KIA 0.805556
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Table A5. Error matrix and accuracy assessment statistics for the RF classification of the results based
on multiresolution segmentation scale 10.

Reference Class

User S SG_GS B R VFS Sum
S 2 0 0 0 0 2
SG_GS 1 1 0 0 0 2
B 0 1 5 0 0 6
R 0 0 0 3 0 3
VFS 0 0 0 0 1 1
Sum 3 2 5 3 1
Producer 0.666667 0.5 1 1 1
User 1 0.5 0.833333 1 1
Overall Accuracy  0.857143
KIA 0.808219

Table A6. Error matrix and accuracy assessment statistics for the combined model of classification
based on the KNIN and RF results.

Reference Class

User S SG_GS B R VFS Sum
S 2 0 0 0 0 2
SG_GS 0 2 0 0 0 2
B 1 0 5 0 0 6
R 0 0 0 3 0 3
VFS 0 0 0 0 1 1
Sum 3 2 5 3 1
Producer 0.666667 1 1 1 1
User 1 1 0.833333 1 1
Overall Accuracy  0.928571
KIA 0.904110

References

1. Barbier, E.B.; Hacker, 5.D.; Kennedy, C.; Koch, E.W,; Stier, A.C.; Silliman, B.R. The value of estuarine and
coastal ecosystem services. Ecol. Monogr. 2011, 81, 169-193. [CrossRef]

2. Brown, CJ,; Blondel, P. Developments in the application of multibeam sonar backscatter for seafloor habitat
mapping. Appl. Acoust. 2009, 70, 1242-1247. [CrossRef]

3. Harris, P.T,; Baker, EK. Why Map Benthic Habitats? In Seafloor Geomorphology as Benthic Habitat; Harris, P.T.,
Baker, E.K., Eds.; Elsevier: London, UK, 2012; pp. 3-22. [CrossRef]

4. Gao, ]. Bathymetric mapping by means of remote sensing: Methods, accuracy and limitations. Prog. Phys. Geogr.
2009, 33, 103-116. [CrossRef]

B. Mayer, L.; Jakobsson, M.; Allen, G.; Dorschel, B.; Falconer, R.; Ferrini, V.; Lamarche, G.; Snaith, H.;
Weatherall, P. The Nippon Foundation—GEBCO Seabed 2030 Project: The Quest to See the World’s Oceans
Completely Mapped by 2030. Geosciences 2018, 8, 1-18. [CrossRef]

6. Lamarche, G.; Lurton, X. Recommendations for improved and coherent acquisition and processing of
backscatter data from seafloor-mapping sonars. Mar. Geophys. Res. 2017, 39, 5-22. [CrossRef]

7 Lucieer, V.; Roche, M.; Degrendele, K.; Malik, M.; Dolan, M.; Lamarche, G. User expectations for multibeam
echo sounders backscatter strength data-looking back into the future. Mar. Geophys. Res. 2017, 39, 23-40.
[CrossRef]

8.  Schimel, A.C.G.; Beaudoin, J.; Parnum, LM.; Le Bas, T.; Schmidt, V.; Keith, G.; Terodiaconou, D. Multibeam
sonar backscatter data processing. Mar. Geophys. Res. 2018, 39, 121-137. [CrossRef]

9. lerodiaconou, D.; Laurenson, L.; Burg, S.; Reston, M. Marine benthic habitat mapping using Multibeam data,

georeferenced video and image classification techniques in Victoria, Australia. J. Spat. Sci. 2007, 52, 93-104.
[CrossRef]



Remote Sens. 2018, 10, 1983 19 of 21

10.

11.

12.

13.

14.

15,

16.

17.

18.

19.

20.
215
22,
23,
24.

25.

26.

27

28.

29.

30.

31

Micallef, A.; Le Bas, T.P;; Huvenne, V.A.L; Blondel, P.; Hithnerbach, V.; Deidun, A. A multi-method approach
for benthic habitat mapping of shallow coastal areas with high-resolution multibeam data. Cont. Shelf Res.
2012, 340, 14-26. [CrossRef]

Madricardo, F.; Foglini, F; Kruss, A.; Ferrarin, C.; Pizzeghello, N.M.; Murri, C.; Rossi, M.; Bajo, M.;
Bellafiore, D.; Campiani, E.; et al. High resolution multibeam and hydrodynamic datasets of tidal channels
and inlets of the Venice Lagoon. Sci. Data 2017, 4, 170121. [CrossRef]

lerodiaconou, D.; Schimel, A.C.G.; Kennedy, D.; Monk, |.; Gaylard, G.; Young, M.; Diesing, M.; Rattray, A.
Combining pixel and object based image analysis of ultra-high resolution multibeam bathymetry and
backscatter for habitat mapping in shallow marine waters. Mar. Geophys. Res. 2018, 39, 271-288. [CrossRef]
Brown, C.J.; Smith, SJ.; Lawton, P; Anderson, J.T. Benthic habitat mapping: A review of progress towards
improved understanding of the spatial ecology of the seafloor using acoustic techniques. Estuar. Coast. Shelf Sci.
2011, 92, 502-520. [CrossRef]

Tegowski, J. Acoustical classification of the bottom sediments in the southern Baltic Sea. Quat. Int. 2005, 130,
153-161. [CrossRef]

Fonseca, L.; Brown, C.; Calder, B.; Mayer, L.; Rzhanov, Y. Angular range analysis of acoustic themes from
Stanton Banks Ireland: A link between visual interpretation and multibeam echosounder angular signatures.
Appl. Acoust. 2009, 70, 1298-1304. [CrossRef]

Blondel, P.; Gémez Sichi, O. Textural analyses of multibeam sonar imagery from Stanton Banks, Northern
[reland continental shelf. Appl. Acoust. 2009, 70, 1288-1297. [CrossRef]

Prampolini, M.; Blondel, P.; Foglini, F.; Madricardo, F. Habitat mapping of the Maltese continental shelf
using acoustic textures and bathymetric analyses. Estuar. Coast. Shelf Sci. 2018, 207, 483—498. [CrossRef]
Tegowski, J.; Lubniewski, Z. Seabed Characterisation Using Spectral Moments of the Echo Signal. Acta Acust.
United Acust. 2002, 88, 623-626.

Madricardo, E; Tegowski, ].; Donnici, S. Automated detection of sedimentary features using wavelet
analysis and neural networks on single beam echosounder data: A case study from the Venice Lagoon, Italy.
Cont. Shelf Res. 2012, 43, 43-54. [CrossRef]

Marsh, L; Brown, C. Neural network classification of multibeam backscatter and bathymetry data from
Stanton Bank (Area IV). Appl. Acoust. 2009, 70, 1269-1276. [CrossRef]

Lecours, V.; Dolan, M.E].; Micallef, A.; Lucieer, V.L. A review of marine geomorphometry, the quantitative
study of the seafloor. Hydrol. Earth Syst. Sci. 2016, 20, 3207-3244. [CrossRef]

Stephens, D.; Diesing, M. A comparison of supervised classification methods for the prediction of substrate
type using multibeam acoustic and legacy grain-size data. PLoS ONE 2014, 9, €93950. [CrossRef] [PubMed]
Ramsar Sites Information Service. Available online: https:/ /rsis.ramsar.org (accessed on 17 October 2018).
Natura 2000 Network Viewer. Available online: http:/ /natura2000.eea.europa.eu/ (accessed on 17 October 2018).
Pieczka, F. Geomorfologia i Osady Denne Baltyku Poludniowego (Geomorphology and seabottom sediments
of the Gdansk Basin, in Polish). Perribalticum 1980, 1, 79-118.

Tegowski, J.; Gorska, N.; Kruss, A.; Nowak, J.; Blenski, J. Analysis of single beam, multibeam and sidescan
sonar data for benthic habitat classification in the southern Baltic Sea. In Proceedings of the 3rd International
Conference and Exhibition on Underwater Acoustic Measurements: Technologies & Results, Nafplion,
Greece, 21-26 June 2009; pp. 131-138.

Kendzierska, H. Stilo-Ustka. In Aflas of Polish Marine Area Bottom Habitats; Gic-Grusza, G., Kryla-Straszewska, L.,
Urbanski, J., Warzocha, J., Weslawski, .M., Eds.; Broker-Innowacji: Gdynia, Poland, 2009; pp. 158-165.
Maritime Institute in Gdansk. Roznorodnosc Biologiczna Przybrzeznego Glazowiska Rowy Przy Slowinskim Parku
Narodowym (Biodiversity of Coastal Boulder Area Near the Slowinski National Park, in Polish); Zaklad Wydawnictw
naukowych Instytutu Morskiego w Gdansku: Gdansk, Poland, 2006.

Calder, B.R.; Mayer, L.A. Automatic processing of high-rate, high-density multibeam echosounder data.
Geochem. Geophys. Geosyst. 2003, 4. [CrossRef]

Fonseca, L.; Calder, B. Geocoder: A Efficient Backscatter Map Constructor. In Proceedings of the U.S. Hydrographic
Conference, San Diego, CA, USA, 29-31 March 2009.

QPS. Fledermaus v7.8 Manual. Available online: https:/ /confluence.qps.nl/dwnfledermaus/ (accessed on
15 October 2018).



Remote Sens. 2018, 10, 1983 20 of 21

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

48.

49.

50.

51

52,
53.

54.
55.

Parnum, LM.; Gavrilov, A.N. High-frequency multibeam echo-sounder measurements of seafloor backscatter
in shallow water: Part 2—Mosaic production, analysis and classification. Underw. Technol. 2011, 30, 13-26.
[CrossRef]

Wentworth, C.K. A Scale of Grade and Class Terms for Clastic Sediments. |. Geol. 1922, 30, 377-392.
[CrossRef]

Folk, R.L.; Ward, W.C. Brazos River bar [Texas]; a study in the significance of grain size parameters.
J. Sediment. Res. 1957, 27, 3-26. [CrossRef]

Du Perez, C. A new arc-chord ratio (ACR) rugosity index for quantifying three-dimensional landscape
atructural complexity. Landsc. Ecol. 2014, 30, 181-192. [CrossRet]

Sappington, ] M.; Longshore, KM.; Thompson, D.B. Quantifying Landscape Ruggedness for Animal Habitat
Analysis: A Case Study Using Bighorn Sheep in the Mojave Desert. ]. Wildl. Manag. 2007, 71, 1419-1426.
[CrossRef]

Wilson, M.E].; O’Connell, B.; Brown, C.; Guinan, J.C.; Grehan, A.J. Multiscale Terrain Analysis of Multibeam
Bathymetry Data for Habitat Mapping on the Continental Slope. Mar. Geod. 2007, 30, 3-35. [CrossRef]
Misiuk, B.; Lecours, V.; Bell, T. A multiscale approach to mapping seabed sediments. PLoS ONE 2018, 13,
e0193647. [CrossRef]

Haralick, R.M.; Shanmugam, K.; Dinstein, I.H. Textural Features for Image Classification. IEEE Trans. Syst.
Man Cybern. 1973, SMC-3, 610-621. [CrossRef]

Kursa, M.B.; Rudnicki, W.R. Feature Selection with the Boruta Package. |. Stat. Softw. 2010, 36. [CrossRef]
Bivand, R.; Keitt, T.; Rowlingson, B.; Pebesma, E.; Sumner, M.; Hijmans, R.; Rouault, E. Package 'rgdal’.
Bindings for the Geospatial Data Abstraction Library. Available online: https://cran.r-project.org/web/
packages/rgdal/index.html (accessed on 15 October 2017).

Montereale-Gavazzi, G.; Roche, M.; Lurton, X.; Degrendele, K.; Terseleer, N.; Van Lancker, V. Seafloor change
detection using multibeam echosounder backscatter: Case study on the Belgian part of the North Sea.
Mar. Geophys. Res. 2017, 39, 229-247. [CrossRef]

Kursa, M.B.; Rudnicki, W.R. Package ‘Boruta’. Wrapper Algorithm for All Relevant Feature Selection. 2016.
Available online: https://notabug.org/mbq/Boruta/ (accessed on 29 October 2018).

Jenks, G. The Data Model Concept in Statistical Mapping. Int. Yearbook Cartogr. 1967, 7, 186-190.

Benz, U.C.; Hofmann, P,; Willhauck, G.; Lingenfelder, I.; Heynen, M. Multi-resolution, object-oriented fuzzy
analysis of remote sensing data for GIS-ready information. ISPRS |. Photogramm. Remote Sens. 2004, 58,
239-258. [CrossRef]

Lucieer, V,; Hill, N.A.; Barrett, N.S.; Nichol, S. Do marine substrates ‘look” and ‘sound’ the same? Supervised
classification of multibeam acoustic data using autonomous underwater vehicle images. Estuar. Coast. Shelf Sci.
2013, 117, 94-106. [CrossRef]

Diesing, M.; Green, 5.L.; Stephens, D.; Lark, R.M.; Stewart, H.A.; Dove, D. Mapping seabed sediments:
Comparison of manual, geostatistical, object-based image analysis and machine learning approaches.
Cont. Shelf Res. 2014, 84, 107-119. [CrossRef]

Montereale Gavazzi, G.; Madricardo, F; Janowski, L.; Kruss, A.; Blondel, P; Sigovini, M.; Foglini, E Evaluation
of seabed mapping methods for fine-scale classification of extremely shallow benthic habitats—Application to
the Venice Lagoon, Italy. Estuar. Coast. Shelf Sci. 2016, 170, 45-60. [CrossRef]

Janowski, L.; Tegowski, J.; Nowak, J. Seafloor mapping based on multibeam echosounder bathymetry and
backscatter data using Object-Based Image Analysis: A case study from the Rewal site, the Southern Baltic.
Oceanol. Hydrobiol. Stud. 2018, 47, 248-259. [CrossRef]

Breiman, L.; Friedman, ].H.; Olshen, R.A.; Stone, C.]. Classification and Regression Trees; Wadsworth: Belmont,
NY, USA, 1984.

