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Aos 25 dias de outubro de 2024, as 14:h00 (horario de Manaus/AM), realizou-se a
Defesa Publica de tese de LUCIANO EMMERT, aluno do Programa de Pés-Graduagao
Stricto sensu em Ciéncias de Florestas Tropicais, intitulada “Vento Extremos como
Mecanismo de Disturbio em Florestas da Amazbnia Central: Padres de Mortalidade de
Arvores e Variagdo Sazonal e Topografica de rapidas de ventos destrutivas,” sob a
orientagao do Dr. Joaquim dos Santos (INPA), coorientagdo Dr. Daniel Magnobosco Marra
(JKI), em conformidade com o Art. 52 do Regimento Geral da Pés-Graduagéo do Instituto
Nacional de Pesquisas da Amazonia (MCTI/INPA) e Art. 67 do Regimento Interno do
Programa de Pés-Graduagdo em Ciéncias de Florestas Tropicais, como parte das
atividades para conclusdo e obtengdo do Titulo de Doutor(a) em Ciéncias de Florestas
Tropicais. A Banca Examinadora foi constituida pelos seguintes membros: Bruce Walker
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como suplentes os seguintes membros: Rodrigo Geroni Mendes Nascimento (UFRA),
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membros da banca se reuniram para avaliagao e chegaram ao seguinte parecer:
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Figura 1. Estrutura descrevendo a conexao entre os artigos que compdem a tese. As caixas de
texto vermelhas representam os diferentes processos analisados na tese (a) e (b) e suas conexoe
com outros aspectos potenciais a serem abordados em futuras gsegguié\s caixas em

laranja e verde representam os artigos incluidos na tese e suas conexdes com futuras pesquisa
e artigos potenciaisepresentadapelas setas nas cores de cada artigo da tese (Artigo 1
(Emmert et al., 2023); Artigo 2 Emmert et al. [manuscrito submetido a revista
Biogeosciences]). As caixas pretas abaixo das coloridas representam os dados e métodos
aplicados em cada artigo e gngegracao com futuras pesquisas {SRS = Sensoriamento

Remoto com Andlise de Mistura Espectratl}&t =Inventario Florestal Detalhado; AHRet

= dados meteorolégicos de alta frequéncia; AFERT imagens de alta resolucédo espacial e
temporal obtidas COM DION@)..........vuuiiiiiiiie i e e e e e ere e e e e e e e e e e e e e eeeeeaaeens 5

Cap2tul o 1
Texto principal

Figure 1. Windthrown forest located near Manaus, Central Amazon, Brazil (a,b), and inventory
and virtual plots used tquantify tree mortality (¢e). Subfiguresc and e are an RGB
composition from WorldView 2 image from 27 July 2016..............cccoeviiiieeeieee e, 12

Figure 2.Cuts of selectedNPVhorm images obtained from Spectral Mixture Analysis. (a)
Landsat 8; (b) Sentinel 2; (€) WOrIAVIEW.2...........uuuiiiiiii e veeea e 16

Figure 3. GLM models describing the relationship between windthrowroztality measured

in the field and estimated using remote sensing data. (a) Functions describing the relationship
between NPV andvindthrow treemortality (%) measured in the field; (b) Linear models
describing the relationship between windthrow “4mesrtality measured in the field and
estimated using remote sensing. The black dotted and red lines are the 1:1 line (perfect linear
relationship) and the actual relationship between observed and estimated values, respectively;
(c) Symmetry of the distribution of residuals in relation to windthrow-tneetality values
estimated USING reMOte SENSING-..........oovviiiiiiiiiimre e e a e e e e eaeeeaes 20

Figure 4. Distribution of windthrow tremortality (%) estimated from satellite data with
varying spatial resolution (i.e., from 2 m to 30 m pixel). (a) Windthrowmedality in field
subplots; (b) Windthrow tremortality in virtual subplots. Hollow Bck circles are the outliers.

Figure 5.Windthrow treemortality measured in the field and estimated by remote sensing data
for a Central Amazon forest, Brazil. (a) Windthrow treertality in field subplots; (b)
Windthrowtree mortality in virtual subplots. In (a) and (b), we modeled remotmagsts of

tree mortality as a function of field measurements using GLMs. Thestiaged areas in (a)
and (b) indicate the 95% confidence interval. Field = Windthrowrtregality measured in the

field; TM = Windthrow treemortality..............uoiiiiiiiiiiiiceeiie e 22
Mat eri al supl ement ar
Figure S1. General aspect of the studigadthrownforest.............eevvvviiiiiiiieeen. 39

Figure S2. Delimitation of the accessing trails for conducting the forest inventary.....40



Figure S3. Delimitation of the central tracks of the forest inventory plots...................40
Figure S4. General aspect of fallen trees and piled debris in the studied.area........... 41

Figure S5. GLM models describing the relationship between windthrowmoeglity
measured in the field and estimated using r
the relationship bet wannalityad)Rnéaswed th theeld.{bd t hr o
Trend curves of windthrow tremortality estimated with remote sensing and field
measurements. Black dotted and red lines are the 1:1 line (perfect linear relationship) and the
actual relationship between observed and estimated values, resigec{c) Residual

distribution of fitted MOEIS...........oueiiii e 45

Figure S6. Distribution of windthrowtreeor t al i ty ( %) esti mated w
Landsat 8 and Sentinel 2. a) Windthrow treertality in field subplots; b) Windthrow tree
mortality in the virtual subplots. Outliers are indicated with black dats....................... 46

Figure S7. Windthrow tremmor t al ity measured in the fiel

calculated for Landsat 8 and Sentinel 2. (a) Windthrowrregality in Field subplots; (b)
Windthrow treemortality in Virtual Subplots. In (a) and (b), we modeled winolthitree
mortality estimates tendency using GLMs. The grey polygons in (a) and (b) indicate the 95%
confidence interval. In the (a) plot legend, Field = Windthrow-tneetality measured by Forest
Inventory; PTM = Percentage of windthrow theertality................ccccovvvvvvvieenn e 47

Figure S8. Analysis routine for selecting endmembers used in Spectral Mixture Analysis and
L0 =1 1o Vo PO 49

Figure S9. Spectral signature of the selected endmembers calculated for (a) Landsat 8, (b)
Sentinel 2, and (c) WorldView 2. GV = Green Vegetation; NPV = -Neotosynthetic
(VLT 1] ¢ U1 [0 o PP PPPPRPPPPPPPPR 50

Figure S10. Distribution of NPV values estimated from satellite data with varying spatial
resolution (i.e., from 2 m to 30 m pixel). a) NPV values in the field subplots; b) NPV values in
the virtual subplots. Outliers are indicated by black dots..............cooovvie i, 50

Figure S11. Distribution of NPV values calculated from satellites with varying spatial
resolution (from 2 m to 30 m pixel). a) NPV values in field subplots; b) NPV values in virtual
subplots; ¢) Downgraded (mean) NPV values in field subplots; d) Downg(adeh) NPV

values in virtual subplots; e) Downgraded (median) NPV values in field subplots; f)
Downgraded (median) NPV values in virtual subplots. Hollow black circles show the outliers.

Cap2tul o 2
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Figure 1. Location and data collection arrangement of the study area. (a) Schematic profile of
the meteorological towers across the topographic gradient. (b) Location of the EEST and
INVENTA project. (c) Digital surface model generated from drone imaggsyesenting the
altimetry of the canopy surface relative to sea level, and the location of the towers oth¢he 18
PEIMANENT PIOT.....ciiiiiiiieieee e e et e e e e e eees et e e e e e e e e eeeeas 6l

Figure 2. Scheme of the analytical process used to define WDP in our dataset. (a) Example of
the wind speed time series where the WDP are found; (b) Gusts that exceeds a minimum
threshold of 1.85 msand reached or exceed 10 rhvgere considered as an WDP. The time

of begin (b) and end ¢ of the gusts were recorded and the total duration (TD) of the WDP was



calculated as the time in seconds friorto ti; (¢) From TD, the critical duration (CD) was

calculated as the time in seconds fretots( i . e. , the time that the
s1). In the panels b and c, thresholds lines were not scaled to easy the understanding of the
ANAIYLICAl PrOCESS. ... o et e e e e e e e e e e e e e aaeer e e e e e e aaaaaaees 64

Figure 3. Daytime effects in the WDP attributes. (a) Number of gusts; (b) Speed; (c) Critical
duration; (d) Speed along of hours of the day; (e) Critical duration along of hours of the day. In
panels b and c, thexmlue of ManAWhitney-Wilcoxon test is sbwn above the brackets. In
panels d and e, the lighellow bands represent the day period. In all the panels, the attributes
were computed without distinction of topographiC POSItION............ccvvvviiiiiieeniiiineeen 67

Figure 4. Topographic effects in the WDP attributes. (a) Number of gusts; (b) Wind speed; (c)
Critical duration; (d) Wind direction in the plateau; (e) Wind direction in the slope; (f) Wind
direction in the valley. In panels b and c, thegtue of the Dun Bonferroni poshoc test for
multiple comparations among the topographic positions is shown in the top and the brackets.
In panels d to f, the y axis represents the frequency (%) of WDP according with wind speed
levels legend below the panels.............ooo e 68

Figure 5. Seasonality effects in the WDP attributes. (a) Number of gusts; (b) Wind speed; (c)
Critical duration; (d) Number of gusts during the months; (e) Wind speed during the months;
(f) Critical duration during the months. In panels d to f, the maathslistinguished in relation

to the Dry and Wet seasons by red and blue colors, respectively. For the panels e and f, the
maximum values of WDP attributes recorded in the months are represented by the green points
connected by the dashed green lines.llitha panels, the attributes were computed without
distinction of topographiC POSItION..........ciiiiii e eeeeeeeee e, 69

Figure 6. Seasonal and monthly direction of the WDP. (a) Distribution direction in the dry
season; (b) Distribution direction in the wet season; (c) Distribution direction of the WDP
during the months. The-gxis in the panels-a indicates the frequenc¥a) of gusts according

to the direction. In all the panels, the attributes were computed without distinction of
(0] 0ToTe [ir= 1o a1 ol o To 1S3 11 o] o PO SSRRPPPP 70

Figure 7. Relationship between rainfall and the WDP attributes. PanelSrasscorrelation

analysis between leggansformed rainfall rate (mm mith and logtransformed (a) Number of

WDP, (b) Speed, and (c) Critical duration. In the panels, the-axis is a time lag in which

the highest significative Pearson correlation is observed between rainfall rate and the WDP
attributes. This time lag is m&are by Smin units of frequency (e.g., 4 lag is equivalent to 20
min). Blue circles in the top of bars indic
relationship. Pearsonos Correlations -numb
signf i cati ve or i (s) 0 -valuesd Dashed blue gnessareghe ilirhits ofa t i
confidence intervals. PanelsfdLinear models indicating the relationship between- log
transformed rainfall rate and ldagansformed (d) Number of WDP, (e) Wind Speadd (f)