Cortes, C.; Vapnik, V. Support-vector networks. Mach. Learn. 1995, 20, 273-297. [CrossRef]

Breiman, L. Random Forests. Mach. Learn. 2001, 45, 5-32. [CrossRef]

Mehryar, M.; Rostamizadeh, A.; Talwalkar, A. Foundations of Machine Learning; The MIT Press: Cambridge,
UK, 2012.

Ripley, B.D. Pattern Recognition and Neural Networks; Cambridge University Press: Cambridge, UK, 1996.
Burges, C. A Tutorial on Support Vector Machines for Pattern Recognition. Data Min. Knowl. Discov. 1998, 2,
121-167. [CrossRef]



Remote Sens, 2018, 10, 1983 21of21

56.

57

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Rodriguez-Galiano, V.E,; Ghimire, B.; Rogan, |.; Chica-Olmo, M.; Rigol-Sanchez, |.P. An assessment of the
effectiveness of a random forest classifier for land-cover classification. ISPRS |. Photogramm. Renote Sens.
2012, 67, 93-104. [CrossRef]

Bishop, C. Newural Networks for Pattern Recognition; University Press: Oxford, UK, 1995.

Foody, G.M. Status of land cover classification accuracy assessment. Remote Sens. Environ. 2002, 80, 185-201.
[CrossRef]

Story, M.; Congalton, R.G. Accuracy assessment: A user’s perspective. Photogramm. Eng. Renote Sens. 1986,
52, 397-399.

Congalton, R.G. A review of assessing the accuracy of classifications of remotely sensed data. Remote Sens. Environ.
1991, 37, 3546. [CrossRef]

Cohen, J. A Coefficient of Agreement for Nominal Scales. Educ. Psychol. Meas. 1960, 20, 37-46. [CrossRef]
Feldens, P; Schulze, I; Papenmeier, S.; Schonke, M.; Schneider von Deimling, J. Improved Interpretation of
Marine Sedimentary Environments Using Multi-Frequency Multibeam Backscatter Data. Geosciences 2018, 8.
[CrossRef]

Diesing, M.; Stephens, D. A multi-model ensemble approach to seabed mapping. . Sea Res. 2015, 100, 62-69.
[CrossRef]

Rattray, A.; Ierodiaconou, D.; Womersley, T. Wave exposure as a predictor of benthic habitat distribution on
high energy temperate reefs. Front. Mater. Sci. 2015, 2, 1-14. [CrossRef]

Hasan, R.; lerodiaconou, D.; Laurenson, L.; Schimel, A. Integrating multibeam backscatter angular response,
mosaic and bathymetry data for benthic habitat mapping. PLoS ONE 2014, 9, €97339. [CrossRef]

Brown, C.].; Sameoto, J.A.; Smith, S.J. Multiple methods, maps, and management applications: Purpose
made seafloor maps in support of ocean management. J. Sea Res. 2012, 72, 1-13. [CrossRef]

Hasan, R.; Ierodiaconou, D.; Monk, J. Evaluation of Four Supervised Learning Methods for Benthic Habitat
Mapping Using Backscatter from Multi-Beam Sonar. Remote Sens. 2012, 4, 3427-3443. [CrossRef]

Carlotto, M.]. Effect of errors in ground truth on classification accuracy. Int. ]. Remote Sens. 2009, 30,
4831-4849. [CrossRef]

Diesing, M.; Mitchell, P; Stephens, D. Image-based seabed classification: What can we learn from terrestrial
remote sensing? ICES J. Mar. Sci. 2016, 73, 2425-2441. [CrossRef]

Fogarin, S.; Madricardo, F; Zaggia, L.; Kruss, A.; Montereale-Gavazzi, G.; Ferrarin, C.; Sigovini, M.;
Lorenzetti, G.; Manfé, G. Benthic Morphologies and Habitats in a Shallow Highly Human Impacted Tidal
Inlet. In Proceedings of the GeoHab 2016, Winchester, UK, 2-6 May 2016.

Lu, D.; Weng, Q. A survey of image classification methods and techniques for improving classification
performance. Int. |. Remote Sens. 2007, 28, 823-870. [CrossRef]

lerodiaconou, D.; Monk, J.; Rattray, A.; Laurenson, L.; Versace, V.L. Comparison of automated classification
techniques for predicting benthic biological communities using hydroacoustics and video observations.
Cont. Shelf Res. 2011, 31, 528-538. [CrossRef]

Hasan, R,; Terodiaconou, D.; Laurenson, L. Combining angular response classification and backscatter imagery
segmentation for benthic biological habitat mapping. Estuar. Coast. Shelf Sci. 2012, 97, 1-9. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http:/ /creativecommons.org/ licenses /by /4.0/).



Oswiadczenia wspotautoréow

51



Dr tukasz Janowski [T[Wé_ ey 07 FebIrUENY 2022
Maritime Institute, {city)

Gdynia Maritime University,

{e-mail: ljanowski@im.umg.edu.pl)

Author Contribution Statement

| declare that my contribution to the paper:

Janowski, L.; Trzcinska, K.; Tegowski, J.; Kruss, A.; Rucinska-Zjadacz, M.; Pocwiardowski, P.
Nearshore benthic habitat mapping based on multi-frequency, multibeam echosounder data
using a combined object-based approach: A case study from the Rowy Site in the Southern
Baltic Sea. Remote Sens. 2018, 10, 1983. https://doi.org/10.3390/rs10121983

included:
e conceptualization,
methodology,

[
e data processing,
« original draft preparation.

Overall, | estimate that my contribution to this work is 55%.

LL !..'\/{M\UL ]lw?\VVD “"z’[’\/1

tukasz Janowski



Mgr Karolina Trzciriska Gdanisk, 07 February 2022

Department of Geophysics
Institute of Oceanography, University of Gdansk
{e-mail: karolina.trzcinska@ug.edu.pl)

Author Contribution Statement

| declare that my contribution to the paper:

Janowski, L.; Trzcinska, K.; Tegowski, J.; Kruss, A.; Rucinska-Zjadacz, M.; Pocwiardowski, P.
Nearshore benthic habitat mapping based on multi-frequency, multibeam echosounder data
using a combined object-based approach: A case study from the Rowy Site in the Southern
Baltic Sea. Remote Sens. 2018, 10, 1983. https://doi.org/10.3390/rs10121983

included:
e data acquisition,
e data processing.

Overall, | estimate that my contribution to this work is 35%.

| have done the following work:
e participation in research planning,
e participation in data recording,
e participation in data processing,

e participation in interpretation of results.

//szr?/r".ﬂ ;?_(‘ﬂﬂ/s/a‘

Karolina Trzcinska



Prof. dr hab. Jarostaw Tegowski Gdansk, 07 February 2022
Department of Geophysics

Institute of Oceanography, University of Gdarisk

(e-mail: jaroslaw.tegowski@ug.edu.pl)

Author Contribution Statement

| declare that my contribution to the paper:

Janowski, L.; Trzcinska, K.; Tegowski, J.; Kruss, A.; Rucinska-Zjadacz, M.; Pocwiardowski, P.
Nearshore benthic habitat mapping based on multi-frequency, multibeam echosounder data
using a combined object-based approach: A case study from the Rowy Site in the Southern
Baltic Sea. Remote Sens. 2018, 10, 1983. https://doi.org/10.3390/rs10121983

included:
e conceptualization,
e data acquisition,
e review and editing of the Manuscript,
e supervision.

Overall, | estimate that my contribution to this work is 4%.

Jarostaw Tegowski



Dr Aleksandra Kruss Sor"'l‘—, 07 February 2022
NORBIT-Poland Sp. z 0.0. (city)
{e-mail: aleksandra.kruss@norbit.com)

Author Contribution Statement

| declare that my contribution to the paper:

Janowski, L.; Trzcinska, K.; Tegowski, J.; Kruss, A.; Rucinska-Zjadacz, M.; Pocwiardowski, P.
Nearshore benthic habitat mapping based on multi-frequency, multibeam echosounder data
using a combined object-based approach: A case study from the Rowy Site in the Southern
Baltic Sea. Remote Sens. 2018, 10, 1983. https://doi.org/10.3390/rs10121983

included:
¢ data acquisition,
e data processing.

Overall, | estimate that my contribution to this work is 2%.

o

Aleksandra Kruss



Dr Maria Ruciriska Gdarisk, 07 February 2022
Department of Geophysics

Institute of Oceanography, University of Gdarisk

(e-mail: maria.rucinska@ug.edu.pl)

Author Contribution Statement

I declare that my contribution to the paper:

Janowski, L.; Trzcinska, K.; Tegowski, J.; Kruss, A.; Rucinska-Zjadacz, M.; Pocwiardowski, P.
Nearshore benthic habitat mapping based on multi-frequency, multibeam echosounder data
using a combined object-based approach: A case study from the Rowy Site in the Southern
Baltic Sea. Remote Sens. 2018, 10, 1983. https://doi.org/10.3390/rs10121983

included:
¢ data processing.

Overall, | estimate that my contribution to this work is 2%.

% et

Maria Ruciriska



Dr Pawet Pocwiardowski Santa Barbara 7 repryary 2022

NORBIT-Poland Sp. z 0.0. (city)
(e-mail: pawel@norbit.com)

Author Contribution Statement

| declare that my contribution to the paper:

Janowski, L.; Trzcinska, K.; Tegowski, J.; Kruss, A.; Rucinska-Zjadacz, M.; Pocwiardowski, P.
Nearshore benthic habitat mapping based on multi-frequency, multibeam echosounder data
using a combined object-based approach: A case study from the Rowy Site in the Southern
Baltic Sea. Remote Sens. 2018, 10, 1983. https://doi.org/10.3390/rs10121983

included:
e data acquisition,
e data processing.

Overall, | estimate that my contribution to this work is 2%.

./ﬂj(’b‘) %‘-&"(A/L/,(/\ i

Pawet Pocwiardowski



PUBLIKACIJA 2

Trzcinska K., Janowski L., Nowak J., Rucinska-Zjadacz M., Kruss A., Schneider von Deimling
J., Pocwiardowski P., Tegowski J. Spectral features of dual-frequency multibeam

echosounder data for benthic habitat mapping. Mar. Geol. 2020, 427, 106239.
https://doi.org/10.1016/j.margeo.2020.106239

58



Marine Geology 427 (2020) 106239

Contents lists available at ScienceDirect

Marine Geology

journal homepage: www.elsevier.com/locate/margo

Invited Research Article

Spectral features of dual-frequency multibeam echosounder data for benthic = )

Check for

habitat mapping e

< % - bz ; = . . 5
Karolina Trzcinska”, Lukasz Janowski™"”*, Jaroslaw Nowak®, Maria Rucinska-Zjadacz®,

Aleksandra Kruss”, Jens Schneider von Deimling®, Pawel Pocwiardowski?, Jaroslaw Tegowski®

“ Institute of Oceanography, University of Gdansk, al. Marszalka Pilsudskiego 46, 81-378 Gdynia, Poland
" Gdynia Maritime University, Morska 81-87 Str., 81-225 Gdynia, Poland

“MEWO S.A., Starogardzka 16, 83-010 Straszyn, Poland

4 NORBIT-Poland Sp. z 0.0., al. Niepodleglosci 813-815/24, 81-810 Sopot, Poland

© Institute of Geosciences Christian-Albrechts-Universitcit zu Kiel, Otto-Hahn-Platz 1, 24118 Kiel, Germany

ARTICLE INFO ABSTRACT

Keywords:

Rough seafloor surface
Spectral features
Multibeam echosounder
Object-based image analysis
Benthic habitat mapping

Automatic methods of seafloor mapping are still in their early stage of development, despite the technical
progress made in recent years. A serious imperfection is the limited types of predictor features available for
seabed classification. It is therefore desirable to introduce new class of spectral features to benthic habitat
mapping. In this study, we introduced eight spectral features of a rough seafloor surface that were indicative of
better seabed classification. We compared them with traditional secondary features, like terrain variables and
textural features. The suitability of 48 variables was tested, and the most important features were identified. The
selected variables were used to perform a supervised object-based image analysis using four machine learning
algorithms. We found that backscatter was the strongest predictor, followed by several spectral features from
bathymetry that appeared more predictive than bathymetry itself. The highest overall accuracy of predictive
model reached approximately 86% using the support vector machine classifier. The innovative results of this
study suggest further application of the spectral features for predictive benthic habitat mapping, including re-
search based on multi-frequency multibeam echosounder datasets. The utilisation of spectral features derived
from bathymetry provide an important step towards more accurate maps of benthic habitats and seabed sedi-
ments composition.

1. Introduction corresponding properties (Lamarche and Lurton, 2017). Recent re-

commendations have suggested concurrent acquisition of bathymetry

The ocean floor is the least explored surface of Earth. At present, it is
estimated that less than 15% of the seafloor has been mapped in detail.
On the other hand, the surfaces of the Moon and Mars have been
mapped in significantly greater detail (Jones, 1999). Global initiatives,
such as Seabed 2030 of the General Bathymetric Chart of the Oceans
group, aim to change this state of knowledge by mapping the entire
seabed by the year 2030 (Mayer et al., 2018).

Apart from side-scan based seafloor analyses, remote sensing mea-
surements of the seabed surface have often employed multibeam
echosounder (MBES) systems. Originally, MBES equipment was de-
signed to collect measurements of the seafloor bathymetry, which al-
lowed for the generation of digital elevation models (DEMs) of the
seabed. In the early 1990s, an MBES was developed that could measure
the backscattering strength from the seafloor based on its

and seafloor backscatter strength (or a related variable), as well as
further generation of georeferenced grids of bathymetry and co-regis-
tered backscatter mosaics (Schimel et al., 2018).

1.1. Multibeam echosounder features and their impact on benthic habitat
mapping studies

Terrestrial remote sensing studies often benefit from many features
derived from different sensors, for instance, spectral or multi-spectral
signatures, textural derivatives, or various indices (e.g. the Normalised
Difference Vegetation Index). In this study, we used the term ‘feature’ in
its typical sense with respect to remote sensing literature, as it is a
predictor variable extracted from the remote sensing data for its usage
in image classification (Diesing et al., 2016). Moreover, hereinafter, the
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term ‘spectral’ has been used as a descriptor of the rough seafloor
surface,

Recent benthic habitat mapping studies have underlined the utili-
sation of different features of MBES bathymetry and backscatter data
(Diesing et al., 2016; Lecours et al., 2016; Held and Schneider von
Deimling, 2019). Special attention has been paid to the geomorpho-
metric analysis of bathymetry (Goff and Jordan, 1988; Wilson et al.,
2007; Micallef et al., 2012; Li et al., 2016; Diesing and Thorsnes, 2018;
Gafeira et al., 2018; Lucieer et al., 2018), textural analysis of back-
scatter (Montereale-Gavazzi et al.,, 2017; Prampolini et al., 2018;
Samsudin and Hasan, 2017), and multi-scale analysis, including the
geographic context of MBES datasets (Lecours et al., 2015; Misiuk et al.,
2018; Porskamp et al., 2018). For example, Conti et al. (2019) used
different feature categories (from bathymetry, texture, optical proper-
ties, and object-based shape) for the classification of a cold-water coral
mound based on MBES and a high-resolution video mosaic. Ad-
ditionally, Janowski et al. (2018a) extracted sixteen features of bathy-
metry and nine object-based features of backscatter to execute the
mapping of seabed sediments in the Polish coastal area of the southern
Baltic Sea. Furthermore, Rattray et al. (2015) introduced wave ex-
posure as an oceanographic predictor variable for the mapping of high
energy temperate reefs in Victoria, Australia.

Recent reviews of literature emphasise the need for new features for
benthic habitat mapping (Diesing et al., 2016). It is known that en-
vironmental factors, such as light penetration in the water column,
primary productivity, hydrodynamics, temperature, salinity, and
oxygen concentration determine the distribution of habitats on the
seabed (Brown et al., 2011). However, modelled features representing
these factors are typically generated in spatial and temporal scales that
are very different (e.g. often significantly larger) from those of MBES
datasets, thereby limiting their applicability. On the other hand, sec-
ondary features extracted from MBES bathymetry and backscatter are
directly related to the spatial and temporal extent of their counterparts.
The development of new features may allow for a better understanding
of the environmental processes occurring on and/or influencing the
seabed, and proper application may increase predictive power and
improve classification accuracy.

Spectral parameters have been successfully used to classify sediment
types using single beam echosounder registrations (Tegowski et al.,
2003). Previous research on spectral features of MBES bathymetry has
indicated their utility for a detailed description of roughness and sea-
floor geomorphology, as well as the classification of seafloor sediments.
Additionally, they have been used for benthic habitat mapping using
Principal Components Analysis to reduce correlated data and the Fuzzy
C-means clustering algorithm with a declared number of three classes
(Tegowski et al., 2018). In this study, we presented and evaluated eight
spectral features derived from bathymetry and applied them for the
classification of the seabed using object-based image analysis (OBIA).
These parameters originated from two-dimensional fast Fourier trans-
formation (2D FFT). Lyons et al. (2002) described one of the first ap-
plications of this method for seabed characterisation with high-resolu-
tion, in which the photogrammetric method (stereoscopic photograph)
was utilised; a three-dimensional model of the bottom surface was
generated using this approach. Application of the 2D FFT allowed for
the spatial distribution of the power spectral density of the surface
heights to be obtained. The same technique has been applied in several
other studies (e.g. Briggs et al., 2005). Moreover, this method was
improved upon and applied to the analysis of high-resolution bathy-
metry from modern hydroacoustic measurements, including the appli-
cation of a MBES (e.g. Cazenave et al.,, 2008; Lefebvre et al., 2009).
Schonke et al. (2017) used 2D Fourier transform to describe the mi-
croroughness of the seabed based on underwater laser line scanning in
the southeastern North Sea,

Classification of the seabed substrata and benthic habitats is one of
the main tasks necessary for the spatial planning of the marine en-
vironment. In addition to providing crucial information for the
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establishment of Marine Protected Areas, such actions are within the
main aims of Descriptor 6 of the Marine Strategy Framework Directive
2008/56/EC, which is related to seafloor integrity. In general, these
actions assume the development of standardised methods for seabed
mapping and monitoring. Although recent studies include proposals for
the working procedures of benthic habitat mapping or the development
of habitat classification schemes, diversity of specific environmental
conditions (e.g. depth or sediment types), causes that they are still only
valid for strict spatial areas (Strong et al., 2019).

1.2. Multi-frequency multibeam echosounder studies

A recent trend in benthic habitat mapping is the use of multi-fre-
quency MBES data. Bottom backscattering strength registered by
echosounder strongly depends on the frequency of the emitted signal,
its true incidence angle, seabed roughness, and geo-acoustic properties
of the seafloor. The dependency of backscatter strength on frequency
has been observed in laboratory and field studies with various re-
sponses from different sediment types exhibited (e.g. Jackson et al.,
1986; Urick, 1983). Recent habitat mapping studies have emphasised
the use of multi-frequency MBES datasets for better discrimination
between seabed types (Feldens et al., 2018; Gaida et al., 2018; Janowski
et al., 2018b; Fakiris et al,, 2019).

High-frequency pulses allow for the detecting smaller objects and
seabed structures; however, such pulses are strongly attenuated, thus
limiting the sonar range. Low-frequency signals are not as attenuated;
they can penetrate deeper into the sediments below the seafloor, but
they are less sensitive to small features and weak boundaries with a
slight change in acoustic impedance, such as the boundary between
water and mud. Overall, acoustic images (especially of seafloor sedi-
ments) that are recorded at several frequencies often provide more
information with respect to the physical and biological characteristics
of seabed habitats compared with that of a single-frequency (Feldens
et al., 2018; Gaida et al., 2018; Janowski et al., 2018b; Fakiris et al.,
2019). Finer sediments, such as sands and silts, are more sensitive to
acoustic frequencies than coarser sediments, such as gravel, shells, or
boulders (Jackson et al., 1986; Williams et al., 2009; Hefner et al.,
2010; Gaida et al., 2018).

In this study, we focused on the spectral features derived from
bathymetry, which was considered independent of the frequency. Most
applicable for this approach were MBES, which delivered bathymetry,
as well as co-registered and geolocated backscatter of the seabed. In this
study, we did not focus on multi-spectral MBES, although we used
several frequencies to enlarge our feature space. Our objectives were as
follows: (1) to introduce eight spectral features of a rough seafloor
surface, (2) to evaluate the importance of spectral features for benthic
habitat mapping, and (3) to classify benthic habitats and estimate the
accuracy of classification, including the input from spectral features.

2. Materials and methods
2.1. Study site

The study site was situated in a shallow area off the Polish coast of
the southern Baltic Sea. The water depth ranged between 3.8 and
20.1 m below sea level (Fig. 1). The site was in direct proximity to
Slowinski National Park and partially located within a Natura 2000
area, which protects marine areas up to 10 m below sea level. In the
research area, six classes of benthic habitats were present, including flat
areas of very fine sand with traces of worm burrows (VFS), sands with
ripple marks (S), sandy gravels or gravelly sands (SG_GS), boulders
covered with a large concentration of Mytilus trossulus bivalves (B),
boulders covered with Mytilus trossulus and large patches of red algae
(R), and artificial structures (A), such as a shipwreck located in the
centre of the study area (Kendzierska, 2009; Tegowski et al., 2009;
Janowski et al., 2018b).
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Fig. 1. (A) Bathymetry and (B) location of the Rowy Site in the southern Baltic Sea. For visualisation and processing purposes, multibeam echosounder (MBES)
coverage is clipped to a regular shape, omitting vessel track lines that extend beyond the rectangular area.

The seabed consisted of valleys and crests with depths of approxi-
mately 2 m and lengths of dozens of metres to approximately 180 m.
The main geomorphologic structure was a large 1100 m X 500 m
moraine outcrop located in the centre of the area. Filled with glacial
tills, it was covered with areas comprising numerous boulders with red
algae vegetation. Such a hard substratum has not been typical along the
Polish coast of the Baltic Sea; however, it allowed for conditions ne-
cessary for the development of unique benthic communities, such as
Mpytilus trossulus bivalves and Furcellaria lumbricalis or Polysiphonia fu-
coides red algae. Previous studies of this site have confirmed its high
ecological relevance (Kendzierska, 2009; Tegowski et al., 2009). The
area surrounding the moraine shoal appeared inhomogeneous and
consisted of sands of different grain sizes and occasional gravel ad-
mixtures. The bio- and geodiversity of this area has made it highly
suitable for the evaluation of non-invasive research methods of the
seafloor, including the determination of different acoustic character-
istics.

2.2. Data acquisition and processing

MBES datasets were acquired using a NORBIT iWBMS STX system
(manufactured by Norbit ASA: Po box 1858, Lade 7440, Trondheim,
Norway) mounted on a portable pole on the ‘Zelint’ research vessel. The
MBES device was manufactured especially for use in shallow marine
areas and typically reserved for hydroacoustic measurements from 0.2
to 160 m below sea level. At a maximum frequency of 400 kHz, the
receiving beam width was 0.9° x 0.9° and allowed for the collection of
512 beams. The MBES had an integrated WaveMaster (manufactured by
Applanix: 85 Leek Crescent, Richmond Hill, ON Canada, L4B 3B3)
Global Navigation Satellite System/Inertial Navigation System that was
supported by Real Time Kinematic/Global Positioning System correc-
tions for precise positioning and altitude measurements. Using the
Polish Active Geodetic Network - European Position Determination
System NAWGEO service (www.asgeupos.pl), we received real-time
positioning with an accuracy of 3 cm horizontally and 5 ecm vertically.
In this study, the influence of acoustic absorption on the recorded sig-
nals was initially ignored; however, it was considered during post-

processing. To fulfil our research purposes, the frequency was set to
either 150 or 400 kHz, and the swath range covered 150-160°. The
maximum ping rate for both frequencies was 20 Hz, and we applied a
200 ps (for 150 kHz) and 500 ps (for 400 kHz) modulated chirp with a
bandwidth of 6 and 80 kHz, respectively. Surveys were designed in
respect to the systematic collection of five sound velocity profiles. A
constant vessel speed 2.83-3.09 m/s was maintained.

The MBES datasets were processed using QPS Qimera 1.6.3 and
Fledermaus Geocoder Toolbox 7.8.4 software, which allowed for
bathymetry and backscatter data processing, cleaning, and mosaicking.
After registration, a patch test was applied. A bathymetric grid with a
pixel size of 0.25 m x 0.25 m was calculated for both frequencies.
Because we did not find any significant differences in the MBES mea-
surements recorded at 150 and 400 kHz, we combined the frequencies
to obtain the bathymetry from a dense point cloud. The Qimera soft-
ware allowed for the manual cleaning of any outliers and/or acoustic
spikes. Backscatter grids were generated based on beam time series
(snippets) with resolutions of 0.75 m and 0.5 m for 150 kHz and
400 kHz, respectively, using a mosaicking method with an Angle
Varying Gain (AVG) correction included in the Geocoder engine
(Fonseca et al., 2009). The AVG method has been commonly utilised for
the correction of MBES angular dependency and to obtain a normalised
seafloor backscatter dataset, We applied the default settings of the AVG,
which were ‘flat’ (mode), ‘blend” (mosaicking style), and ‘300’ (size of
processing window). The flat mode was responsible for reducing
backscatter signal noise and smoothing fine variations. The blend mo-
saicking style was responsible for the management of overlapping
MBES swaths. This allowed for the blending of the pixels along the
nadir track line of the vessel with other overlapping pixels (Schimel
et al., 2018). The window size corresponded to a specific number of
consecutive MBES pings considered for AVG correction (e.g. see
Parnum and Gavrilov, 2011). All the MBES datasets were extracted as
surface floating point files in a Universal Transverse Mercator (zone
33 N) projected coordinate system.

We applied the general workflow for benthic habitat mapping de-
veloped by Janowski et al. (2018b) to the MBES data. Hence, we ex-
tracted statistical and geomorphometric features of bathymetry, for
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Table 1

List of bathymetry and backscatter features extracted in this study.