Critical duration. Grey bands are the confidence intervals; Pailelsg Pear sonds c ol
and adjusted coefficient of determination (R?) betweertdagsformed rainfall rate and log
transformed (g) Number of WDP, (h) Wind Speed, andfijical duration along 0 to 99
percentiles of rainfall rate. Theaxis is the values of Pearson correlation and R2. Blue circles

i ndicate the percentile which the highest s
Panels: Linear models describing the relationship betwéogtransformed rainfall rate and
log-transformed (j) Number of WDP, (k) Wind Speed, and (I) Critical duration in the selected
percentile where the highest significative Pearson correlation and R2 were found (panels g
Grey bands in the panelsf@re the confidence intervals. In all the panels, the attributes were
computed without distinction of topographic poSItion............cccveiiiiiieeen v, 71



Material supl ementar

Figure S1. Rainfall and temperature recorded in the INVENTA from October 2021 to
September 2023. (a) Monthly meamnfall (mm) and temperature (°C). (b) Total rainfall (mm)
and mean temperature (°C) over ther@dnth period. In both panels, mean temperature is
represented by red liNeS and POINLS...........cccuuiiiiiiiiree e a8

Figure S2. Tower instrumentation in the study area. (a) Solar panel model Campbell Scientific
SP30 for energy supply; (b) 2D sonic anemometers model THEE30.22.300 placed at ~33

m and ~36 m height. In our study we used data from the 3Bemometer; (c) Temperature
Humidity-Sensor model MELA IAKMOOF placed at ~33 m and ~36 m height; (d) Tipping
bucket rain gauge model THIES Clima 5.4032.35.007 place@%m height; (e) GPS model
Garmin CS placed at ~6 m height for time and date synchronization among the instruments and
the datalogger; (f) Pressure transmitter model Young 61302V with external pressure port; (g)
All instruments are connected to the ditgger model Campbell Scientific CR6, which is
protected by a hermetic case against the weather. The data logger is supply by external battery
for the periods without solar energy. The solar panel recharges the external battery during the
day period. All hese instruments are installed only in the plateau tower. The slope and valley
towers are equipped only with one anemometer placed at ~33 m, GPS, solar panel, and data
loggers model Campbell Scientific CRB.............cooiviiiiiiiieee e 99

Figure S3. Speed distribution of the winds with destructive potential (WDP) recorded in
INVENTA from OcCt 2021 t0 SEP 2023......eeieeeiiiiiiiiiieeeemme e siirere e e e st esnnre e e e s ennes 100

Figure S4. Linear logdjusted models describing the relationship between total duration (a)
and critical duration (b) as a function of speed of the winds with destructive potential (WDP)
recorded in INVENTA from Oct 2021 t0 Sep 2023...........cuuvimmmmmmmiieemiiiieeiieeeeeeeeeeeeens 100

Figure S5. Maximum rainfall rates (mm riinat dry and wet seasons recorded in the
INVENTA between Oct 2021 and Sep 2023. (a) Boxplot for the median rainfall rates recorded
in the dry and wet seasons. The bracket aboxgelot shows the-palue of the MarWhitney
Wilcoxon test indicating no statistical differences between the median of the rainfall rate
between the dry and wet seasons; (b) Violin plot showing the rainfall rates (hollow circles)
between the dry and wetasons. The dashed line indicates tH&@fcentile (0.7 mm mif,

which had the higher Pearson correlation with the number and critical duration of the WDP; (c)
Maximum monthly rainfall rates and number of WDP; (d) Maximum monthly rainfall rates and
maximum speed of WDP; (e) Maximum monthly rainfall rates and maximum critical duration




LI STA DE TABELAS
Cap?2tul o 1

Texto principal

Table 1. Fitting summary of GLM models used to relate field with remote sensing estimates of
windthrow treemortality in a Central Amazon forest, Brazil. AIC = Akaike Information
Criteria; Syx = standard error of the estimates; RMSE = root mean squareSégroa =
residual standard deviation?fL = Kullback-Leibler coefficient of determination.......... 20

Table 2. Descriptive statistics of windthrow tneertality (%) measured in the field and
estimated with remote sensing for a Central Amazon forest, Brazil. Min anehiiféxum
and maximum values; Q1 and @6st and third median quartiles; Kmnterquartie range; SBb
Standard Deviation; SEtandard Error; G85% Confidence Interval. * Mean windthrow tree

mortality is similar among Satellites...........uv i 21
Material supl ementar

Table S1. Reference data of tree density in Terra Firme/Campinarana f@estria Amazon.
SD = Standard DeViatiOn...........ooeeeiiiiiieiiiieeee e enennnn e A2
Table S2. Satellite image collection and specifications..............ccccceiiicceeeeviiiiiiiien 43

Table S3. Forest inventory and satellite estimates for the field subplotsNAmber of Alive

trees; DT = Fielebased estimated tremortality; TT = number of total trees (AT + DT); NPV

= values of nofphotosynthetic vegetation recorded by satellites; PTM = percentage of tree
mortality estimated by satellites in the subplots; L&andsat 8; S2 = Sentinel 2; W2 =

WOIIAVIBW 2. ettt e st e e e e e e e e e e e s ammnnnnaeneaaeeeeeaeeeeees 43
Table S4. Fitting summary of GLM models used to relate field with remote sensing estimates
of windthrow treemor t al i ty using @&NPV for Landsat 8

forest, Brazil. AIC = Akaike Information Criteriaj,S= standard error of the estimates; RMSE
= root mean square error; Sigma = residual standard deviati@n;=RKullback-Leibler
coefficient of determinNatioN.............oouiiiiiii e 45

Table S5. Descriptive statistics for windthrow treertality (%) measured in the field and from
&NPV values calculated for Landsat 8 and Se
and Max minimum and maximum values; Q1 and-Q@i8st and third mdian quartiles; Igr
Interquartile range; SC5tandard Deviation; SEStandard Error; CI95% Confidence Interval.

*The mean of windthrow tree mortality values in the field subplots was statiscally similar
among satellites due to the linear modeling prioger All windthrow treemortality were
normalized to the area of the field subplots (10x25m) to allow for comparisons between
SALEIITES. .. e e e e e e e e e e e e e e e e e e e e e e e e eeareananae 46

Table S6. Forest inventory and satellite estimates of windthrowntiee t al i ty usin
values calculated for Landsat 8 and Sentinel 2 at the subplot level. AT = Number of Alive trees;
DT = Fieldbased estimated traeortality; TT = number of total treg®\T + DT); NPV =

values of norphotosynthetic vegetation recorded by satellites in the subplots; PTM =
percentage of tree mortality estimated by satellites; L8 = Landsat 8; S2 = Sentinel. 246



Cap?2tul o 2
Texto principal

Table 1. Attributes and descriptive statistics of the W&ddrded in the INVENTA from Oct

2021 to Sep 2023. The letters inside the brackets show the results of theAidney-
Wilcoxon and Dunn Bonferroni tests for comparing the medians between the levels of the
predictor variables. Equal letters indicate statally similar medians, and different letters
INICALE the OPPOSITE. ....eiiiiieee e eeere e e 66



11 NTRODU¢&O

O vento exerce uma for-a persistente so
respostas biol - -gicas em sua (&requadatliulr,a 20 1
Loehl e, 2016; .MoAosr ec |eatr eai traassi @Bod 8daossesretlo s « 0
guando a carga exercida por velocidades cr
ocasionando a queda de gal hos,( Dalnp teurea dd .

James et al ., 2006; Loehl e, 2016; Pet erson
O tamanho das clareiras evidencia impactos
frequentes de quedas de gal hos, 8rvores ind
bl owdowns i mpact and@Esm-3ahnatrae setdealh.ect2allesb;
NegfrJ.urrez et al ., 2010a; Nel son et al ., 19¢

Nas florestas da Amaz!'nia, tempestades
torrencial s«0 um I mportante mecani smo de
composi -«o0o de esp®cies, BiAbmax®a e¢ ast Qg e
Muel bert et al ., 2020; Fontes et al ., 2018;

Urqui za Mufaz Satstelma,s ZMOXhlv)ecti vosS S«0 CONS,|
na at Mmosafzéeé marca a forma-«o de tempestades se
na f |(oQaerssttaang et -Jaul8r,e z1l 9e9t8 ;a l&llega 2l O b1 9O9Md!L <
et al ., 20 kRas Ao bseaEwsaUAD)S pr®Bvios t°m re
desses sistemas conyv(elcitainv oest naa-Je §tr2ad-2«d@ t cNalgv
Rehbein et al .coiagli&, ng@®1%om as maiores t

i ndividuais registradas por i fhAklkaitg80i es 8l
EsquMvel bert et al ., .2020; Fontes et al ., 2

Pesqui sadores t°m se debru-ado em compr
em di ferentes escalas, combinando princiopal
Entretanto, obter estimativas confii dacke sdd
8rvores, perda de biomassa, carbono e padr »
tri(v@Gsaill I''i k et al ., 2024Saniao aegtn oall .e,t 2a0l1.4 a;
Gorgens et alugrepnz2a8t &lkgr - -2011, 2010;. Omet
Parcelas de invent8rio florestal S«0 espat

gradiente amlpiChmambler @exteenspegquerRd®ddDo9dpnos,
guebrados e 8rvores joveng Aoda?ud s enemlsemp2r
al ., 2018; Marra et al Al ®n0 H4 ss9i, madmetotsi det

permitem a observa-«o de grandes S8r.eaMm em i



rela-«o entre a escala espacial, escala ten
resolu-«o em coberturas de | arga escala p:
indi yAddoeae et al ., 2015; AraujoJaBrak.et?2
2011; Simonetti et al., 2023)

Devido a i mport®©ncia da mortalidade de

di st Yarbi o nas (Bl cekmgtoas 119M9d®pi draoisst €3 c aette naal, .
1996)esti mativas robustas em escala de pai ¢
efedéosse meoarico®mei stema e prever como as f
alterado d&l di s0%Yebi @as$ . , 2019; -Ghamberts et
2020; Feng eteEslquMyzdbd2b.t A@0eR2vle)ri dade dos

pel o vento pode variar substancial mente de"

como densidade da madeira, 8rea foliar e ar
topografi a, seosltoasl, ee srturguot(sihirdaaldfiela oda se tc ogla.s,

al ., 2012; Garstae@rielt, a20.1,8 ;1 9J98c;k sGen tema nan
Ri beiro et al., 2016; Ri f ai et al .Asi0mh 65 e

a robustez de esti mat iaparso peeigardoae a i8sr e e medmn
escal a nlcoocrapor@add Am@xjmo el ad . ,-J RPr2elzd , e t2 0a2l0.