Marine Geology 427 (2020) 106239

D Feature of bathymetry Window size D Feature of backscatter Scale of objects
1-4 Standard deviation 3x35x57x79x9 40 Standard deviation 1-20
58 Kurtosis 3x35x57x%x79x9 41 GLCM Homogeneity 1-20
9-12 VRM ruggedness 3x35x57x79x%x9 42 GLCM Entropy 1-20
13 Slope 3x3 43 GLCM Contrast 1-20
14 Variance 3xs 44 GLCM Standard Deviation 1-20
15 Curvature 3x3 45 GLCM Dissimilarity 1-20
16 Profile curvature 3x3 46 GLCM Correlation 1-20
17 Planar curvature 8x3 47 GLCM Angular Second Moment 1-20
18 Aspect 3x3 48 GLCM Mean 1-20
19 Eastness 3x3
20 Northness 3x3
21 Surface area to planar area (arc-chord ratio) 3x3
22 BPI 50 3x3
23 BPI 250 3x3
24-25 Fractal dimension (Dfft) 20 x 20,35 x 35
26-27 Spectral moment mg 20 x 20,35 x 35
28-29 Spectral moment my 20 x 20,35 x 35
30-31 Mean frequency (wo) 20 x 20,35 x 35
32-33 Spectral width (v) 20 x 20,35 x 35
34-35 Spectral skewness (37) 20 x 20,35 x 35
36-37 Quality factor (Q-factor) 20 x 20,35 x 35
38-39 Spectral skewness defined for central moments (v, cent,) 20 x 20, 35 x 35
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Fig. 2. Locations of ground-truth training and validation samples on multibeam echosounder (MBES) backscatter image for (A) 150 kHz and (B) 400 kHz frequencies;
S - sand, B - boulders, R - red algae on boulders, SG_GS - sandy gravel or gravelly sand, and VFS - very fine sand. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

instance, slope and vertical ruggedness measure (Sappington et al.,
2007), bathymetric position index (Wilson et al., 2007), as well as
textural features of backscatter, such as different types of grey level co-
occurrence matrices (Haralick et al., 1973). Additionally, we derived
first- and second-order 2D spectral parameters of bathymetry. A list of
all extracted features is presented in Table 1. Features 1-23 were cre-
ated using the Benthic Terrain Modeler toolbox for ArcGIS (Walbridge
et al., 2018), features 24-39 were calculated using algorithms coded in
MATLAB, and features 40-48 were created using OBIA workflows in
Trimble eCognition software (Janowski et al., 2018b). When possible,
we tested various sizes of rectangular moving windows or scales of
image-based objects (Table 1), which enabled us to perform multi-scale
analysis of geospatial datasets to a certain extent (Misiuk et al., 2018).

2.3. Bathymetric 2D spectral parameters

Utilising 2D FFT of the bathymetric grid allowed us to generate
eight spectral parameters, which will be discussed in respect to their
predictive power for the description of seafloor geomorphology and
classification. The eight spectral parameters were zero-order spectral
moment (mg), second-order spectral moment (my), mean frequency
(0o), spectral width (%), spectral skewness (y,), spectral skewness
defined for central moments (¥ cene), quality factor (Q-factor), and
fractal dimension (Dfft).

2.3.1. Considerations of 2D seabed spectral parameters
Assuming that the height values of the bottom surface are normally
distributed, and the surface is isotropic, the power spectral density can
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Fig. 3. Bathymetry and corresponding spectral parameters created using moving window with dimensions of 20 m x 20 m; (A) bathymetry; (B) zero-order spectral
moment; (C) second-order spectral moment; (D) mean frequency; (E) spectral width, (F) spectral skewness; (G) quality factor; (H) spectral skewness defined for

central moments; (I) fractal dimension.

be expressed as the following power function (Jackson et al., 1986;
Jackson and Richardson, 2007):

W(K) = W (k. ky) = wpk 7, a)

where P(k_t,ky) is the wave vector of surface inequalities, y» is the
exponent of the spectrum, and w, is the spectral power of the rough
seabed surface expressed in cm®. Both the v, and w, spectral parameters
comprehensively characterise the scale and degree of surface roughness
in that they are basic parameters of the physical models of sound
scattering at the bottom (APL, 1994). Measurements of the y, using
different techniques, such as stereophotography, laser scanning,
acoustic scanning, and mechanical stylus scanning, indicated that the
value of this parameter ranges from 2.4 to 3.9 (in most instances),
whereas the mean value is 3.25 (APL, 1994). The values of the para-
meters wp and y; can be determined from the Fourier spectrum of a
rough surface, and such a method was adopted in this study.

The 2D normalised bathymetric cross spectrum s(x,y) can be re-
presented by Fourier transformation as follows:

PRk = [ f7 sCryendsinduy, @

where K, and K, are the spatial wave numbers expressed in the cy-
clem ™. The result of the transformation is a spatial spectrum of the
surface height. The 2D FFT requires subtraction of the average height

and trend removal to avoid spectral leakage. Further reduction of the
spectral leakage effect requires additional multiplication of the trans-
formed bathymetric surface by a function of the discrete prolate
spheroidal sequences spectral window, or in our case, a first-order
parameter in which NW (Slepian bandwidth parameter) = two window
widths. Our algorithm was performed on the basis of a moving window
with the dimensions of 20 m X 20 m or 35 m X 35 m with a 90%
overlap. After executing the 2D FFT, we extracted one-dimensional
(1D) cross-sections spectra from 0° to 180" (every 5°) for which we
calculated spectral parameters.

To find the specific features of the tested surface of the bottom, 1D
spectra were parameterized, and the results were averaged. For each of
the 37 spectra, spectral moments m, (Clough and Penzien, 1975) were
calculated as follows:

m,=j[: @S (w)dw, 3)

where r is the order of the moment, w is the circular frequency, and S
() is the density of the power spectrum.
The mean frequency is defined as the following equation:

wo = my/my. 4)

The spectral width is calculated according to the following equa-
tion:
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Fig. 4. Bathymetry and corresponding spectral parameters created using moving window with dimensions of 35 m x 35 m; (A) bathymetry; (B) zero-order spectral
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e L"Z’b - 1.
my (5)

It is defined as the concentration of the spectral energy density
around the mean frequency. The higher the value of average frequency,
the lower the parameter value. Furthermore, the parameter value is
higher for a wider spectrum and lower when the opposite is true. A very
sensitive parameter for changes in the shape of the surface is the
spectral skewness defined for central moments (Davidson and Louglin,
2000), which is calculated as follows:

o
T (6)

Another parameter based on 1D spectral density of power is the Dfft.
If the rough surface of the bottom has fractal properties, the ratio be-
tween the spectrum S(f) and the frequency f takes the form of an ex-
ponential relation for the frequency interval f (Mandelbrot, 1982) as
follows:

S(f) = KfF, )

where K is a constant, and { is the exponent of the power function. The
spectrum slope is calculated by linear regression. The Dift is defined as
follows:

S-8
Dppp = ——.
AT ®
Additionally, the Q-factor, which is a combination of spectral mo-
ments, can be also calculated with the following equation:

2 \05
Q= (1 e AL ) .
g =iy (9)
The Q-factor is a measure of spectrum peak ‘sharpness’. For the 1D
spectra obtained in this way, the eight spectral parameters defined
above were calculated. Whereas spectral parameters created with a
moving window size of 20 m X 20 m had a resulting pixel resolution of
2 m X 2 m, parameters generated with the larger window size
(35 m X 35 m) had a pixel resolution of 3.5 m x 3.5 m.

2.4. Ground-truth data acquisition and processing

Ground-truth samples were acquired with a remotely operated ve-
hicle (ROV) and a Van Veen grab sampler. Samples were retrieved
during three surveys on 7 September 2018, 20-23 November 2018, and
21-25 January 2019. Based on previous research in this area, as well as
backscatter acoustic characteristics, the locations were carefully chosen
in a representative way to capture all the properties of the seabed
(Tegowski et al., 2009). ROV video recordings were collected in more
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Fig. 5. Results of Boruta feature selection algorithm for all parameters used in this study.
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than half the sites, allowing for the investigation of the locations and
surrounding areas. Sediment samples were collected from 46 sites, and
they were classified using the methods of Folk and Ward (1957), as well
as the Wentworth method (Wentworth, 1922).

From the 57 ground-truth samples, 29 were chosen for the training
of supervised classifiers, and 28 were used to test the classification
performance. The split was performed based on random single splitting.
Our split for the training/test samples was targeted to obtain better
prediction performance than that of model fitting. Fig. 2 presents the
locations of the ground-truth samples used for training and validation
with reference to the MBES backscatter. Note that the A benthic habitat
class is omitted in Fig. 2 because of its presence in only one specific site.
1t was, therefore, classified manually at the conclusion of the supervised
classification process, based on the exact location of the shipwreck
visible on the MBES bathymetry and ROV video datasets.

2.5. Image analysis for predictive habitat mapping

To evaluate the importance of individual features we applied the
Boruta feature selection algorithm (Kursa and Rudnicki, 2010) based on
the random forest (RF) machine learning algorithm by Breiman (2001).
The algorithm belongs to the wrapper feature selection methods that
evaluate the performance of a certain model after searching for all
possible feature selections. Typically, wrapper methods aim to mini-
mise prediction error, and because of this, they belong to common
minimal-optimal feature selection methods as well (Kursa, 2016). The
wrapper is implemented in R software using the ‘Boruta’ library. The
wrapper method iteratively evaluates sets of different input features
and calculates a Z-score, which is indicative of feature importance. Each
evaluation is done by the introduction of other irrelevant features that
are treated as a reference for the assessment of the original features.
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Fig. 6. Results of correlation matrix for features se-
lected in this study; backscatter 150 kHz (bs150khz);
backscatter 400 kHz (bs400khz); spectral skewness
defined for central moments (20; SpSk_c_2); spectral
moment m, (35; m,_3_5); spectral moment m, (35;
m, 3 5); bathymetry (bath); Q-factor (35; Q_3.5);
fractal dimension (35; Dfft_3_5); spectral width (35;
sp_w_3.5); fractal dimension (20; Dfft 2); spectral
skewness (35; SpSk_3_5).
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The Z-score is calculated based on the RF method during the training of
the classifier (Breiman, 2001). Based on the feature importance mea-
sure, feature selection is performed iteratively, successively removing
irrelevant features. To exclude tentative (unallocated) features, the
maximum number of Boruta iterations was set to 5000. Although our
aim was to identify all relevant features, including weakly relevant ones
(Nilsson et al., 2007), we allowed the possibility of refinement if some
were correlated. To remove highly correlated features, a correlation
analysis was performed in the R software using a ‘caret’ package. Fea-
tures with an absolute Pearson's correlation of 0.75 or higher were
removed.

In this study, we used Trimble eCognition software to conduct an
OBIA. This image processing technique was developed in the 2000s to
manage an increasing number of high-resolution remote sensing images
containing larger amounts of heterogenous information (Blaschke,
2010). Through a multiresolution segmentation (MS) algorithm, the
OBIA merged similar pixels of an image into groups of uniform shapes
and sizes (Benz et al., 2004). MS had various parameters that we de-
fined and tested to generate meaningful image objects. Whereas the
colour parameter corresponded to the relative values of the MBES
backscatter intensity, the associated parameter (shape) was related to
the ratio between compactness and smoothness. Compactness referred
to the ratio between the segment border length and the square root of
the pixel count within. Smoothness was related to the ratio between the
border length of the segment and its bounding box (Benz et al., 2004).
Both weighted pairs of parameters were determined with values of 0.1
to 0.9, and the total value of each pair was 1. The MS parameters of
shape and compactness were defined as 0.1 and 0.5, respectively. We
also tested 1-20 scale parameters of MS that were responsible for the
termination of the merging process of the image objects. Segmentation
was performed to delineate image objects based equally on two
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backscatter derivatives, namely, 150 kHz and 400 kHz.

Similar to other benthic habitat mapping studies, a few supervised
classification approaches were tested to generate predictive outcomes
based on ground-truth samples (Diesing et al., 2014; Hasan et al., 2012;
Montereale Gavazzi et al., 2016). In this study, they included k-nearest
neighbours (KNN), classification and regression trees (CART), RF, and
support vector machines (SVM). We implemented these algorithms,
which were available in the eCognition software. The KNN classified a
specified object (query point) by a certain number (K) of known
training samples that were located at the nearest neighbour around the
query point. Euclidean distances (between the object and each instance)
were calculated in the feature space to estimate the influence area of
the neighbours. The KNN classification algorithm has been described in
detail by Bremner et al. (2005). CART makes classification rules by
recursively partitioning the data into increasingly homogenous groups.
The algorithm created a decision tree that was associated with a system
of questions and answers, thereby allowing the determination of the
final classification (Breiman et al., 1984). RF was the machine learning

method used for classification, regression, and other tasks, which con-
sisted of constructing multiple decision trees that generated the class
dominant or predicted average of individual trees (Breiman, 2001).
SVM based on the machine learning technique used an algorithm that
transformed datasets into a multidimensional feature space to find the
appropriate boundary between them. Data points were called vectors,
and the vectors that supported border selection were called support
vectors. Machine learning models that use support vectors have been
called SVM (Cortes and Vapnik, 1995).

We used validation ground-truth samples to create error matrices
and calculate accuracy assessment statistics (Foody, 2002). These in-
cluded the accuracy of the user and producer (Congalton, 1991; Story
and Congalton, 1986), overall accuracy, and kappa index of agreement
(Cohen, 1960).
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Table 2
Error matrices and accuracy assessment statistics for three benthic habitat
models.

All relevant features Reference
S SGGS B R VFS  Sum
Prediction S 7 0 4] (1] 0 7
SG_GS 0 2 0 0 0 2
B 1 2. 7 1 0 11
R 0 0 0 3 0 3
VFS 0 0 0 0 5 5
Sum 8 4 7 4 5
Producer's 0.875 05 I 075 1
User's 1 1 0.636 1 1
Overall Accuracy  0.857
KIA 0.815
Uncorrelated s SGGS B R VFS  Sum
Prediction S 6 0 4] 0 0 6
5G_GS 0 2 [4] 0 0 2
B 2 2 T 1 0 12
R 0 0 0 3 0 3
VFs 0 0 0 0 5 5
Sum 8 4 s 4 5
Producer's 0.75 0.5 i 075 1
User's 1.000 1.000 0.583 1 1
Overall Accuracy  0.821
KIA 0.769
Only primary features 5 SGGS B R VFS  Sum
Prediction S 6 0 0 0 2 8
SG_GS 1 2 3 1 0 7
B L 2 4 0 0 7
R 0 0 0 3 0 3
VFS 0 0 0 0 3 3
Sum 8 4 7 4 5
Producer's 0.75 0.5 0571 075 0.6
User's 0.75 0.286 0.571 1 1
Overall Accuracy ~ 0.643
KIA 0.545
3. Results

3.1. Spectral parameters of bathymetry

The processed MBES bathymetry was presented in Fig. 1, and the
co-registered backscatter for both frequencies was shown in Fig. 2.
Figs. 3 and 4 show the bathymetry and its eight derived spectral
parameters for moving windows of 20 m % 20 m and 35 m X 35 m,
respectively.