Si monetti et al.,. 2023; Wang et al ., 2020)
Dados de sensoriamento remoto, principa
florestal t°m permitido acessar os padr»es

floresta durante d®cadas de s Uhbvaaeqguwe nette aslu
Marra et al-Ju8s82etrtdetNadyr  ,n2018, 2010; Nel s

Sil v®ri o et al ., 2019 a;. Wraqquwiszzad NMwEsai etal
espacial/ tempdqmal |liiamse ependdni stu@DOBI) i ca- «o
detec-«o0o de di st ¥rbioONegllau 8grean cda eadcagt a2 0(1+4
Juarez et allus8rz2222t Meguu @D 16b; aUEguteaEEAND
devido a m®di a (Bes wlskB8«engspddiédlec- «o de i
grupos formados por menos do que seis a oi
frequ°ncia de eventos de Mm&htaanbiedasdetn-alf |, o
Ju8rez et Naa .%I t2i0Mal )d®cada,ptil aos adnenalotsa dree ¢
Sentii el 2, Worl dVi ew, Pl @@learSic opte, all KONDGOQ
3

embor

n

, 2021; ESA, 202Tm Pleamett i deoamel2hC22)as na
a grande parte dessas op-»es apresent
e

gue restringem nossa habilidade para monitc



(Clark et al-Sant®d Oeth;alEsp2201da; Ful l ePor20
essa raz«o, apesar de iIimagens sat®lites de
Amaz!ni a, el as ainda n«o foram aplicadas p:
(> 5 ha).

O regime de ventos est8§ relacionado pri
escala de transfer°ncia de cédDoamnle®pymi2ddde
et al., 1998;. @®roec s uat valz.,, 01 93®4) me | ocal @

e a rugosi da(d®e ldah esru peetr f&lc.i,e 2012; Gardi ne

Entretanto, grande parte do que sabemos sob
pela observa-«o0 de seus danos nas 8rvores,
comparati vament e poucos l ocai s. Neadbacidae
sensoriamento remoto mostraram que a preci
el eva-«o da superfz2cie e as caracter?2stica:
ocorr°ncia de grandlesg@anbehag¢t bhbwdBoeaa I;t
2017)No entanto, devido "~ resolu-«o0o espaci al
sat®l ites meteorol  -gicos tendem a subesti ma
em escal aasl gsuwnbsp i nxeetllr eocs$) earegpmacoses, especi al
com gradientes ,aonma eAmaz sni{ dHa@amstorsaelt al ., 2
et al., 2020; Huffman et al ., 2020; Y. Jian
Simard et al ., 2011Ant Eak akews seat teaels.e,, ZPpOAX)o s
padr»es de vento na altura do dossel em un
(p.ex. T-tea, edat &@lo , ma&MdrRt) o, n«o tenho conhe
ventos destrutivos. Isso implica que os pad

agentes de dist¥%rbio na floresta tropical
i mpoetlhatuna no entendi8menmntre cta AmMaetai ao VvV

Nestaeuesentri buo com o conheci mento d
floresta por ventos extremos e sua i mport©n
| ocai s paEataesgi ®naomposta por ®udno iasr tciagpe?® tourl
publ i cado Reanopteer eSneddisDB203 e @ memamudcr i t o s

publ i ca- «Bi onge opsecndi & hAtioaesd . Os doi s cap?2tul c
abordar-chapecnosentendi mento dos ppadndes nd:
Amaz®*nia Central. No cap2tulo ggjces demlir:e
resolu-»es espaciais (Landsat 8 ¢8Bhnwmént $en

florestal detalhado ao |l ongo de um extenso
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oremd2dqluse afetou uma 8rea de apr ox-AMadame
aSEmmert et Ajlust 02M@gdel os | ineares gene
tre o percentual de mortalidade deAdamor e
d Gi |l | edsapsi ei, mp2g0etnéske ret 8r i o fl orest al . Os r ¢
mento na escala espaci al (i .e., redu- «o
timativas de mortalidade emesel peevy damass
alidade de ajuste dos model os. Por i sso,
rr- Sentinel 2 e Worl dView 2. Danos nas co
gener a- «xo-bnagquealdedems bk rmeqduiadnatsi fciarepddesmec
st Yar bi o para que iIimagens de alta resol u-
m a verdade de campo. Os mesmos padr »es
rcelas de campo tamb®m foram vi §tea mai g
tensa, indicando que estimativasupocmlisneg
O poss?2veis se medidas complFe méamaar es de
No capitulo 2, eu document eisepéelr@a mpsi ma
scritos ccoomop ovteemtco@P D dearnt a u,gpsov § rmed roe sd e
t eor oclo-lgeincaodsa$ t ura do dossel na plataform
peri ment al de SilviculAtMyr aBrarsapgi.c aINVENTIA
nCrovor e na Amaz?!nia), ao qual fa-o part
| ti di sciiplliiznaars egnuseorutament o remotopadados
tender a mortalidade de 8rvores cdWaada p
al. ,A2@dr8t)ir de um nmMEGR®dm welbingiidmgweainso v
superiofesdar d0«om n2ni maHadeed3 stgmhthos
entificadas e seus atributos de frequ?®°nc¢
| cul ados para um gradiente topogr8fico e

ri bwtPdesntdraes os per?2odos do dia e da noite

ei model os | ineares para deRBErpercenmnt ire!l @&
rr- minuto. Os reYRIDtadobpemmemttadasm gsehor a
ses do ano, mas Nsw@smaias fhroe q@ese maae s g uiem
ca, principal mente na transi-«0 entre as
0,7 ®Mm moisnt rou a rela-«o0o maVPDfdeseacamd

i mport©ncia de eventos extremos deFictghlbryvaa p a

mo

Os resultados reportados no cap2?tulo 1

rtalidade de 8rvores em escal a e vmpaies agnm



pequena escal a, particul armente a mortalid
clareiras originadas por guedas de gal hos,
(Emmert et Bdses 2D&B9gs de menor magnitude (
dos dist¥rbios(Gbhambdesspet cabepde@di13yfcil m
guanti fAcdexegg et al ., 20Ne st Asceomt ekt a,l
diretamente mot Fvglcrnfgutiunrcd suiensdtou o a(p?tul o
i n®di tos soblecaesgPPeadsvas rel a- «o com a
sazondlind deai d &dgabr@
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FiguraEstrutura descrevendo a conhex«o entre o0s art
vermel has representam os diferentes processos anali.
aspectos potenciais a ser em Aasb ocradiaxdaoss eenm I|faurtaunrjaas ep ev
0s artigos inclu2dos na tese e suas conex»es com fu
setas nas cores de ciHamart i g9 dfr. tfER@2PBtA NN gawlc.d it o
submetido © revista Biogeosciences]). As caixas pret
aplicados em cada artigo e suaAMBtzgBensoricameftuod uR
An8l i se de Mi sthuerta =E slprevcebrrtadrtiadl FDeMeal h=a ddoa;d oAsF Rmet eor
de alta freéR nomag,ensSRE®E alta resolu-«o0 espacial e

2 0BJETI VOS
2.Q@bjetivo ger al

O objetivo geral, daetstav®® seke ® @ mycersita mge
met eor oln- gsiictaup ap el de eventos de ventos ex
Amaznia cengag ads sibm sccoamproe e ntdeemp ar ali ndoam T as

e seus i mpactos na floresta.
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Cap?2tulo 1: Sensipbi tbodagdardeesat @hrtasmort e

vento em uma floresta da Amaz!nia Central

U Quantecdmecaa resolu-«o espacial afeta as e
vent o;

i Co mp aruaarl sensor produz as estimativas de
confi8veis ao |l ongo de um extenso gradiente

Cap?2twWMentds com pot emciladngde sdter uumvgr adi en
sazonal em uma floresta da Amaz!nia Central

U Descrosveradr »es gerais de rajadas de vento

0 Quantecdmaeaosos padr»es de rajadas de vento d
U Quantecdmaeaos padr»es de rajadas de vento d
da chuva;

0 Quantcdmeaos padr»es de rajadas de vento
da chuva;
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SENSI TI VIOPYICRAATELLI TES TO ESTI MAT
WI NDTHROW -MRREALITY I N A CENTRAL AN

FOREST

Abstract

Windthrow (i .e., trees broken and wuprooted
forests. |l magesoffif uemome dipamc al satellites
have all owed researchers Mmor ysfaeamds tpa tntoenri nt s
recovery over decades of succession in diff
resolution have become available in the | a:
guantification-moft adeintdy.h wew atdrde e s s how i n
resolution of 4 ataenldlsictagpse aefsftd cntasme|toatf i wy n
combined forest inventory data with Landsat
2 (2 m) i mdgderroywtohv efroraensto i n the Central Ame
windthrow event in November 2015. -nRoerntoalei tsy
were produced from Spectral Mi xture Anal ysi
grounde) by using Generalized Lineart®Mbdelys
transects and 30 subplots) crossing the ent
95% Cl ). Although the three s anielldri teesst ipnaotde
26. 5% t p<30. BO01) , Landsat 8 had the most ac
fi®bderved vari at i-noonrst ailni twyi nadctrhorsosw tthree eent i
(Sentinel 2 and Wor ldd&i awd 2t produbedtthesus
expect eds s onteiaant e d uncertainties decreased
resolution (i.e., from Landsat 8 to Senti nce
of mo d e | fitesshewpadatt eenopWe suggest t hat
relatively minor disturbance, such as defo
natur al regeneration, which were not me as u
resolimaigemy. Our results validate thetaelia
| andscape patt ermosr taafl i wiyn dtnh rdoewn ster eaend het ¢
Satellites with high spatial r ewerliuttyy obny caln
the quantification of crown damage and mot
However, this requires the validation of r e
scal es.

KeywoBldewd o@Grnoswoa ma dger, edrswentEor y8Mme@ stNat ur al
Di st ur Bpaant®easlg!l ut i on; Spectral Mi xture Anal vy



SENSI BI LI DADE DE PBIAT®HOEI FPEBACESTI MAR
MORTALI DADE DE CRVORES PELO VENTO EM
DA AMAZDNI A CENTRAL

Re s umo

Queda de 8rvores pelo vento (ou seja, 8rvo
grande dist¥rbio natur al nas fl orestas ame
resol u-«o, combinadas com dados de adamgs ¢
avaliar os padr»es de mortalidade de 8rvor ¢
floresta ao |l ongo de d®cadas de sucess«0 e
resolu-«o espaci al tenham sa,telmreadaoi didap o
empregados para a quantifica-«o da mortal.|
Neste trabal ho, abordamos como o0 aumento

estimativas de morvteantiodsa desm tdueenafods socpaalsac @ lo a

pai sagem. Combinamos dados de invent8rio fI
m), Sentinel 2 (10 m) e Womddwmavwmaz{ai am) Ce
ue f oi perturbadat@paee mumo¥“eimbooeden®2015. /
nsoriamento remot opalao moe 1 fad ri almtdpee adceu Bir d/a
An8lise de Mistura Espectral e awearld aaddeass
carmpesando Model os Lineares Genervadntzoado
t rnpeembi da em campo (3 t raaonslexcttgadode 3@r adiibg
st¥%rbio foi de 26,9 N 11,1% (m®dia N 95%
ti matieoias eomdt &tvi sti camente semel hantes

apresentou ognft eSwaipa dwus dreaif©or ma eficient
m campo na mor tpalri dvaedhet oebm e&xoadrermosgr adi ent
Sentinel 2 e Wor |l dVi ew 2 produziram o S
espectivamente). Como esperado, as i nce
i stemati camente com 0 aumemtloamndds ate s® | pa r«a
eorwdView 2). Entretant o, a qualidade ger
osto. Sugeri mos que isso reflete a influ-
s frelnkadodanos ° copa, e o r8pido cresci men
idos no campo nem podem ser capturados p
ultados wvalidam a confiabilidade das i
al i dade wen t8a v oernetse spopdsracpenlghamsi sagens em f
picais densas e heterog°neas. Os sat ®l i
i matsiewasdaadiept¥iobivent o, permitindo a q
copas e da mortal i dadbeo sdgause S8irnvfoerreiso rdees .d oNsos e
val i da-«o de m®t ri cas de sensoriamento re
compatzvei s.

0w —7X O O

('D""B"BQ_OI\)U)"A(DOO(DQ_(DQ_O_U)Q

Pal axha¥entbDes cen;danb@wsp;vents8ariekat ald ®esn tdoe
Ext r eDnasst ;YNMaktiuvoRa s 6 |, Es-p«@cAn 81 | Mies tElepact r al .
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1. I ntroduction

Wi ndt hrows (i .e., trees snapped and wupr
tree mortality in the Amazon, and can infl
carbon (WMalgambe®sco Marra et al ., 2018; Marr s

Mufoz et .alWind2m2bav)s are associated with ex
by mesoscale cORekltaeiinveetsymdsd eermsI0il®at e chan
and frequency of convecti(Wwengt certmsali.s . Rroed:
Thus, accurately quantifying the occurrence¢
contribute to understanding their ecosysten
al tered di st(lArlleda me ertegilmes 2019 ; -Muhealnbbeerrts e

al ., 2020; GMual Bedt Es2q@2 V) |
Optical satellite imagery with medium s
Ssi Bl ward and, Sskuldhenas 2lI0dbdsat, combined

researchers to assess patterns of tree dama
decades of subsequent (sNecgdedsieaneinadiffeoe
and Amar.alThels9eBQ 49t udi es demonstrated that w
Amazon and occur with a range of intensitie

regions concentrate +sktallkki P8ON&dBN)WaerdeEzNdaest C

2023; -Negren et al ., 2017, 2018)
Landsat of fers broad cover-agemof mabper E
(Coppin et al., 2004; Gowaaldl ewvi md¢ .f o006 i

windthrow tree mortality at t(hNeg3dtwmandz éan
2023; -Negren et al Hpw2OoéB, RPOMBO¥t esti mates
the compatibility between the spati al resol
(Coops et al ., 2006; .Wobkdrcotcki snded&dsomhl esi
windt hrows formed bW dlewmdt edrrse edfNelgd acsrad H et
al.,. 2Bwé4an for | arger windthrows (>5 ha),

mortality by not accurately capturing relat

i mpacted patches or due to survi vtihneg ntarteuers

regend Netghogr ez et al ., 2020, 2018)
Obtaining reliable estimates of tree mo

The quality of such estimates is highly de

cl ust ertirnefersssrad et a)l,. ,t h2e0 1Met h200d0s4 )used t o

seve(rAdtayms and Gjialnlde ¢ phiee ,c had®6&)t er i sti cs of



Sp
19
pr
t
t

N O o

h
e
h
0
a
a
0
i n
Es
R a
al
to
on
s a
fo
w a
we
ac
s a
cCo
t h

i n
Gi
s h
cCo

Wi

11

atial, temporal(, Twurmmers,peltad& %A;l Woeosdocl ouctki oanns
98) The spati al resolution of satellites
ocess as it can improve the detection carg
us minimize the IinOTdwresnltcen dfarsg Slpuesctailr caan,i x
nds to dilute the spectral signature of 1
e pixels. This includes shadow, exposed s
r(esdams and Gill espie, 20Bb6ghAspati ahdr &a
t a, such as QuickBird, | KONOS, GeoEye, al
nopy gaps in (€haektebopantal 2060d8ts2004b,;
06 ; Jackson amd Mawen, bed®d®R 03 hown to be ef
di vi dual tree moAdmeérn tgt ial the2@imdazoR2004
p2Sainttoo et al., 2014b, 2014a)

Il n addition to optical satelli Apertaotrilee
da@abwyer et al ., 2000Li PB&Rhagool eet abhl , , 2¢
, 2023; Wei samadmpaeelr i(e&li naolin.et 60260 Gevte abl e e n 2t0e
est imoarttea Itirteye associ ated with windthrows
weat her effects and with-asmpdatmadckiswmrasdi o
telGrigers, 1998,; SchHwarzeet ahis 2@ednol og
r the Amazon, and a study conducted in a
s not reliable due to shading and overl ag
I as thenpahadardizatortions associated wi"
ui 6thwar z et Adlt.h,ougBO03)eri al prhecstod su,t i b
tellitesquparloivtiyd ed ahtiagh t hey have relati ve

o)

erage, high costs, and variations in |ig

o <

wsceh ofmasgery for assessing fg®&titngrmes af .f
Previous studies have swumoodasadfiulyl yr erceolrad
ventories to changes in refl 8MARACaEmMS ya rud
| l espok, L200S6@NegnaSguesz et al ., 2BH4age 2004
ow a consistent correlation between fiel
mputati onal techniques wusing Machine Lea
ndt hrows in forests outsideutt oen Amazdd i

(Galizia et al., 2023; Jaiswal Taeseal techd?y

en
Ha

hance future research resul(tBeiuwseilneg ehi gahl
mdi et al ., 2019; Kislov et al., 2021)
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Al t hough optical satellites with high s
available for t he Amazon in the | ast dec ac

wi ndt hrows and quantifying associrmreedmaonteal

estimates obtasoledt won hs ot ¢lhl i t es wi | | be r
and accuracy) in dense tropical forests ren
Her e, we <combined optical remote sensi

di sturbance gradient created by a single wi
resolution affects the accuracy andl pAmakzen
Our study provides a framework for future 1
di sturbances through reliable estimates of

(i) How does spatial wi @s o huanoowotnarl @ etfye?x t( ieis)t i
(i .e.., Landsat 8, Sentinel 2, and Worl dVi e

mortality across an extent gradient of wind

2Materials and Met hods
2.1. Study area and sampling design

This research was -goowWubtfadr esat al oemb¢ed
(2A5306410S, 60A1606260W). This forest was i

November 2015, which propagated desrteraudc ttirvee
mortality across Fanglgrceea of ~70 hectares (
@ < ~L>‘,:§J}\/~r“‘;.“‘ \A'E
; A . :
§ 4 " Study Area 3
Brazil ‘ ; P 2 ) j
| Amazon Easin ol 1090km
@ 60°20'W 60°10'W 60°W
--------- P o ey T e e,
: BR
Stud;’Area S

0 o 10Km NegroRiver Manaus
=== o)
i T = TRANSECT

S
—
s
S
s
s

el o] o]ol]ol]

[® ciy

: e SRS S = SUBPLOT
N Ro?d ‘ & (non-scale drawing)
Fi gdr ewWi ndt hrown forest | ocated near Manaus, Centr al
plots used to quae})if Hulbbd edaurnee satra bRM@By s i on from Wo
i mage from 27 July 2016.
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The windthrown area is coveéeeddabmet at He
gher portiooaampifndreaemcaehelhsedesco(l Ardr e ae aa
, 2015; Oliveira and Amaral, 2ZI@0#iariBer op
e most common wupl and f(oBrreasgta,t ylme7 9i;n Hti hgeu cA
e | ower portions of bwalxlieoywsn (bree gtieompaolrlayl |
| ati vel y( Bearallds sdtridedgmsaf a0 38t) s have a conl
nse understory, and(Raghedroer 8004 ; ofChami
rra et al ., 2.Ch4ampi RPRiamtezn dete glr.e,d o2l hFA)nt f ¢
dy soil patches with | ow nutrient cont

dersonCompééEdaftowr eatmpj nhamrmaabower speci

o S5 S

a distinct floristic compoAdeney atuealt .

compbaeifsgmethrese forests usually have a c

o

mas s ; shorter canopy; andStarrcep pd oenti ale.ed
ansi ti otne ribiertameedeanmp i nacraanmnasaggr egat e speci
vironments, and thus pr oidfuocre irnesltaatnicvee,| yh ah
to 137 speci(efsndrne aae se trOgdre. sh ePadtylab5s)e t e 1 s

ea not affected by -pcaivé onat huwanlandiost wr h:

veral decades.
The average annual temperature and preci
r study site) is 26.9 N 0.meanrACN anxd% 2c ®Rri3f

terval for T2 0 g&6NMaegrniacdod safo MIBF.0 aT heits arle.g,i 02

i dent dry season from July to September,

0O (Minegkudrez et al .So0id6617,n 2t0hle8 )pl at eaus
ntent that transition f{&esandyesoial s, i d9
hubar.t ,| n1 g8&mMm)er al, the soils have | ow fer:H
d Il ow organi(detbheborert dhkt ¢grot2@D3 )y el ief i n
dul ati ng, including plateaus, sl opes, an
erraz et al ., .1998; Telles et al ., 2003)
To quanti fy -morntdatlhirtoyw itnr etehe f i el d, we

ventory following a protMapnalbasdad Mapr fa o
rra et al Ju82@k4;etNedr.-.n FO1B8owkkOg1lpreot
nducted across di f f(eMaegnnta broesgcioo nMarofa tehte a
, 2044;8rMdeggretn al ., 2011;, Uweq usiezl ae cMuefdo za re
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the entire gradient of tree mortality withi
and through previous assessmenetsst atbhlaits hweedr ep |

(Magnabosco Marra et al Sjn2g@l8hi Marsaaet eal

accesifm@astructure was available (e.g., ro
|l ogistics | imitations and the safety of our
two campaigns conducted in Decembepr i20 120 1(7
(~1.5 years after the windthrow). We establ

10 subplots of?)l1lQtmtlal2®fm30250bml ots, here
Our transects crossedenthe ramtgiimeg dirtmu rabraen

di sturbance (i-greawt hunfiowmpeastt)edt ol sleverely i1

surviving trees. I n the field subplots, w e
breast heighvi 6PBH)yeoes wlthl DBH 010 cm. Due
did not count dead trees in severely iIimpact

errors due to possible missing trees hidder
is typical of windthroiwe E&Bpplé@EMarSraa yeotm&dle.
NegfrlJ-urBr ez etl naslt.ead2,01web )est i mated the numbe

number of | iving/surviving trees recorded i
tree densityriowtdadij ocerst s'dl(do.re.1,5 ~t59%0F atbriene
S1( Al mei da, 2012; Amar al et al ., 2000; Andr
2011, Targhetta et al ., 2015; Urqui.zaTMa Jo
subplots with more than 15 |live trees wer

wi ndt hrmoow ttarleet y) .