Visual insight for the created parameters demonstrated that several
could match the geomorphologic features of bathymetry, especially a
few spectral parameters (e.g. mg, m,, and spectral skewness defined for
central moments) redrawn with specific features such as valleys and
crests (Figs. 3 and 4). Moreover, the comparison of MBES backscatter
(Fig. 2) showed a rough similarity to seabed areas of strong absorption
or backscattering (visible as Dfft).

3.2. Ground-truth data processing

Six benthic habitat classes were determined, and they included VFS,
S, SG_GS, B, R, and, A. The extensive identification of the benthic ha-
bitats with reference to MBES backscatter in this area was described by
Janowski et al. (2018b).

3.3. Feature selection

The results of the Boruta feature selection are presented in Fig. 5.
The algorithm performed 612 iterations and confirmed 11 features as
important. The most important feature in this study was 400 kHz
backscatter; this was followed by 150 kHz backscatter, Dfft (35), Dfft
(20), spectral skewness defined for central moments (20), Q-factor (35),
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spectral skewness (35), bathymetry, spectral moment mg (35), spectral
width (35), and spectral moment m; (35). The Boruta results indicated
that certain spectral parameters were of greater significance than
bathymetry, from which they were derived. This was especially visible
in the Dfft parameter, which had a importance score approximately
twice as great as that of bathymetry. It was also noteworthy that all the
other extracted features (including the geomorphometric, statistical,
and textural features) of the MBES bathymetry and backscatter were
not considered important. Our initial results suggested the relevance of
multi-frequency MBES; in other words, the first and second most im-
portant features were backscatter collected at different frequencies. The
correlation analysis removed six highly correlated features, as shown in
Fig. 6. The retained features were 400 kHz backscatter, bathymetry,
spectral skewness defined for central moments (20), Q-factor (35), and
spectral moment m; (35).

From the twenty scales of MS and four methods of supervised
classification, the best classification performance was found with MS 8
and the SVM classifier. We adopted the following properties of the SVM
classifier: radial-basis function kernel with C factor 100 and gamma 0.1.
We created three predictive models using the following sets of features:
(1) all relevant; (2) uncorrelated; and (3) only primary features
(backscatter 400 kHz and bathymetry). The predictive benthic habitat
maps generated using this approach are shown in Fig. 7.

The error matrix and accuracy assessment of the predictive habitat
mapping method are presented in Table 2. Based on the validation
subset of the ground-truth samples, the model with all relevant features
confirmed a high performance that achieved a prediction accuracy of
86% and a Kappa index of agreement of 0.82. The second model, which
considered only uncorrelated features, also achieved high accuracy;
however, in comparison with the previous map, it misclassified one
validation sample. The reference model without spectral features had
an overall accuracy of 64% and a Kappa index of agreement of 0.55.
Taking the accuracy of the user and producer into consideration, the
two best-performing models were in reasonable agreement for specific
classes, such as VFS, S, and R. We performed McNemar's chi-squared
test for the statistical significance of differences in overall accuracy
between the three models (Foody, 2004). The test result for differences
between all relevant and uncorrelated features was 0.0. It means that
the difference between these two models is statistically insignificant at
the 5% level of significance. The McNemar's chi-squared test for dif-
ferences between all relevant and only primary features models was
4.17 with p-value = .04, while the same test between uncorrelated and
only primary features was 3.2 with p-value = .07. Mentioned results
mean that there was a significant difference in the accuracy between all
relevant and only primary features models and lack of significant dif-
ference between uncorrelated and only primary features models at the
5% level of significance.

4. Discussion

In this study, we introduced eight spectral features of a rough sea-
floor surface. The significance of the spectral features was evaluated
and expressed using an importance score. We built and estimated the
accuracy of three models of benthic habitat mapping, thereby demon-
strating that the majority of introduced spectral features (i.e. seven out
of eight) could improve the predictive power of supervised classifiers.

This study emphasised the importance of spectral parameters de-
rived from bathymetry for predictive benthic habitat mapping based on
multi-frequency MBES measurements. We did not observe significant
differences in the bathymetry between both datasets (150 and
400 kHz). However, moderate differences existed in the backscatter of
both frequencies, thus supporting the usefulness for a multi-frequency
approach. We assumed that consistency in the bathymetry gathered
with different frequencies was valid for sandy and gravelly sediments,
as well as hard substrates. However, substantial depth differences in
softer sediments could occur when significant acoustic penetration
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occurs (Schneider von Deimling et al., 2013). Furthermore, the beam
resolution was linked with the frequency using one acoustic array with
lower beam resolution when using lower frequencies. This could have
affected the bathymetric results presented in this study.

A visual comparison of the spectral parameters (particularly Dfft)
indicated a high similarity between certain features of the multibeam
backscatter datasets, Remarkably, the Boruta results showed that the
spectral parameters of bathymetry, in general, had a greater significance
than bathymetry itself. If the spectral parameters could match certain
types of seabeds, they could be very useful for benthic habitat mapping at
times when only MBES bathymetry is available, This study highlighted
that the implementation of these spectral parameters could significantly
improve supervised classification and benthic habitat mapping.

Other research of the Rowy Site demonstrated high applicability of
the KNN and RF methods of classification (Janowski et al., 2018b). On
the other hand, in this study, we obtained the best prediction perfor-
mance with the SVM technique. Additional ground-truth samples were
available for this study, thereby doubling the amount in relation to
previous research (Janowski et al.,, 2018b). Increasing the number of
samples provided a more realistic reference. Therefore, the predictions
presented in this study could be considered as more robust.

The spectral analyses of surfaces, including Dfft, have already been
applied in the analyses of seafloor data (Goff et al., 1999; Wilson et al.,
2007) for morphological description. However, geomorphometry has
been applied to the terrestrial environment very intensely (e.g. Sofia
et al., 2016). Spectral analysis of the land surface has been used by
geomorphologists; for example, Hutchinson and Gallant (2000) ex-
plored the usefulness of using numerical geomorphometric methods in
terrain shape analysis. In the marine realm, studies using the auto-
covariance function of multibeam bathymetry successfully char-
acterised the widths of morphological structures such as abyssal hills
and continental slope canyons (Goff and Jordan, 1988; Goff, 2001).
However, it was not determined as to what the size of the processing
window of the spectral parameters should be for useful classification.
This issue should be investigated further. The analysis of the spectral
features, such as lidar data, from other sources of DEMs would be an-
other topic worth exploring.

An MBES currently allows for the registration of absolute (cali-
brated) backscattering strength values; however, uncalibrated back-
scattering is still the most commonly used of these two measurement
types. There is a need for calibrated systems with accurate hydro-
acoustic measurements so that data from different registrations can be
compared. Because backscatter is dependent upon frequency, it can also
be a disadvantage when compiling various datasets. In turn, the
bathymetric spectral features represent absolute values, and therefore,
they are reliable and easy to compare with measurements from other
datasets. Spectral parameters are generally not dependent on the op-
erating frequency of the MBES when the effects of sediment penetration
can be excluded. However, taking such spectral features into account
requires a high quality MBES bathymetry dataset and precise motion
compensation. Any vessel motion artefacts can interfere, or ‘leak’, into
the spectral features when they are not compensated. However, modern
motion compensation systems work well correcting these errors. The
dataset presented in this study was recorded on a vessel with a length of
8 m and width of 3 m at a sea state between 2 and 4. Despite un-
favourable weather conditions for such a small vessel, the surveys
yielded valuable results.

Because our study site was characterised by complex geomorpho-
logical features, we can ascertain that the presented method of pre-
dictive benthic habitat mapping could be especially valuable in other
areas with diverse morphology (e.g. reefs). Considering a broader
perspective, the spectral analysis of seafloor bathymetry could provide
new insight into the analyses of DEMs of other sources, such as gravity
models (Smith and Sandwell, 1997), which would allow for the ex-
ploration and interpretation of large scale complex geomorphological
features, including volcanic structures, seamounts, or mid-ocean ridges.
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Abstract: Acoustic seafloor measurements with multibeam echosounders (MBESs) are currently
often used for submarine habitat mapping, but the MBESs are usually not acoustically calibrated
for backscattering strength (BBS) and cannot be used to infer absolute seafloor angular dependence.
We present a study outlining the calibration and showing absolute backscattering strength values
measured at a frequency of 150 kHz at around 10-20 m water depth. After recording bathymetry, the
co-registered backscattering strength was corrected for true incidence and footprint reverberation
area on a rough and tilted seafloor. Finally, absolute backscattering strength angular response curves
(ARCs) for several seafloor types were constructed after applying sonar backscattering strength
calibration and specific water column absorption for 150 kHz correction. Thus, we inferred specific
150 kHz angular backscattering responses that can discriminate among very fine sand, sandy gravel,
and gravelly sand, as well as between bare boulders and boulders partially overgrown by red algae,
which was validated by video ground-truthing. In addition, we provide backscatter mosaics using our
algorithm (BBS-Coder) to correct the angle varying gain (AVG). The results of the work are compared
and discussed with the published results of BBS measurements in the 100-400 kHz frequency range.
The presented results are valuable in extending the very sparse angular response curves gathered so
far and could contribute to a better understanding of the dependence of backscattering on the type of
bottom habitat and improve their acoustic classification.

Keywords: multibeam echosounder; bottom backscattering strength angular response; backscat-
ter correction

1. Introduction

Ocean shelves and shallow waters are exposed to increasing anthropogenic pressure
and economic exploitation. Marine areas offer potential for raw material exploitation and
offshore energy production sites that require infrastructure such as pipelines and cables on
the seabed. Shallow areas are also intensively exploited by fishing using bottom trawls.
Human activities such as intensive fishing and polluting the oceans with sewage may have
a destructive effect on the benthic flora and fauna and cause secondary harm through,
e.g., reef and habitat destruction. Mapping and monitoring the individual habitats and
identifying potential harm or even destruction imply a need for reliable remote sensing
of the seafloor. Satellites have become commonly used devices for mapping land areas,
whereas, for investigating the marine environment, acoustic measurements are more
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suitable because, among other reasons, they are not limited by the depth of the euphotic
layer. Hydroacoustic swath devices are very efficient tools for underwater spatial remote
sensing, enabling large-scale high-resolution mapping and detection of objects in the water
column and on the seafloor, thus supporting environmental monitoring of benthic areas.
There are well-established methodologies for acoustic-based mapping with confirmed
reliability (e.g., [1-3]). High-frequency MBES recordings have been suggested and proven
to be a valuable tool for this type of research [4-6]. In recent years (2017-2020), the
ECOMAP project has been exploring the use of swath devices and shallow marine seismic
and LIDAR measurements to study the seabed environment (e.g., [7-9]).

The main task of industrial MBES measurements is bathymetry, but systems have
improved with regard to backscattering strength measurements of both the water column
and the seafloor [10]. Especially in shallow water less than 20 m in water depth, ship-based
MBES offers great potential for recording sidescan-like snippets [11]. The intensity of
backscattered signals depends on many parameters, such as the geoacoustic properties of
the seabed, but it is also controlled by the sonar-target geometry, including the individual
beam incidence angles and varying bottom reverberation areas (Figure 1) modulated by
the local slope of the seabed.

echosounder

echosounder

;
!

incidence |
angle

i,

bottom

(a) (b)

Figure 1. MBES receiving beam pattern with indicated angle (f) between axes of individual beams and normal angle to
reverberation area: (a) at flat bottom and (b) at rough bottom.

The slope of the seabed has an effect on the BBS [12], due not only to modifications of
the reflection angle but also to differences in footprint area. A flat bottom assumption can
cause misinterpretation of acoustic signals in the description and classification of bottom
habitats, especially when an offset of a few degrees appears unnoted [7]. The impact of
slope on signals recorded by multibeam echosounders is even more pronounced in very
shallow environments and those with significant topographic variations (Figure 1b).

We can divide parameters that influence registered echo signal into three groups: (i)
device-based parameters (e.g., frequency, transducer sensitivity, directivity patterns), (ii)
environmental parameters, i.e., acoustic absorption of water during two-way travel (e.g.,
salinity, temperature), and (iii) seafloor parameters modulating backscattering strength,
i.e., physical interaction processes between signal and scattering objects (e.g., roughness
of seabed, sediment porosity). To use both absolute backscattering strength and incident-
specific echo shape bottom characteristics (ARC), we must know how the parameters in
the first two groups modulate the acoustic signals.

MBES measurement with corrected backscattering strength is generally sparse, al-
though affordable [13]. Some companies (e.g., Kongsberg, NORBIT) provide calibration
files based on tank measurements and, thus, offer the ability to record absolute backscat-
tering strength values on the fly. In this work, we also outline how we performed the
calibration, which was one goal of the EU-funded project BONUS ECOMAFP, where we
used a calibrated NORBIT STX prototype sonar.
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Acoustic measurements of the seafloor with various incidence and corrected backscat-
tering strength are extremely rare [13-18]. In this study, we intended to deliver a set of
specific records of this kind, the first ones gathered in the Baltic Sea so far. In addition, we
discuss how such measurements can improve acoustic seafloor classification and compare
absolute backscattering strength and ARCs to the few reports published so far.