2.2. Spectral mi xture anal ysi s aneéemorretnaoltiet ys

We used Landsat 8 and Sentinel 2 i mage
windthrow event (11 September 2015 and 27 J
respect Woel pj ewer only used an i mage acquir
Landsat 8 and Sentinel 2 wer e downl oaded
(https:// earthengine.googl éGooml | claceéeasmnsidd
Wor |l dView 2 was purchased from Digital GI ob
cloud <cover, the closest pass dates to eaf
acquisition date and the ®oabBer®nce of the

We wused Spectral M{ Axdame Ababkhysis 108HA)
Smith, and®d9fgpanti fied the (fAdaacmsi oamrsd o®&i |elneds
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foll owi-hgownweblti ne that was(€EbBambérshetd a
Negrl-urBrez et al ., 201T7he 2881 dme M20elrls 2dAnlt0y i
signatures of multiple elements that make
fraction images for(EHomZemienet talkget B80We& ; i §
uanti fied t he fraction of t he foll owing
hotosynthetically -phot iosg ntvlegteitat vem,t a tnioc
egetation), (Ardda msh ada (GCSHBREGmMd e r2s0 0Wer e ¢
uantified using (tAdea nsso fathnwda rGi,l |EENWIi e5. 32006
nf ormation, 2010; -Gzroesepnatetal al .2,02B898 &;hi M¥H
2017)

- 0O < T QO

We used Landsat 8 and Sentinel 2 -of mage.|
at mosphere (TOA) refl ec-bsowormma. rFRar oWoertlrd \&i ecw
was used to bring pixel values (tUp ttihkee saannde C(
2010)As the evaluated satellites have diffz¢
ranges, we obtained the spectral signatur e
common to al/|l of t hem. For LandsatNIBR,anandd
SWIR bands. Since Worl dView 2 has a smaller
edge, and NIR bands. The selected bands are
characteristics of the I agveéehheanddstrironkspn
NPY Adams et al ., 1995; Ponzoni et al ., 201:

We wused the Purity PLKXpgEand nBnpneicxtd qmaglc t r2a0
Fi guwy etri®dti ed -eosnt aab Ilwesithhed and reliabl e metho
(Marra et aluarz®l4e;t NdguSorme@2 @i Héogrs e? Cln,
purest pixels from al/l i mages (e.g., areas

growth forest) to acquire the mos(Adamsr ahe
Gil |l esp.i eFRi n2a0l0ley), we conducted a SMA to corm
SHOI Shi mabukuro an&i 8cht hhowd9Baye a specifi
NPV fraction, which originated from the dep
debris on {Neltonest Thl epst®84) hat the GV f
patches not affected by the studied windth
ol-ggr owt h forest. The SHD endmember was sel e
area.

The SHD endmember quantifies the effect

angle of i mages, canopy roAadamesandt Gpo G ea



16

Roberts et Shladj ng993) highly related to the
maj or aspect contributing to var(iRdnzonmri ieat
2012)n tropical forests, shade can represe
observed in the redamddhdgdrl WbtainaAss nogfra gaenddr uWa
2003)In windthrown forests, a systematic re
however, the shadow fraction remains relat.i
t he edgEeNedrugGarpesz et Vel .c,o0n2dOulclt)ed our anal ys
GV and NPV fractions, for which the sum equ

06 . 06 L
"6 .06 (

wher enoNdkBV t he normalized values of( Atdlaense rad
Gill espie,hi2s006mpl i es that a reduction in o
fraction by tlé&ddasamme apdo GotilgauaPei eSThe@ 0ID6 3t

were sel ect e(dAdaortso ralti, ngd utr,o fli9e9I39d observat.i
di stri butfovaanl weds NaPcVr o0ss t he windthrow patch
We checked t he hiosihmaygeasnsa md deleecNtPeVd t hose
the pixels with V(Shwuesa ket Weeml @0OBYIed t he
(RMS) from the SMA as a selectFiig®rceri teri un

Fig2rCaut s of NP®dremmbhgds obtained from Spectral Mi xt u
Sentinel 2; (c) WorldView 2.
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The differencemsorbbeeftoweeeg(riv.hee. h NPofindd aft er
( ®PV) provide a quantitamoveaBeapmbers oét wa
20Q07)The IghPYevathes, the grmanteagCht thpwb ewi sn de tl
2013; -Neren et al For2Dandsa0ole)and gdléenwvti ne
fraction using the selectTeadobBpeaiS nobhddmages,
on I mages whose acquisition date was as cl ¢
the probabl e date of occursreernicees boafs eSle notni nteh

a shorter revisitriendg ttoi niea n(d~s5a td a8y s()~ 1c60 ndpaay s

This approach could not be i mplemented
I mage after thenpnowhnpPNr bwr ThedBBRV 8 and S
similar ranges and amplitudes (Figures S5

pattern -amawthihestodgle of forest surrounding
| arsgeal e dnastt wmrdlances), compari sonRoraiatl lys etsh
satellites.

We <cal cuioaahte ds uNoPpMl aoht B)el. eSFelr ¢ hi s, wermc Oonyv

i mages i n rastnerpoflyrgmmats tton NPApef i( Q&I $ or |
Devel opment . T®WNam(f u2Ohey intersected the su
NPVormmol ygons for i1isolating al/l segments i n:

subpl ot we obtained a#en Wa areolrceulsetgankenntt kse od
polygon to obtain a weighMedgnaNPds oval Mer far
Marra et al., 2014; d&dgquiza MufYoz et al.,6 2

.06 |
.06 —— (2
CULUT

where NPV is the weight edbrisaltihee wiotrhman ie
of each pixel, and A?i st htate iasr fauldfy eac hpar
respecti ve esqubipvladte;nt®s0m fitskeea car sai b(prh o't .

Apart from the 30 field subplots, we est
subplots (10 m I 25 m; hereafter referred t
across the @&i gidmembled Tbeestv{irtual subpl ot ¢
robustness of tree mortality estimates by
greater variati onFiod derwa. n dthrer oNAP Vs eweei rgihttye d(

subplots were obtained using the same met ho
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2.Modeling reamotdet s-mbs8i algi ty

We fitted a Generalized Liwnd d&ar-mieNasduatle d(
wi ndt hrmoow ttarleeet y (see Section 2.1). The GL
described the distribution of resiododatknsk us
function, in which |inear predictors must ©b
of an invéMs€uf lbaghiand Nel der , 1989)

We used the field subplots only for mod

for the cases in which the validHAadawloinn.svas2 @
Virtual subplots wer e not used for val i d:
performance of the models, and al so assesse
( ANOVA) . For each model we calcul aMedt abhegh,

2004) Standard Errgy, oRodtheM&asn i fiaqu ase ( Brr c
Standard Deviation (Sigma), and )t hceo Mgy tuesd e\
t he Kullelibbacekr di veRgdKaud | bagmy ITdBO® Ryuitabl e

exponenti al family models (e.g., l ogit), wt
to the inclug¢iCamenbnragde¥®sodmei j.erynlliokde7 ;t
l i near model, which is based on % het Dedénmo
does not represent the proportion of wvaria
does not have the same variability structu
regr e(sGoitoenl | i and Bori stshoing r2dds3gn, Some me
goodpo&#sg of GLM model 4 niknfpaitiesl dre.gor, I
gamma) , have been constructed to express
model s. Amambmd et met &o@hly | Itbhaec ks for mul a) pr
the divergence between the dist¢Chmeron af
Wi ndmei jer, 1997 THKiud | measur ee90€an befaoased

guantifying how muchneafsutrlee Y arieatmoorn adfi t i
fitted Smoidienl sand Mc Kiehren ,e s20 Im»)del was t he o
Deviancegy, RMEE, SSi gm%, and higher R

We assessed the precision (i.e., mi ni mu
and accuracy (i.e., standard deviation [ SD]
of the mean [ hereafter referred toitays. 95B0%
comparing our results with t(hMage arbeopsacrot dvih rfi
2018; Urqgui za Mufwez adts oale.x,pr 2ttdlgalg | witnyd tahsr oc
of sevegiowebh/uobHdsturbed forest [O4% of wi
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severity [4% < windthrow tree mortality O
windthrow tree mortality O 40%]; high windt
60%]; and extreme windthrow severity [>60%
2. 4. Statistical anal ysis

To determine the most appropriate stat.
assumptions required forartametus &« Safespka.rag mh e2ts
We tested whether our measurements and est.i
and homogeneously di®WilkbanddLegseng Vvaeri 8ha
As our data were not normall yedi stinr itthet ¢d a
further copduaemedr acnapproach. We/a If luird htee st
me di(aGost el | i and oElalsissessasn ,p 0061l D)l e di fferenc
estimated and measured values of windthrow
remote sensing esti mat e-¥hiwtmn elyoag steasste,d wbhsiia
for compadi dgtpasets. Al though the arithmet
tendencpafamen(oGoad eddtia and BEel absonrepolit8ed
values-meadastreddastdi mamedet ree mortality, as
Theo(kem Cam, We986urther analyzed difference
foll owed by-htotet Bskey Sgadti stical analyses w

(R Core Tamd,ba2®¥&d)on a probability |l evel o
3. Results
3.1. How does spatial resolutionmafftatitygat
Across all field subplots (0.75 ha), we
equivalent to "60465N N378. 2raed bhal NL63.7
respectively) (mean N 95% CIl ). Live trees v
36 families. Themaretaanl iwti yn dmheha souwr ¢ d eien t he f
a median of 13%, and mini mum ancdt imaelbh\Be(mS v a
Variations in windthrow tree mortality
evaluated in our study. Overall, the best
estimates (i.e., lowey RMSEdJuS&l gm&mi awae hi
achieved with Landsat 8, foll owed by Senti
increasing the spati al resolution (i .e., frr

systematic | oss of qualithcrefasfiinty ofhet F¢ am
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not consistently modify the intercept and
Sshowed minimum values ofiltlted i moretraleiptty m@an
to dabl é

TableFitting summary of GLM models used to relate f
tr-mertality in a Central Amazon forest, Brazil. AIC
of the estimates; RMSE =arsotesmcedmabqsbledaridoeldelb &Salk
Leibler coefficient of determination.