The recorded echoes of acoustic signals scattered on the seabed (backscatter) together
with bathymetry are often used to classify benthic habitats [8,19-21]. The backscatter
parameter is not the real BBS value, but the relative signal intensity recorded by the
receiver, which is modified so that the relative intensity values correspond to one angle
of incidence of the acoustic beam on the bottom. A popular and commercially used tool
for preparing such backscatter mosaics is Geocoder, presented by Fonseca and Calder [22].
Geocoder uses the data recorded by MBESs, performs radiometric and geometric correction,
and interpolates the intensity values into the final backscatter mosaic.

1.1. Models, Classification, and Calibration

The purpose of using corrected backscattering intensity is to provide an absolute
value of the bottom backscattering strength of the seafloor. This requires the use of sonar,
whose response on the seafloor is accurately known with regard to the sensitivity during
transmission and reception of the signal and taking into account the frequency and angle of
incidence. Moreover, this requires applying accurate compensations for transmission losses
related to medium and beam geometry and footprint extent to recorded BBS values [16,23].

In most applications for MBES data collection and processing, it is possible to apply
environmental parameters measured by, e.g., CTD. This procedure adjusts backscatter
data to compensate refraction and attenuation of acoustic signals while traveling in the
water. For the calculations presented in this paper, we used an absorption coefficient, which
is the result of absorption calculations from a formula given by Francois and Garrison
using averaged environmental parameters [24]. The last step to correct intensity signals for
propagation and attenuation losses is to refer their value to the beam footprint area on the
bottom. Most of the time, a flat bottom assumption is used to calculate this value [23,25].

A compendium of good practices for backscatter collection and processing prepared
by the BSWG GeoHab group is the first document of its kind focusing on the quality of
MBES acoustic intensity data [23]. Whereas IHO hydrographic standards [26] adequately
described MBES bathymetry measurements, standards related to MBES backscatter mea-
surements are rarely standardized in the literature. Ideally, backscatter should be based
on full calibration of the sonar sensitivity in transmission and reception, giving access to
absolute backscatter strength levels [16,23].

The methods of benthic habitat classification can be divided into two groups: em-
pirical approaches [27] and approaches based on physical modeling of the seabed with
various geoacoustic parameters [28]. In the case of MBES, the empirical approach uses
the registered backscattered intensity from areas with ground-truth samples and, option-
ally, bathymetry to assign segmented seabed data to habitat types, creating classified
polygons [8,19-21]. The physical model-based approach predicts backscattering strength
by modeling the acoustic propagation given the respective geoacoustic properties of the
seabed, compares measured values with modeled values, and, on this basis, differentiates
classes. This approach depends on the model used to describe backscattering from the
seabed and the quality of MBES data. The popular APL model was developed for frequen-
cies from 10 to 100 kHz [29]. Backscattering models are not well recognized for frequencies
above 100 kHz [15,30]. Modern MBESs for shallow water are usually operated at higher
frequencies (typically 150400 kHz). In the authors’ opinion, difficulties in understanding
the phenomenon of backscattering on the seabed are largely due to there being only a
small quantity of published calibrated hydroacoustic measurements [15]. A more advanced
solution is to prepare a catalog of backscatter parameters for different seabed types at
different frequencies and environmental parameters, such as bottom roughness, volume
reverberation (including the presence of gas bubbles in the sediment), and grain size, as
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well as the difference in acoustic impedance between sea water and bottom materials [31].
Measuring the absolute values of angular dependence of the BBS is also necessary to assess
the variability of the characteristics of benthic habitats in space and time. Measuring the
absolute BBS values may support the development of unsupervised classification methods
for previously identified benthic habitats, such as angular range analysis presented by
Fonseca et al. [32].

MBES backscatter was the most important parameter for classification of benthic
habitats in several works [8,19-21]. This highlights the importance of MBES backscatter
and the need to measure it as accurately as possible. There is a need to better recognize
and investigate the characteristics of backscatter in order to be able to use it for research in
the most efficient way [23]. A few studies were conducted recently on calibrating MBESs
in reference areas [13,33-35]. The most common calibration methods are listed as follows:

1. MBES cross-calibration by comparing field data recorded by calibrated SBES, which
is based on comparing data recorded in the same place by an acoustically calibrated
SBES and an uncalibrated MBES [36]. The SBES transmitter is tilted at different angles
to test the angular dependence of the recorded backscatter signal. Correction of MBES
recordings is performed on the basis of the measured difference between SBES and
MBES measurements. An example is calibration of a Kongsberg EM 2040 MBES using
a reference Simrad EK60 in areas located in the Bay of Brest, France [16].

2. Calibration with sound sources of known characteristics. This method uses sources
with known levels. The aim of the method is to determine receiver and transmitter sen-
sitivities with a defined measurement angle and signal frequency [16,37]. This method
has been applied to sonar (Mesotech SM2000/5M20 [38], Kongsberg EM3002 [39],
Reson SeaBat T50 [13], Reson SeaBat 7125 [40]). This approach is possible at only a
few specialized laboratories worldwide. Foote et al. [41] suggested applying this cali-
bration method to MBES. However, the method contains many difficulties, including
the large number of receiving beams, often several hundred.

For the measurements provided in this paper, we utilized the second calibration
approach with hydrophones and sound sources of known characteristics. We used a
NORBIT iWBMSh (model STX) MBES calibrated in the manufacturer’s laboratory in
Trondheim, Norway. In this paper, we present the angular dependencies of absolute
values of BBS for specific habitats of the southern Baltic Sea obtained with the acoustically
calibrated MBES.

1.2. Goals

Acoustic measurements of the seafloor with various incidence angles and absolute BBS
are extremely rare [13,16]. In this study, we provide a set of specific records of this kind, the
first ones gathered in the Baltic Sea so far. In addition, we discuss how such measurements
can improve acoustic seafloor classification and compare absolute backscattering strength
and ARCs to the few cases published so far [13-17]. The main objectives of the work are to
develop and discuss (i) the angular dependence of absolute BBS value measurement results
for several benthic habitats in the Baltic Sea using transmitted signals of 150 kHz, and (ii)
the BBS-Coder applied during the work to achieve an easy-to-interpret backscatter mosaic.

2. Materials and Methods
2.1. Calibration of Multibeam Echosounder

NORBIT’s laboratory tank was used to perform all calibration procedures. They were
conducted in order to evaluate the actual detailed MBES characteristics, knowledge of
which is necessary to measure physical quantities of the seafloor, such as backscatter-
ing strength.

Bottom backscattering strength BBS is defined as

BBS = 10log,, o, (1)
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where ¢ is the bottom backscattering coefficient [23,30,42]. It denotes the ratio of insonified
wave energy backscattered by the seabed with respect to a unit bottom surface.

Bottom backscattering strength is dependent on the frequency of the scattered wave
and its angle of incidence to the bottom. It is strongly associated with the physical properties
of various types of bottom habitats. BBS depends on many seabed parameters, including
density, sound velocity, surface roughness of the seabed surface, and heterogeneity of
sediment volume. For most echosounders, the attenuation is so high that the input from
volume scattering of the sediment can be described as a function of the reverberation
area [23]. Therefore, when considering seafloor backscatter, an interface cross-section is
often used, and, when considering the volume scattering, the cross-section for scatterers
within the sediment is omitted [43].

With the given measured target strength TS, BBS can be calculated as

BBS = TS — BAC, (2)
and the bottom area correction BAC is equal to
BAC = 10 log,y(A), 3)

where A is the reverberation area insonified by an echosounder.
We can refer to the following classical sonar equation [43]:

EL=SL—2TL+TS, )

where EL denotes the received echo signal level, SL (source level) is the emitted signal level,
TL is the one-way transmission loss describing the signal attenuation due to spreading and
absorption in the water column, and TS is target strength describing the backscattering
introduced by an investigated object. It should be pointed out that, in an underwater
acoustic system, EL is not measured directly, but rather as the level of voltage in the
receiving module circuit after energy is transformed from acoustic to electric form. When
a set of separate MBES beams is used, instead of EL, we apply the term of beam level
BL, which is the received voltage signal level for a particular beam. Moreover, the MBES
operation cannot be described by a single value of SL, as it contains specialized signal
processing, such as beamforming and matched filtering, each characterized by its own gain,
and the directivity properties of particular beams must also be taken into account.

To show all factors that influence TS and BBS measured by the multibeam echosounder,
by introducing the device gain DG instead of SL and using the relationship between TS and
BBS (Equation (2)), the sonar equation for a given MBES receive beam can be written as

BBS = BL - DG+ 2TL — BAC, 5)

where the device gain DG is the superposition of several factors describing the MBES
operation, in both its transmitting and receiving segments, i.e.,

DG = OCR + VGA(t) + PG(Rxset) + SLy(Teet) + Dirge(6, @) + Dirrs(6,9).  (6)

OCR is the open circuit response of the receiving array itself, which is defined as
the ratio of the RMS voltage produced by the received plane wave to the RMS pressure
p of this wave at the transducer face; VGA is the gain of the time-dependent variable
gain amplifier applied in the sonar in order to compensate the spherical spreading of the
acoustic wave in the water column; PG is the processing gain related to the analog-to-
digital conversion, beamformer, and applied matched filter specific to a given transmitted
pulse length and shape; SL;) is the source level characterizing the transmission array TXs;
Dirry (8, @) and Dirg, (0, ¢) are the directivity patterns of the transmission and receiving
arrays, respectively, as functions of an azimuth angle 6 and elevation angle ¢.
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The transmission loss TL is expressed as
2TL = 40log,((R) + 2A,R /1000, (7)

where A, is the absorption coefficient (dB/km), and R is the range from the device to the
bottom (m) and can be derived from the two-way travel time as measured by a sonar.
Lastly, the bottom area correction BAC is defined as in Equation (3), where A is the bottom
reverberation area corresponding to a given beam. It can be shown that A for long and
short pulse regimes [23] can be expressed as

A =min[ct/2/sin(8), Orx aqp R/cos(0)] @1y sap R, ®)

where Orx 348, @rx 348 are 3 dB beam widths of the receiving and transmitting beams,
respectively, T is the inverse of the signal bandwidth, and 8 is the incident angle. Footprint
A is related to the actual inclination of the bottom; hence, it is corrected when the complete
bathymetry is known.

In Equation (5), the DG term depends only on the MBES characteristics. TL and BAC
depend on environmental features such as the absorption coefficient and seabed inclination;
however, as shown in Equation (8), reverberation area A is also influenced by the device
characteristics. The aim of the calibration is to measure, in different conditions, all of
the terms described above related to MBES characteristics that influence the measured
BBS values.

The calibration was performed in the NORBIT laboratory tank, with a size of
10 m x 6 m x 5 m. NORBIT also provided all calibration equipment. The standard
calibration method utilizing external hydrophones, as well as sound sources of known
characteristics, was used.

Figure 2 shows the transmitter path calibration setup. According to given Tx settings,
the sounding pulse waveform is generated in the sonar transmitter segment and projected
into the water column in the laboratory tank toward the hydrophones. The hydrophone
pointed at (8, ¢) with respect to the center of the projector array registers the source level
for this direction.

Sonar
transmitter

‘&‘

.. i/ /Hydrophone
""" ? SL(d, ¢)

Transmitted lgnal

Figure 2. Transmitter path calibration scheme.

Figure 3 shows the receiver path calibration setup. The independent sound source
pointed at (0, ¢) and situated at a given distance generates an acoustic wave of known char-
acteristics p(6, ¢). After being received by the echosounder receiver array and transformed
into the electric domain, then into digital form, the appropriate signal processing is done in
the sonar receiver segment, including VGA, beamforming, and matched filter processing,
resulting in beam data.



Remote Sens. 2021, 13, 4771 7 of 22

Receiver
array
oE. Acoustic
! wave
source

Sonar
Receiver

Received signaIT

Figure 3. Receiver path calibration scheme.

The quantities and characteristics measured during the calibration included the following:

Source level (SLy) of the transmitting sector Tx;
Two-dimensional directivity patterns Dirr, and Dirg, for the set of transmitting and
receiving transducers;

e Receiver sensitivity, including the antenna component OCR and the gains related to
signal processing, VGA and PG;

e Actual characteristics of transmitted signals, i.e., pulse duration and shape.

The measurements were conducted in a wide range of transmitter settings and con-
ditions, including power, frequency, pulse duration, and pulse type (continuous wave or
chirp) with different bandwidths.

It should be noted that not all quantities mentioned in the above equations can be
measured separately, but the complete results of measurements allowed us to evaluate and
appropriately compensate for the joint influence of the sonar component characteristics on
the obtained BBS values.

The calibration results described above were written in XML files, which were used
by the NORBIT software to generate corrected records. The files contain all corrections of
the system, such as multifrequency beam patterns, gains, and frequency responses for all
parts of the system in the entire operating frequency range from 150 to 700 kHz. These
data, along with the applied models of particular terms in the sonar equation, allow us
to compensate for sonar characteristics and to base the bottom classification or habitat
mapping on measurements of physical quantities such as backscattering strength.

2.2. Research Area and Data Collection

The measurements with the NORBIT MBES were conducted in the Rowy seafloor
area, located approximately 1.5 km off the southern coast of the Baltic Sea (Figure 4).
This area is characterized by post-glacial sedimentation and local current transport. The
seafloor deepens from the coast toward the northwest with a gentle slope [8]. The study
area in the central part is built by glacial till covered by boulders and pebbles. In the
southern and northwestern parts of the area, a cover of fine-grained sands occurs on the
bottom surface (Figure 5). The research area ranges between 4 and 20 m water depth and
is morphologically diverse. Numerous pebbles and boulders are covered with Mytilus
trossulus bivalves [8,44]. In the study area, there are red algae, such as Bangiophyceae,
including Furcellaria lumbricalis and Polysiphonia fucoides. The northwestern and southern
parts of the area are relatively flat and covered with very fine sands [8] (Figure 5).
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Figure 4. Location of Rowy area, southern part of Baltic Sea.
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Figure 5. Bathymetry of research area with samples of sediments: S, sand; SG-GS, sandy gravel or
gravelly sand; B, boulders; R, red algae on boulders; VFS, very fine sand.