Residual . ) Coefficients
Model Deviance M€ Sy RMSE = Sigma R — (Intercept) b (Slope)
Landsat 8 125.33  183.37 0.2096 0.194 2.116 0.4342 9.08 0.9837
Sentinel 2 136.51 19455 0.2211 0.209 2.208 0.3837 11.21 0.9719
WorldView 2 150.01  208.05 0.2234 0.219 2.315 0.3237 10.61 0.9977

We found a strong and pedsartd viei elod rmd ad |
of wi nd¢tmorroowpktirdeyd Bl g3 aklThe mean and medi an
were statistically sinp=l @r. 91901 e Ffei8d PB (

angvalue = 0.36 [median test]p=ahd4vilrmaad
X%ruswadiFisl. 5@vaadnude = 0.45 [median test])). |
i mages | ed to an overal/l decrease of model
error, confidence i1interval, and interquart
estimated values in a narrower rangeat¢fsodi s
resulted in systematic rdabadti ons of the in
(31)00 _ ,l(’b) Landsat 8 Sentinel 2 WorldView 2
© 1004 A 7 A
= o 7/ 7 4
90 4 g & Z(/ vu,/ o o/l
- ’ ’ 7
80 5 ! ./ ,
£ 60+ o o S o
5 709 § w04 o
% 601 3 20 y'=0.0079 + 0.99 x Y= 001 +0.98 x 4 y=0.0062 +0.99 x
b g 4 ¥ p < 0.0001 7] p < 0.0001 p < 0.0001
2 501 E olrdo o Ri=o0se | |, L _R*=049 R?=043
2 Z 0 20 40 60 8 1000 20 40 60 8 1000 20 40 60 80 100
; 40 Windthrow tree-mortality (%), satellite
o
£ w0 (c) i i
E Landsat 8 Sentinel 2 WorldView 2
H 204 ' Sensor - bl 2 ®o . o/_\\\
~ Landsat 8 ® 29 ° o i o . °\,
104 e e -~ Sentinel 2 R G e - o S _To ___;\o___
cxamo o - WorldView2 & £ . ~o 5.7
0 -m T Olo T ~ T T 2 T T T 1 | T T T T T T JJI T T T ’ T T
0.0 0.1 02 0.3 0.4 05 06 0.7 08 0.9 1.0 0O 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100
NPV Windthrow tree-mortality (%), satellite

Fi g8reGLM models describing the rmdrattadlointsyhi me dsed wedkn

and estimated wusing remote sensing data. (a) Funct
windt hr-omowr takety (%) measurredmadeltshedescerlidhi nd)t Hd nre
windt hr-mowrtakiety measured in the field and estimate
red |Iines are the 1:1 I|line (perfect linear relati or
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estimated values, respectivel y; (c) Symmetry of the
mortality values estimated using remote sensing.

Tab2e Descriptive stat-mernt &lsi toff Wi)ndmda ®wr éd eien t he
remote sensing for a Central -mAnmma zrounm faonrde snta,x i Brruanz ivla.l
Q3first and third -imetdé mqu ageutarBtBa Inrelaanrgd | reSsti aantdiaornd, ESE o

CHO5% Confidence Interval. *i Mesamwhgdsht eWwlttes. mor
Subplot Type Measure  Min  Max Median Q1 Q3 Iqr Mean SD SE Cl
Field Field 0.0 93.0 13.0 0.0 470 470 269 29.7 54 11.1

Landsat8 10.3 80.1 16.1 128 29.8 170 26.5* 225 4.1 8.4
Sentinel2 11.4 750 16.3 140 228 8.8 26.5* 21.2 3.9 7.9
WorldView 212.6 80.8 18.0 154 223 6.9 26.5* 19.7 3.6 7.4
Virtual Landsat8 11.1 81.1 17.6 150 437 287 302 221 22 4.4
Sentinel2 11.7 80.2 19.5 16.2 409 247 303 195 1.9 3.9
WorldView 213.1 92.0 21.2 168 322 154 274 16.1 1.6 3.2

The sensitivity of satell i tneosr taalsiot yv agrri
Landsaantd 8 enti nel 2 had a similar trend cul
(Fi g8ar)e Overall, increagysnhgegmahecaplhyi dbcreas
tree mé&r géabr)et yWi(nd-mbr owl ttgeobtained from L
had a more uniform residual di stribution t
sensitivity of the former satellites was |
gr adkFieqp3r)é | ncreasing spatial resolution | e
tree mortality, possi bl e reflecting crown.
underesti mated estimates of fti@gdrmortality
() e e e I SR I . Y ISR O SRR GRS (e P re e Sy MV R

80 ;‘ 80 1

Extreme © m Extreme Q
|
|

80F - =--dF-=-=--=--- s i s i s i i

D
o

Windthrow tree-mortality (%)
Windthrow tree-mortality (%)

\
il High i High
404 401
/ il
/ﬁ'& \ of
204 - i1 /’/ . £ 20 - /
o HY 7 CHS (
o~~~ [ Gegosn ~~ """ """ """ """T-TT-To- i Oldgrowth ~_~~~~~~~——~
Forest Inventory Landsat 8 Sentinel 2 WorldView 2 Landsat 8 Sentinel 2 WorldView 2
Field Subplots Virtual Subplots
Fi gdreDistribution-mofttewl ndyhi(éw Eseéeéeé mated from sate
resolution (i.e., from 2 namotrot a3l0i tny piink efli)el d as)u BN Inadtt
ortality in virtuallesbpretsheHoultbwebbkack circ
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3.2. Which sensor pecstdiumas eshefmosth dd &t iyavialc
an extent gradient of windthrow severity?
All satellites produced crmarsti altietnyt fersd m
to high disturbance severiimpriialety)25Remot
overestimated f i BLIO® ne agsmored nde nftosr elbsywiSndt mo d
severity. From moderate to extreme @indthr
1015% under s ghameat iRemo(t e esti mates of tree
covering a wider disturbance gradient- were
mortality. Frexmr mmdewatmobtrhadwt yreeandsat &
yielded comparable values, which were also
(Fi gbbr)e Al though with greater associated un
(l ow to moderate and high to extreme sever.

hi gher proportion of the exiswearnga vvaird ert i din
gradient

100 4 100 4
(a) Severity ™ (b)
Old-Growth 4%
—— g >4% and <20% 2 —— Landsat 8
804 — Landsat8 7 80 1 ——— Sentinel 2
———  Sentinel 2 Moderate  >20% and <40% A WorldView 2

= . = — rldView
& |/ WorldView2  high  40% and <60% o £
> 5 =y
= Extreme >60% /) =
o @
s <}
S Q
£ £
@ 3
3 2
£ =
3 3
3 e
= s
s ©
2 =
s =

E

Old-Growth lLow IModerate lHigh .Exlreme Low lModerate IHigh IExtreme
Windthrow severity Windthrow severity
Figbrw ndt hremortraéety measured in the field and est
Central Amazon forest,-m&rtalilty (ianp W aldd-bhswwp moeeal (
in virtual subpl ot s. In (amabesd db)trewe modtdleidt vy e
measurements usi nghadeus . arTéhaes girmy(a) and (b) i ndica
Field = Wi adotrhtraolw ttyr emeeasur ed i n t hmorftiaellidt;y . TM = Wi n
4 . Di scussi on
1. Relating Satellite Data and Field Dat a
Systematic increase of spatial resol uti
satell i tes to eneoprttuarlel twi nadit htrhoew etxrteree mes of
|l ow, and sevabd kbmowi adit hy pw areas there i:

foll owed by a consequent increase of NPV. N
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a year due to the fast growth of pioneer sy
suppressed at t he( Manrdrear setto rayld .w0,8 r 2200nled ;f oMdegsrt- |
As supported by our data, the | oss of the N
resolution imagery with relatively small pi
the fast emergence of photAdgms hathdc/Ggn e ers
(Fi gurpe S

The convective storm that i mpacted our
( November/ 2015) prior to the acquisition o
NP¥raction i mages may already cont aiirs swvmarse
evidenced by the relatively high reflectanc

~ 0.83 Om), which indicate a relatively hi
veget@Adam$ and Gillespie, m20®dd; wiStolme NPV e ¢
vegetati on,Fiwoude dSeybsrtiesmat(i ¢ reductions of
spati al resolution (i.e., from Landsat 8 1t
to specific admixture | evels of GV. Althoug
ourtadasupport previous research indicating
vegetation tend to be rapidly Fdigluuteed®& due t

The detection of tree damage and mort al
sever al factor s, such as canopywilketeddgenn i
and shadop®oeffetctal ., 1984, Ponzoni et. al .,
Overall, gains in spatial resolution i mpro
(Asner et al ., 2002; Clark et aSa.n,t 0204 a;l .0
as the spectral information tend to be high

targ€tark et doweva2004h)he number of pi xel s
properties of the swuvsrfadeewi agds dhcioavtsed swihti hy
spectr al resdqliTinteii d ®rofetSimdcgee rtyh@1 9nean refl e
is strongly influenced by the(RPanheoinal ,ewi ah
the | ower the spati al resolution of the sen
of signals produced by surfaces with relati
efféShs mabukuro and whorhonis, sa@pd)ted by t
Worl dView 2 to capturedidsfdubedtaeeasnoandl
di sturbed forest patches. Worl dView 2 al so
Landsat 8 aatd ISeemwmtame |l m&der ate windthfrow s

mortality O 40%). Given the relatiRetlgrsdan
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al ., 2019; Ri) b eoifr oc aento pay/l .t,r e2G16)n our study
Worl dVi esypi2xe(l4 ame a) can potentially captur
measured in the fimekdal(itg), Thdi vndeakept
froml%, indicating that all Tsaadl)el ITihtee sv aa v ar
I nt erkciegpBarye may al so be related to scaling
dat a axndalfei neari ations of environment al at
Further mor e, our model s indicate that unc

wi nddw -mareteal ity are | arger at t hRi g3krild& e Res
values indicate that our model s captured b
measured mortality. We ©believe these value
intensity typical Magnwbaoadtbor Manr Aoeestas . ,