A test version of the NORBIT MBES was used during the measurements. The NORBIT
iWBMSh STX is a compact, high-resolution, tightly integrated, broadband multibeam
sonar with a curved array. Its small form factor, low power draw, and tight integration
allow installation on any survey platform. The MBES was equipped with an integrated
Applanix OceanMaster inertial navigation system (INS) with two Trimble antennas for
the global navigation satellite system (GNSS) pole mounted on a frame attached to the
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side of the boat. Two GPS antennas were mounted on the roof of the boat cabin. We
used real-time kinematic/global positioning system (RTK-GPS) corrections from the ASG-
EUPOS NAWGEO service, with an accuracy of 3 em horizontally and 5 cm vertically [45].
A Valeport sound velocity profiler was used to provide accurate profiles of the sound speed
in the water column. The NORBIT iWBMSh is dedicated for use in shallow-water research
between 0.2 and 160 m depth. It can collect 512 beams at frequencies ranging between 150
and 700 kHz. We used a swath coverage of 150-160° to maintain the density of our bottom
detections. The maximum ping rate was 20 Hz. The measurements were made at a vessel
speed of 3 m/s, and data were recorded in Qinsy software and NORBIT’s GUI software.
To maintain homogeneous data density, the equiangle mode was used, i.e., a beamforming
mode with a constant distance in angles between consecutive beams. We applied a pulse
length of 200 ps for 150 kHz. At a frequency of 150 kHz, the receiving beam width is
2.4° x 2.4°, and, at the maximum available frequency of 700 kHz, it is 0.5° x 0.5°. A full
patch test was conducted, and offsets were applied in order to achieve accurate positioning,.
Only acoustically calibrated iWBMSh STX MBES data were used to prepare the resulting
ARCs in order to obtain absolute backscattering strength values.

In the studied area, 57 samples of bottom sediments were collected [9], and benthic
habitats were separated into five classes [46,47]: S, sand; SG-GS, sandy gravel or gravelly
sand; B, boulders; R, red algae on boulders; VES, very fine sand (Figure 5). The area
was divided into six classes using object-based image analysis (OBIA) classification [8],
presented in Figure 6. We also considered samples on artificial structures (wrecks), but
since they were not representative in the later part of data analysis and statistics calculation,
this class was omitted. Grab samples were collected from aboard the University of Gdansk
research vessels Oceanograf and Zelint.

17°20° 17°230 17°30°E 17°330°E

Habitat classes
B s

‘ B sc_cs
s

i - R

[ vrs

54°41'0"N

54°40'45"N
1

T
0 01 02km

) L |
17°2'0°E 17°2'30"E 17°3'0°E

Figure 6. Habitat map from Janowski et al. [8] (object-based, combined k-nearest neighbor + random
forest methods of supervised classification).

2.3. Postprocessing of Backscatter Data

Data were recorded in a shallow water area, and we applied environmental parameters
10°C, 7 PSU, depth 0, and pH 8.

The data were replayed in the NORBIT GUI software applying the correction described
in Section 2.1. The replayed BBS was corrected for acoustic absorption in the water body,
where a constant absorption value of 15 dB/km for 150 kHz was calculated after Francois
and Garrison's equation [24].
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Bathymetry was processed in Qimera software with standard corrections, including
ray path correction, cleaning and spike removal, and application of roll, pitch, and yaw
offsets from calibration. Information about the position of each sounding for all pings
was exported from Qimera as a txt file with a location in the UTM WGS 84 33N projected
coordinate system. We developed our own software combining s7k (MBES data format) and
txt files to access corrected BBS and position information (Figure 7). Then, we implemented
a correction to compensate for the effect of a sloping seabed and true incidence on BBS
in order to know the angular relationships of absolute BBS values for different types of
seabed. First, we removed the correction used in the NORBIT GUI based on the flat bottom
assumption correction from the calculated surface area A of the reverberation. Then, we
adjusted the resulting values by our calculated BAC values (Equation (3)), where we
considered the slope of the seafloor and the depth and distance from the transducer at each
measurement point when calculating the reverberation area. These values were averaged
and are presented in the results section as angular response curves of BBS values. In the
next step, we ran our AVG correction, BBS-Coder, to remove the angular response as an
intrinsic property of the seabed for the sake of generating a backscatter map that is easy
to interpret and suitable for image-based classification. The correction algorithms were
written in the D programming language [43].

MBES

measurements

absolute BBS BBS-Coder
Norbit GUI |(new format with 7058 record) .s7k time indexing processing (consecutive pings
registration ping by ping) group processing)
+ footprint calculation
and correction —>{- AVG correction
QlME RA bottom slope effect)
-db > = txt - export .geoTIFF
ggli[s\tlriian data filtering and preprocessing =1 errors filtering (inc. (backscatter mosaic)
footprint localization | .txt/ .csv angle>90, range in
computing, Inear zone, ... )
> dem to slope &
bathymetry map .geoTIFF [aspect + export corrected
BBS as:
.geoTIFF
Lxt/ .csv

Figure 7. Data processing workflow from MBES raw data toward absolute BBS and fully georeferenced mosaic including

corrections for intensity values corresponding to angle of incidence on the bottom (BBS-Coder).

2.3.1. Reverberation area and Bottom Slope Correction

The BBS value depends on the surface area A of the reverberation (Equations (2) and (3)).
Significant changes in the BBS value are introduced by considering the actual distance of
the acoustic transducer from the point measured at the bottom (R (range) in Equation (8)).
The reverberation area on a flat bottom can be calculated from the angle of the receiving
beam of the multibeam echosounder, the distance from the transducer to the bottom, and the
angle of incidence. However, on a hummaocky seabed, the true reverberation area can only be
calculated in postprocessing after a 2D bathymetric model has been generated. In fact, the
surface of the seabed is hardly ever perfectly flat, thus requiring calculation of the true angle
of incidence. As a result, the individual beam reverberation area is not only controlled by the
beam angle but also by the slope of the seabed. In order to calculate the reverberation area, it
is necessary to consider the actual angle of incidence on the corrugated bottom and the angle
of inclination of the bottom in relation to the transducer’s center beam of the sonar [49-51].
It is, therefore, necessary to use roll/pitch vessel movement correction to obtain a more
precise calculation.

In our study, the roll/pitch vessel movement was applied in Qimera to set the ship’s
location and orientation and to calculate the resulting positions of all soundings on the
seabed. Seafloor slope was calculated using a bathymetric map with a resolution of 0.5 m,
with most of the area, A, being less than 0.5 m2. After the bathymetry was calculated,
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the received beam orientation of the survey was back-calculated again to obtain the true
incidence of each beam on the tilted seafloor. For all recorded data and all angles of
incidence, the reverberation area A was calculated, and further BBS was calculated using
Equation (2). Consideration of the bottom slope gently changed the BBS values.

2.3.2. BBS-Coder: AVG Correction, and Backscatter Map Preparation

The backscattering strength recorded by the MBES depends on the angle of incidence
of the acoustic pulse to the bottom. High BBS values near 0° incidence angles are primarily
related to Lambert’s law describing characteristics of the backscattered sound, which
depends on the cosine of the angle of incidence [31,42].

To implement BBS-Coder, we used the averaged values of the measured BBS in a
sliding window with averaging of neighboring pings. All BBS measurements in the studied
area were brought down to values corresponding to the backscattering for an angle of
40° in order to generate a uniform backscatter map. We selected 40° as the center of
the far angular range defined by Fonseca and Mayer [52]. There is no standard for the
choice of reference angle [12], but backscattering from 40° is less angle-variant and more
distinct for discriminating between various benthic habitats; therefore, this is often the
angle of reference. Fonseca et al. [32] used 20-30° and Lamarche et al. [27] chose 45° as the
discriminant value.

The applied BBS-Coder procedure was based on the division of recorded MBES data
into subsets, with each subset containing a sequence of 50 pings, and each ping having
512 beams. It was assumed that the bottom backscattering properties were constant within
each subset. From all recorded data in a given subset, we calculated the average BBS values
for the angle of incidence, as shown in Figure 8a. Each registered beam was assigned to an
appropriate half-degree interval of the angle of incidence (having a center value of 0°, 0.5°,
1°,1.5°,2°, 2.5%, etc.).

mean() BBS(lin) corAVG() (correction coeficient)
0.018 12 - . : T T T
|
0.016 | |
1
0.014 - 1
|
0.012¢ 081 {
0.01F 06 | i
0.008 |
04
0.006 |
0.004 B { 02
1) 1 | RO == . ‘ |'\|
0.002 : 0 . -
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Figure 8. Calculated BBS_lin in linear scale values for different incidence angles in 50 ping subsets: (a) average values of
linear BBS; (b) correction coefficients (corAVG).

The correction coefficients, CorAVG(,-J , were then calculated for each angle of incidence

as follows: il
COPAVGjy = 2 ©)

mean(l)

where corAVGy; is the value of correction for { incidence angle, i = 0°, 0.5°, 1°, 1.5°, 2%, 2.5°,
... 90°, mean40 is the average value of 10"(BBS/10) for an angle of incidence of 40°, and
meany; is the average value of 10°(BBS/10) for angle of incidence i.

Averaging and multiplication were performed for linear values.

An example of the correction coefficients calculated for one of the 50 ping packages is
shown in Figure 8b. In the right part of Figure 8, we can see large changes in values; this is
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due to zero correction values for angles that were not present in the analyzed packet of
50 pings, as seen in Figure 8a. Then, each BBS value in the dataset (50 pings x 512 beams)
was multiplied by the corAVG value appropriate for the angle of incidence of a given beam.

BBS,;
BS40;, = 10l0g10(100 ") corAVGyy), (10)

where BS40y;) is the value after correction for j number of beams in the data package, j =1,
2,3, ... 25,600 (50 pings x 512 beams). In fact, the maximum value of j is slightly lower
because some of the measuring points were removed during the cleaning process.

Backscatter maps presented in the results section were generated from the calculated
BS40 values. A single 0.5 x 0.5 m grid element often contains several calculated BS40
values. In such a situation, the values in a single grid element are averaged in order to
prepare a map of the studied area.

3. Results
3.1. Angular Response Curves of BBS Values for Specific Habitat of the Baltic Sea

We calculated the angular response curves of absolute BBS for the specific habitat of
the Baltic Sea occurring in the studied area: S, sand; SG-GS, sandy gravel or gravelly sand;
B, boulders; R, red algae on boulders; VFS, very fine sand. Figure 9a shows the dependence
of BBS on the angle of incidence, for which the values are averaged for the measurements
made in the areas where homogeneous habitats occur, according to the separations from
the map of habitats according to Janowski et al. [8] (Figure 6) for 150 kHz. Figure 9b shows
the angular response curves of BBS values. The values are averaged for measurements
made within a 3 m radius of the sampling points for 150 kHz.

10

20

BBS [dB)

-35

30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Incidence angle [°] Incidence angle [°]

() (b)

Figure 9. Dependence of BBS for 150 kHz on incidence angle for different classes (S, sand; VFS, very fine sand; SG-GS,
sandy gravel or gravelly sand; R, red algae on boulders; B, boulders): (a) averaging over habitat classification shown in
Figure 6 and (b) from ground-truth samples.

Table 1 presents the acoustic characteristics of habitat types occurring in the research area.
The dependence of BBS values on the angle of incidence was determined for two situations:

e  Black line: angular response curves of BBS with values averaged for measurements
made within 3 m radius of the sampling points for registration using 150 kHz sig-
nal frequency;

o  Dashed black line: angular response curves of BBS with values averaged for measure-
ments made in areas where homogeneous habitats occur, according to the separations
from the map of habitats according to Janowski et al. [8] (Figure 6) for registration
using 150 kHz signal frequency.
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Table 1. Angular response curves of BBS: black line, 150 kHz, data from samples; dashed black line,
150 kHz, data from object-based image classification.
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Table 1. Cont.

BBS (dB)

Class ID 150 kHz

Seabed Image/Composition

BBS [dB]

Large dense patches of red algae

W 40 B0 B 45 B9 @ 90 & with a high concentration of
Incidence angle [ Mytilus trossulus on boulder
substratum

Figure 9 and Table 1 present the angular response curves of absolute BBS. Close to
an angle of 80°, there were large fluctuations in the values, because, in the extreme part of
the swath, fewer measuring points were recorded in equiangle mode, many points from
the outer beams were rejected in the cleaning process, and the values from the individual
registered measuring points varied considerably. Figure 9a,b do not perfectly show the BBS
relationships for the given benthic habitats. Figure 9a presents BBS values averaged within
the habitat classes, whose boundaries were determined in a semi-automatic classification
process; hence, they are not perfectly defined despite having high classification accuracy.
Figure 9b presents BBS values averaged within 3 m radius circles around the ground-truth
data, which is a theoretical assumption, because there can also be other habitats present in
these buffers.