Urqui za Mufoandt thle. ti2m@2bap bet ween the s
date of empl oyed -monaggalsi. t Eswasnabedutate (I
truth) across an extentid2%ngmoaddr avtiex dtt & r o iw¢

previiyourseported, these severities accounted
(Chambers et al., 2009b; Ma,r rbai cemha sasl .s,t 02cOkl 4
(Magnabosco Marra et al.,,20d8anUcqgs¢dDhsdtaf]
Sant os et and ,i n2sPeAcbte ndciavre resti tayy . , i B0@2heV¥Wi Cp

and Northwestern Amazon forests affected by
i mprove the remote detection etfo egriadn alr wvaarni
in topography, climet®dal aginlos, eanBahphod2 1g
2017; Gorgens et al., 2023; Simonetti et al

Hi glresol ution remot-modelns) ngs snomde | tsh 4 tHRe
t han | mager epsioxleutsi;o rmomioed esl)s a(slsRIfh&t t bl eppe

1986)Thi s means that the spatial arrangemen
detected d-modetbybeoaawtHRRe individual el emen
usually not -wmolli¢dé&sed hwietrh et Ral ., 1986 ; ASNo o ¢
predicted from our best mo d e | (Landsat 8) ,
windthrow |l ost O50% of I|ive trees. While a
to two independent areas, trhaedyi ecnams bhga wee nc dor

di stribution of damaged/ dead trees Figeaereg ¢
3a) .
Il n windthrows, the process of detectin

bet weean HRIoRl el s, depending on the | evel of
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pi xel s. For exampl e, i n a highly impacted
trees) inside one Landsat 30 m x 30 m pixel

detected because tree cr ownst haen dp itxreuln kssi zaer.e

an unigue reflectance value (i.e., single p
trees) . The resulting measur ement i's highl
(Somers et al ., 20HbwelVhad,delm HR had .s a e 1&r) ¢
by sever al pixels (e.g., 2 m x 2 m pixel o f

of the vegetation becomes relevant because

resemblreitghediomr s because they are |ikely t
homogeneo(uAdatnasr gennd G.i | | ersopliRed ,s ,2QChée) varyin
captured by several pixels will (Wopdeoehkt at

Strahl erDep28d@d) ng on the size and severity

si zeanHdmRoRiel s wi || have different relati on:
the field and the spectral/ spatial suppor mat
the more pixels within the subplots, t he 1
di sturbed forest. However, tree damage (e.
crown) shoul d al so be egnutaonrtiiefsi etdo i ma xfiuniuzree
exXxi sting sensot#sxswiltult i bing ht éhra ns g ehtoiseel we e mpl
(Pl anet Teaikondl2 29 tanal .Qu i(dT@BA)i ., 2004)

A precise match between field and remo
estimates of tree mortality. Il n our study,
been incorrectly accounted for. OuS (pGaortnsi nv
64 CSx), which has a nominal spati al resol
relevant for Worl dView 2. Geolocation error

Uni ted States,( Laonwde!| 50 dm agnldo BDamyle e n t2i0ne2l) 2 &
2, gl obal errors @6tomeytbae alrder 280nld6 132.T5 ®m
(Worl dView 2espeet)vel y. However, previous
indicated a high correspondence between gr
Landsvaatgnabosco Marra et al ., 201 8; Marra e

As previously demonstrated, @a@&NPV is hig!
(Magnabosco Marra et al . ;Jul80l18&; eMa Aasl as,e p2pOalt
by our Fr gsSpTeatbsh)e( Sus intrfno NPYuant i fyi-mgr twalnidtty
al so produced robust and unbiased esti mates

be affected by wvariations in forest deci du
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forests with | arger proportion of edges or
i magery covering the targeaendfgiosstsur lsehroaud dc d

and with the shottevtal pbediwlklean tsicrm@es.

4. 2. -Ofrfadeket ween precision and accuracy of
By increasing spatial resolution and, <c
a given target, we observed a systematic re
with our esti maimes t afaib#)ien qHohweovwe rt,r ereeduct i o
were foll owed by systematic reductions in t
at the extremes of the disturbance gradien
pattern suxgfofesween pradecSiHamdandha@husacwpnse

indicates the reduction of wuncertainty ar ol

closeness of the estimates in relation to
tree mortality egsrtoiummadt etsr uctlho scewrert oa twiede r
moderate to high windthrow severity). Futur

regions with different forest attributes an

Al t hough we equalized TOA valwues prior
di fferent setup of i maging angles (Nadir) ¢
the detection of t a(r@edls emi tahl .i,r rleydudsaurd losnar
i n windthrown forests with high amMdamtas eff
201l4)Large angles can imply obscuration of
and spectral @(felagamuk est odl t,arg@d5s; Gal v«o et
2018; ToutiLrand2@®4)8 i mages are acquired wun
Worl dVi ew -Nadhiarv eanogflfes (~10. 4A and ~20A, re
have reduced the quality of the NPV signal
rebatto that obtained with Landsat 8. This
edge of highly i mpacted areas, where insol a
can promote strong s hal(dAsnnge re fafnedc tWa ranre rt, h €i0r0
Vitousek and. Ddasmow)j ga®86problems related
fractions for GV and NPV without shade. Thi

filled by equal proportionf®fAdams GEndneé&i NP¥s
Di stortions due to the technical attributes
study, but we believe that these effects wc

from being usuaNhygyi acgqgugtedi Suembaf Eosts or
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commer crabohughon i magery, such as Worl dVi e

ardasoutin, TROHd)aspects | imit the applicati

monitoring forest recovery across | arge reg
|l ndeed, our results show that spati al

evidence for the mismatch between field anc
of Sentinel 2 and Worl dView 2 to thatNBY &aana

GV fractions (i .e., reducti on andFiigwudrjiee a% e
This pattern indicates that spati al resol u
wi ndt hrmoow ttarleset y, as wel l-dastwuo bdinctei ngygiesler

a direct effect on estimatesdbpaalbtes eok!l wi A
spatial resolution has the potential to inc
faldi monetti et albes 2@23seem to have-tbhe p
| andscape esti matneosrtafl i wyndffheowccueate a
achieved with Landsat 8 may also bé pasrtiina
comparison to) subplots (250 m

Landsat 8 and Sentinel 2 have broad spe
from the visible to i2hé (&3HNTHMMEUs eir n fHraarddc
Landsat Sci evhecaenwh2022) Wor |l dView 2 has a sp

near i nfilr.a0rde(d®af)ol.d4vi ew DRI, f f2dr2elyt terrai n ma
spectrum of others are common in dense fore
gener al recommendation for exAdamgs i agd mGr k
2006)Thus, the | ower spectral resolution of
endmembers, and thus the overall quality of

The characteristics of the satellites w
conditions. Whil e Landsat 8 and Sentinel 2

Wor |l dView 2 has high costilemand c elgde\bi seswo n2Wglr
a daly revigGWarnInggVitawmeRe nt2i0Rdly 2t §eet ian &l 2
2 A, 20Rdl )Lands ad ay8 (hiaasedas alt6 Sci 8maret e 0R2&Y i
i ncreases the chances of acquiring scenes s
This aspect is essenti al to mitigate the
regeneration. The hiagh(nkalrotuidn sc oeatles @li.Ini rm2h@ek
availability of iIimages, and shorter revisit

Landsat h-aerm ¢ olnlgecti on of Il mages t ha
(Williams,ewhakh, ma@eées)itscali ¢é¢adbledifes &iami
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windt hrows and moni t or(iMagg nfaobroesscto rMacrorvae reyt o
Muffoz et .alHowevOeZrlLa)Landsat may be inaccur
di sturbances creat €8 fbayl IceNna gtk ve@nese z0 fe. tl &&bls.| € h;
restricted for the | ast 8 year s, Sentinel

assessments of the extent and setvreeetlyewvdl

Sentinel 2 produces estiam,t eist wndyh alveo ap ¢
guantifying diffuse tree mort@$entyi ndlue2 tloe
2021)Sentinel 2 mayt esrommnamdll yosve & owi tlho ntgiegh p

Worl|l dView 2 estimates had | ower associ a
areas with <20% tree mortality. However, th
potenti al of using Worl dView 2 f arecmoreirtyar i
recently | aunched( NPdramaeey 6 sNIIOFtlerimattiicanalv eCl i

c

2023; Pl anectonfeeaar,s 2Mi2Z@hH nr epd xled t)i anmu | (t3 spect
revisiting interval of | ess t(hReory fed u ra Tdhag yss2
of fers a new possibility for gquantifying at

mortality regulating forest dynamics and fu

5. Concl usi ons

‘N

|l ncreasing the spatial resolution of
estimates of-maovitnaltihtrywbutredi d not i mprove
Wor |l dView 2 and Sentinel 2, Landsat & iprldvi
measurements at-l @wvel .i nTdhevs edurad s ulrtese hi ghl i g

for mapping windthrows and monitoring fores

higkesolution i mages, fi elaodn ssuhrovuelyds aucsceadu nftor
tr-eé@mage (e.g., defoliation, crown breakag
resolution satellite imagery are expensive

i mits their spgrel iamnde domn gsosre slsamregnet s of mor

Future studies applying high spatial resao.
l i mitations of coarser sensors in detecting
tr-eamade.s Wil |l i mprove current knowl edge or
as wel |l as on associated processes regul at|

forests.
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Suppl ementary materi al
Suppl ementary S1
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Tablle Beference dat a

of tree density

n

Terr a

4 2

Firme/ Campinarana forest

Vegetation type

Location

Density (treesha™)

Reference

Campina/Campinarana Presidente FigueireddM 616 (Andreae et al., 2015)
Ancient fluvial terrace Presidente FigueiredaM 497 (Andreae et al., 2015)
Terra firme Presidente FigueiredaM 597 (Andreae et al., 2015)
Plate Forest (Terra Firme/Campinarana) ManausAM 477 (Almeida, 2012)
Forested Campinarana ManausAM 507 (Almeida, 2012)
Terra firme Sé&o Gabriel da Cachoeifev 523 (Stropp et al., 2011)
Terra firme Sé&o Gabriel da Cachoeifevi 537 (Stropp et al., 2011)
Terra firme S&o Gabriel da CachoeifeM 505 (Stropp et al., 2011)
Terra firme Igarapé Pamaali (Ican&M 614 (Stropp et al., 2011)
Forested Campinarana Sao Gabriel d&€achoeiraAM 547 (Stropp et al., 2011)
Forested Campinarana Sé&o Gabriel da Cachoeifevi 642 (Stropp et al., 2011)
Forested Campinarana Sé&o Gabriel da Cachoeifvi 611 (Stropp et al., 2011)
Forested Campinarana JanddCachoeira (IcanadM 724 (Stropp et al., 2011)
Forested Campinarana Presidente FigueiredaM 616 (Targhetta et al., 2015)
Terra Firme Sao Sebastido do Uatupd 741 (Amaral et al., 2000)
Forested Campinarana ManausAM 470 (Woortmann et al., 2018)
Mean (treesha?) + SD 587.9+92.7