3.2. Backscatter Maps: BBS-Coder Result

Figure 10 shows backscatter value maps prepared in this study for registration using
150 kHz signal frequency. Figure 10A presents backscatter mosaic grids with relative
backscatter values without angular (AVG) and bottom slope (BAC) correction. The near 0°
incidence angle showed the strongest signals and also the fastest drop-off. Figure 10B was
created with the manufacturer’s MBES calibration (NORBIT) and bottom slope correction
(correction of reverberation area, which is improved by bottom slope and calculated range)
but without our AVG correction. Figure 10C was created with the manufacturer’s calibra-
tion (NORBIT), bottom slope correction, and the BBS-Coder AVG correction developed
in this study and described in Section 2.3.2. The near 0° incidence angle represented the
strongest signal fluctuations.
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Figure 10. Backscatter mosaic grids of research area for 150 kHz signal frequency: (A) with relative
backscatter values, without any corrections; (B) with absolute BBS values and bottom slope correction
developed in this study; (C) with AVG correction developed in this study applied to absolute BBS
values containing bottom slope correction.

4, Discussion

Calibrating the MBES makes it possible to obtain absolute values of BBS, which is
an essential feature for specific geoacoustic settings on the seabed and benthic habitats
and very helpful in distinguishing them. Only a few studies with absolute BBS have
been reported due to technical difficulties associated with MBES calibration and post-
measurement data correction; moreover, MBES studies with resulting ARCs are extremely
sparse [13,16].

Any physically correct calibration method improves data quality and provides valu-
able information. The technology now developed for working with MBES makes it possible
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to fully calibrate the instrument, and the validity and usefulness of the absolute BBS values
make it necessary to always use calibrated echosounders.

Several papers have already been written showing absolute BBS values recorded by
MBES for bottom habitats. Eleftherakis et al. [16] performed a calibration of the backscatter
strength values recorded by MBES with reference to data recorded in the same place by an
acoustically calibrated single-beam echosounder (SBES). They presented the dependence
of backscatter strength on the angle of incidence in three research areas with different
types of sediment at 200 and 333 kHz. Wendelboe [13] presented average values of seabed
backscattering strength obtained in the frequency range from 190 to 400 kHz, for grazing
angles from 20° to 90°. This study showed that seabed backscattering strength ranged from
—8.5to —19 dB for 400 kHz and from —13.5 to —23 dB for 200 kHz. Weber and Ward [15]
took measurements with a calibrated SBES at 170 and 250 kHz in an area with sand,
gravel, and bedrock seafloor. Williams et al. [14] measured backscattering at frequencies of
20-150 kHz with grazing angles of 20-30°, and, in subsequent work [17], they measured
backscattering at frequencies of 200-500 kHz with grazing angles of 32° and 42°. They
recorded increasing values with increased frequency. Stanic et al. [18] performed acoustic
bottom backscattering measurements east of Jacksonville, Florida, and recorded data from
sidescan sonar. Measurements were made in a coarse shelly area with frequencies of
20-180 kHz and grazing angles of 5-30°. It was found that backscattering strength values
slightly decreased with increasing frequency.

To compare our results on BBS measurements with those recently reported by other
researchers, we summarized the basic information on the particular works in Figure 11.
In general, the results obtained in this work on the dependence of BBS on the angle
of incidence are in line with those achieved by other authors who performed MBES
measurements [16,32], as well as the theoretical predictions.
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Figure 11. Summary of BBS obtained by different studies, including frequency and incident angles.
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It is difficult to compare data recorded by different authors because there are few
papers and the benthic habitats studied vary; however, the BBS values we obtained for sand
are similar to those obtained at 60-70° incidence angle and 150 kHz by Williams et al. [14]
and to those using the APL model at 100 kHz [29]. The values presented for S (—12 to
—31 dB) and VFS (—12.5 to —27 dB) are similar to those of Eleftherakis et al. [16] in the
Camaret area with sand (—11 to —29 dB at 200 kHz); the values for SG-GS (—10.5 to —18 dB)
are similar to data in the Carré Renard area [16] with silty—gravelly sand (—7 to —17 dB at
200 kHz); the values for R (—12 to —20 dB) and B (—11.5 to —18 dB) are similar to data in
the Aulne area [16] with mud (—12 to —18 dB at 200 kHz).

The BBS for S and VFS has similar values and angular relationships (Figure 12) to
seabed backscattering strength values presented by Wendelboe [13] obtained at a frequency
of 190 kHz for medium—fine sand. For the entire angular range, the BBS for SG-GS, R,
and B reaches higher values than for S and VFS. Habitats S and VES have a characteristic
shape typical of the ARC curve of fine-grained sediments in the APL model (Figure 12).
In contrast, the SG-GS, R, and B habitats have a characteristic shape typical of the ARC
curve of acoustically hard sediment such as rock in the APL model at 100 kHz (Figure 12).
Habitats SG-GS, R, and B achieve similar BBS values to sandy gravel and cobble in the
APL model at 100 kHz. For incidence angles from 25° to 65°, the ARC curve showed a
significant decrease in value greater than the APL model at 100 kHz, and this may be
related to the higher frequency of the tested signal, 150 kHz.

0

APL-model at 100 kHz

5F

el rough rock

rock

"1 cobble

| sandy gravel
coarse sand
71 medium sand

| very fine sand

45 L L . . . ' .
0 10 20 30 40 50 60 70 80

Incidence angle [°]

Figure 12. Dependence of BBS at 150 kHz on incidence angle for sand (S), very fine sand (VFS),
sandy gravel or gravelly sand (SG-GS), red algae on boulders (R), and boulders (B) and seabed
backscattering strength values estimated from Wendelboe [13] obtained at a frequency of 190 kHz for
medium fine sand. Dashed lines: BBS for different sediment type with APL model at 100 kHz [29].

In the summary of BBS values obtained by researchers, it is difficult to see a trend of
increasing value with increasing frequency. However, such a trend was indicated in some
studies that considered different frequencies [14,17]. Williams et al. [14,17] suggested that,
at high frequencies, scattering from large fragments of shells is dominated by a different
scattering mechanism than surface or volume scattering. Weber and Ward [15] recorded
a weak increase in backscattering strength with increased frequency for moderately well-
sorted medium sand and a slight decrease in all other locations. In many places, higher
backscattering strength values were recorded for 170 kHz than for 250 kHz (as shown in
Figures 6 and 7 in [15]). Weber and Ward [8] speculated that the maximum backscattering
strength existed at a frequency lower than what they tested (below 170 kHz), and that
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backscattering strength may be connected with some characteristic length scale via which
diffuse scattering reaches a maximum for this type of sediment [15].

Roughness is a matter of the wavelength of the acoustic pulse and the size of bottom
irregularity. For one and the same seafloor, in the case of high frequencies, the bottom may
appear rough, while, for low frequencies, the bottom acoustically behaves like a smooth
seafloor, all determined by the Rayleigh parameter [53].

We suggest that the higher BBS values for higher frequencies are associated with
strong scattering of higher-frequency signals on an rough seafloor surface [53].

In the ARC curves presented here, the sand habitat (S) showed that an increase in
BBS value around 30° incidence is not in line with the APL model curve. This may be
due to the presence of sand ripple marks in the study area, similar to Lurton et al. [54].
Although BBS values were corrected for the slope of the seabed, irregularities less than 1 m
can still be significant. Seabed slope was calculated using a bathymetric map with 0.5 m
resolution; however, from an acoustic and snippet backscattering perspective, modulation
of the backscattering strength through microroughness becomes likely. In addition, local
grain size changes were noted in the study area where ripple marks occurred on ridges
with fine-grained sand and in valleys with coarse-grained sand, which we believe affected
the recorded BBS values.

The differences in Figures 9 and 10 between the angular relationships of BBS values
obtained from (a) averaging of habitat classifications and (b) ground-truth samples are
more visible for habitat types VFS and S than for SG-GS, B, and R. This may mean that
the latter three bottom types are more specific, and that the areas they include are more
homogeneous. Habitat types VFS and S are more general and may include areas with
different characteristics (different sediment/habitat types could have been assigned to
them, both in the course of classification and in the 3 m areas around the cores).

For flatter bottom types (VES, S) there is a large drop in BBS with increased deviation
of the direction of the wave from the vertical, and, for cases with more irregular struc-
ture/shape (SG-GS, B, R), this drop is smaller. This is due to the low rate of diffusion
scattering on the bottom surface, which usually dominates at large incidence angles.

Fonseca et al. [32] provided information on backscatter strength for 95-98 kHz fre-
quency. According to the division of bands introduced by Fonseca et al. [32], the near range
includes incident angles from 0° to 25°, the far range includes incident angles from 25° to
55°, and the outer range includes incident angles from 55° to 85°. In our data, we noted
the occurrence of three similar zones from 0° to 25° with a weak slope of the curve, from
25° to 65° with a significant slope, and from 65° to 80° with a weak slope. However, high
variability of habitats within the half-swath remains a problem for the method described
by Fonseca et al. A possible future workaround could be to use automatic segmentation
methods to determine the boundaries of individual habitats.

Unadjusted backscatter values have been successfully used for many purposes, in-
cluding habitat classification [8,19-21]. For more advanced environmental analyses, such
as studies of diurnal and seasonal variability of the seabed itself and seagrass scattering
variation over time, it might be necessary to work with absolute BBS, because a few dB
can determine the variability, as has been demonstrated [55]. Furthermore, the use of
absolute BBS is necessary to compare results from different areas recorded at different
times. Although the habitats are apparently similar, there are significant differences in their
BBS. Sand in the Mediterranean Sea may have different BBS values than sand in the Baltic
Sea because they have different physical properties. Habitats with similar physical prop-
erties (e.g., number and size of air bubbles in sediment, density) will have similar values.
BBS is an intrinsic property of the seafloor and the prevailing habitat (not the multibeam
echosounder); thus, it might be better to look for specific habitat-related features that can
facilitate habitat recognition. Habitats and their BBS are very different from each other, and
substantial research is necessary to know the scattering values of each habitat.

For automatic classification, e.g., object-based (OBIA) or texture (GLCM) analyses,
backscatter maps reduced to a single incident angle are needed. There are few techniques
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for this correction. The methods used range from simple Lambert correction to complex
models such as Geocoder. Due to the strong near-nadir errors in the mosaics prepared with
the help of Geocoder, we developed our own correction method. It removes the influence
of the incidence angle and brings the backscattering strength to an incidence angle of our
choice (in this case, 40°).

Other useful backscatter mosaics with smoothed backscatter outcomes without angu-
lar dependency can be created using Geocoder [22]. The near 0° incidence angle represents
a stronger signal standard deviation. Median filtering of BSS near the 0° incidence angle
might be a good solution. Geocoder assigns quality flags to backscatter samples. Data
samples closer to and further from the nadir have low values, while samples in the middle
range have higher values and a greater influence on the final backscatter mosaic [22]. When
our MBES data were recorded with a large overlap, all values found in the raster grid were
averaged to generate the mosaic. The BBS-Coder presented here is less complex than the
current Geocoder in FMGT QPS software; it is simple and effective, and it will be freely
available on the ECOMAP project website (https:/ /www.bonus-ecomap.eu/, accessed on
1 January 2021). The AVG correction scheme presented in this paper assumes the use of a
radiometric and geometric correction tool (in this case, QPS Qimera software).

5. Conclusions

The continuous development of measurement technology provides new opportunities
for seabed identification and mapping, as exemplified by the real BBS values presented
here gathered with a modern GNSS-guided MBES. The absolute BBS should be used to
describe habitats precisely, by a physically defined parameter. In the future, this may affect
the way acoustic measurements are conducted by reducing the number of samples required
to classify benthic habitats and making it easier to compare the scattering of acoustic signals
on the bottom in different seasons.

This paper presented the angular dependence of BBS measurement results for several
benthic habitats in the Baltic Sea at 150 kHz. The methods of correction used to measure
the absolute value of the angular dependence of BBS included laboratory tank calibration,
seabed slope correction, and the AVG correction developed in the work, and examples
of the obtained mosaics as a result of the applied corrections (BBS-Coder) were shown.
The BBS values obtained were —12 to —31 dB for sand (S), —12.5 to —27 dB for very fine
sand (VFS), —10.5 to —18 dB for sandy gravel or gravelly sand (SG-GS), —12 to —20 dB
for red algae on boulders (R), and —11.5 to —18 dB boulders (B). The AVG correction
method presented is a simple and effective tool for preparing a backscatter mosaic useful
for seafloor habitat classification.

For the entire angular range, the BBS values obtained for SG-GS, R, and B were higher
than those for S and VFS. Habitats S and VFS had characteristic shapes typical of the ARC
curve of fine-grained sediment in the APL model (Figure 12).

Examples of measurements presented by different studies suggest high variability of
BBS. This may be related to variation within a single habitat, which, in different basins, may
have different physical characteristics that vary with time of day and season. It is necessary
to find the limits of BBS for specific habitats in specific basins according to numerous
empirical studies.

Visual assessment of backscatter mosaic grids created using our methods shows their
usefulness for further application, such as sustainable management of seabed resources,
exploration of the sea bottom, benthic habitat mapping, and geological mapping of the
seabed. The results presented were obtained using the NORBIT echosounder and software,
which will be made available on the website associated with the ECOMAP project.

Corrected BBS values are very useful for the characterization of benthic habitats based
on acoustic dependence characteristics. Their differentiation based on acoustic signatures
may help to classify seabed properties only by specific acoustic responses. It may help to in-
crease the importance of noninvasive underwater acoustic research, reducing the number of
sediment ground-truth samples and expanding the classification of known benthic habitats
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for newly explored areas. However, it should be underlined that this kind of quantitative
characterization of the seafloor substrate requires corrected BBS values [23,27]. Advances
in calibrated multibeam echosounders are still in the development phase; however, thanks
to recent advances by manufacturers, several MBES models calibrated in a test tank are
now available. This provides an opportunity for habitat mapping and monitoring using
the absolute response of the seafloor to backscattering, as well as its changes over time. We
recommend measuring BBS using an acoustically calibrated echosounder and using such
data to classify benthic habitats.
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