Mean (10 m x 25 m plot) + SD 147+ 2.3

n

Centr
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Suppl ementary S2

Tabl2e Satellite image collection and specifications.
Specification /Satellite Landsat 8 Sentinel 2 WorldView 2
Sensor oLl MSI PanrMS
Scene 231/062 T56MNN Order
Level/Collection 01/co01 01-C/-T-01 -
Available Bands 12 16 9
Used bands 2-7 2-8, 8A 2-8
Reflectance calibration TOA TOA Radiance
Provider USGS ESA/Copernicus Digital Globe
Pixel resolutionmeters) 30 10- 20 2
Radiometric resolution (bits) 16 12 11
Temporal resolution (days) 16 ~5 1,1
Used scenes Before After Before After Before After
Cloud Cover (%) 0,1 1,2 3,11 0,02 - 0,002
Scene date (year/month/day) 11/09/2015 27/07/2016 25/08/2015 30/07/2016 - 27/07/2016

Google Earth Engine ID

COPERNICUS/S2_ COPERNICUS/S2_
LANDSAT/LC08/C02/T1 LANDSAT/LC08/C HARMONIZED/201 HARMONIZED/201
_RT_TOA/LCO08_23106z 01/T1_TOA/LCO08_2 50825T143316_201 60730T142756_20. -

20150911 31062_20160727 50825T143317_T2( 60730T193520_T2(
MQB MRB
Tabl3e Borest inventory and satellite eAtiwmateseébpsPlicecesFiodd attbplheeIT AT nza mKNemt
trees (AT + DT) ; -pNPoM o=s yvnatl hueetsi co fv engoent at i on recorded by satellites; PTML8 percen
= LandSZat=8Sentinel 2 W2 = Worl dView 2.
DT Field NPV PTM

Transect Subplot AT (Subplot) AT (ha) DT (Subplot) (ha) TT (Subplot) TT (ha) PTM T S2 w2 T S2 W2
VQQ1 VQQ11D 8 320 7 280 15 600 46,7 0,172 0,076 0,070 16,8 14,2 154

VQQ11E 10 400 5 200 15 600 33,3 0,172 0,113 0,146 16,8 159 223

VQQ12D 16 640 0 0 16 640 0,0 0,095 0,013 0,070 12,8 11,7 153

VQQ12E 15 600 0 0 15 600 0,0 0,108 0,045 0,058 135 129 144

VQQ13D 9 360 6 240 15 600 40,0 0,082 0,102 0,065 12,3 153 150




4 4

DT Field NPV PTM
Transect Subplot AT (Subplot) AT (ha) DT (Subplot) (ha) TT (Subplot) TT (ha) PTM T S2 W2 T S2 W2
VQQ13E 7 280 8 320 15 600 53,3 0,096 0,217 0,031 129 16,1 12,6
VQQ14D 8 320 7 280 15 600 46,7 0,164 0,159 0,071 16,3 18,1 15,5
VQQI14E 13 520 2 80 15 600 13,3 0,156 0,160 0,133 159 18,2 21,0
VQQ15D 13 520 2 80 15 600 13,3 0,335 0,178 0,119 282 19,2 19,7
VQQ15E 10 400 5 200 15 600 33,3 0,344 0,218 0,102 29,0 215 18,1
VQQ2 VQQ21D 16 640 0 0 16 640 0,0 0,106 0,112 0,097 134 158 17,7
VQQ21E 11 440 4 160 15 600 26,7 0,093 0,015 0,106 12,7 11,7 184
VQQ22D 14 560 1 40 15 600 6,7 0,051 0,067 0,101 11,0 13,8 18,0
VQQ22E 14 560 1 40 15 600 6,7 0,035 0,035 0,085 10,3 125 16,6
VQQ23D 15 600 0 0 15 600 0,0 0,086 0,084 0,099 124 145 17,8
VQQ23E 15 600 0 0 15 600 0,0 0,089 0,128 0,090 126 16,6 17,0
VQQ24D 14 560 1 40 15 600 6,7 0,088 0,071 0,108 125 14,0 18,7
VQQ24E 18 720 0 0 18 720 0,0 0,136 0,099 0,049 148 152 13,7
VQQ25D 16 640 0 0 16 640 0,0 0,074 0,006 0,038 11,9 11,4 13,0
VQQ25E 18 720 0 0 18 720 0,0 0,102 0,056 0,054 13,2 13,3 14,2
VQQ3 VQQ31D 3 120 12 480 15 600 80,0 0,902 0,895 0,551 80,1 750 77,2
VQQ31E 6 240 9 360 15 600 60,0 0,893 0,888 0,587 795 74,6 80,8
VQQ32D 1 40 14 560 15 600 93,3 0,897 0,789 0,346 79,8 67,4 49,3
VQQ32E 2 80 13 520 15 600 86,7 0,800 0,844 0,444 793 715 63,8
VQQ33D 15 600 0 0 15 600 0,0 0,424 0,659 0,318 36,2 56,6 45,1
VQQS33E 6 240 9 360 15 600 60,0 0,384 0,663 0432 325 57,0 621
VQQ34D 11 440 4 160 15 600 26,7 0,356 0,347 0,152 30,1 30,1 23,0
VQQ34E 5 200 10 400 15 600 66,7 0,356 0,246 0,144 30,1 23,2 22,2
VQQ35D 14 560 1 40 15 600 6,7 0,260 0,148 0,124 225 17,6 20,1
VQQ35E 18 720 0 0 18 720 0,0 0,284 0,184 0,085 242 195 16,6
Total 341 - 121 - 462 - - - - - - - -
Mean 11,4 455 4,0 161 154 616,0 26,9 0,274 0,251 0,163 265 26,5 26,5
IC (95%) 1,8 70,2 1,6 63,7 0,3 13,3 11,1 0,101 0,107 0,058 8.4 7,9 7,4
Median 13,0 520,0 2,0 80,0 15,0 600,0 13,3 0,160 0,123 0,102 16,1 16,3 18,0
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Suppl ementary S3

We wused &NPV for the Landsat 8 and Sent
using &NPV had similar fit metrliasl4diceg ween
S5;Fi guye Similarly, wvariations and uncertai
wi ndt hrmoow ttarleet y wer e si mil arp da-et svtad ruleasn aues)i |
entire gradi dabbéaBbéEs Gury eaB®Bkes(result allo

the sensitivity of the different satellites

Tablde Bitting summary of GLM models used to relate f
tr-mertality using @NPV for Landsat 8 and Sentinel 2

I nformati onRx=Crsittaerdiaa;d rror of the estimates; RMSE
residual st andas s dKudlelvid gattki orn;c dRgf fi ci ent of deter mi na
[ Coefficients
Model Residudl e g, RMSE Sigma Rz :
Deviance a (intercept) b (slope)
L8 136.95 19499 0.2274 0.208 2,212 0.3817 11.18 0.9860
S2 139.61 197.65 0.2311 0.211 2,223 0.3697 13.14 0.9756
a)mo . ) Landsat 8 Sentinel 2
100 4 r ,
90 /’ ’/
80 ;' ”,’
80- ,/ ,/

60

704

60 1

y=0.0084 +0.99 y=0.01+0.98 x

Windthrow tree-mortality (%), field &

B
2
=
g
2
5 2 0 2
g , R“=0.49, p = 1.5e-05 , R“=0.48, p=2.4e-05
504 7 . 7’
E oo 0 e ) - e 5 T T e T m T T
§ 0 20 40 60 80 100 0 20 40 60 80 100
; 40 4 Windthrow tree-mortality (%), satellite
2 i
£ 34 c) .
i Landsat 8 Sentinel 2
= +1
201 .
/ Sensor 2, .-
7 0 o -e~ Landsat 8 3 o o
104 -~ Sentinel 2 @ 0o = e = = =0 =0 — — | | = e = —mm e O - - -
jo ™ 00 () 3
(4 ®oY Q
2= 5
O -mvi '7‘ — T T T T < T T T T 1 T T T T T T T T T T T T
00 01 02 03 04 05 06 07 0.8 09 1.0 0 20 40 60 80 100 0 20 40 60 80 100
ANPV Windthrow tree-mortality (%), satellite

Figux eGEM model s describing the rnedrattalointsyhinpe dbseu rweede r

anestimated using remote sensing data (&NPV). (a) Fi
and windt-moowalirtey ( %) measured in the fi-ménrdt al(ibt)y
estimated with remote senac¢hgdantded i @ahd medsluir eene na:
l'inear relationship) and the actual relationship be

Resi dual di stribution of fitted model s.
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Forest Inventory Landsat 8 Sentinel 2 Landsat 8 Sentinel 2
Field Subplots Virtual Subplots

Figuac eDSEstributionmoftwihntdyh¢(®ww e€stkemated with &NPV
Sentinel 2. aymowWitmdt hryow nt rfeieel d s unbopritoalsi;t yb)i nWitnhde
subpl ot s OQutliers are indicated with black dots.
Tablbe Bescriptive statimotrit@ad i tgr (W) ndielarsauw etdr é en t h e
values calcul ated for Landsat 8 and Senti aeilniZmudmr a2
and maxi mum val-Uesst Qandndhi®P8d elsgti d ggugu bt iItea mrhanrgce ;
Devi at Fr®tmandSé&r d -Br5ro rConCGli dence I nterval. *The mean
values in the field subplotsdwashet ht neaal mpddl mhbaj
windthreowrtakety were normalized to the area of t
comparisons between satellites.

Plot type Measure Min Max Median Q1 Q3 Igr Mean SD SE Cl

Field Field 0.0 93.0 13.0 00 470 470 269 297 54 111
L8 11.3 76.0 16.7 132 250 119 265 212 39 79
S2 13.3 75.6 16.8 144 214 70 265 210 38 738
Virtual L8 11.2 79.0 13.6 119 451 331 273 217 22 4.3
S2 13.1 825 189 153 439 286 309 206 21 4.1
Tablee BBorest inventory and satmolritiatle tes tuismatge seNdfV wia
for Landsat 8 and Sentinel 2 at the subbpalscetd leesvteilmat
tr-mertality; TT = numbeT) ;ofNPtVot=al v-pt hroetesss phHA Tmeottni @ v e
recorded by satellites in the subplots; PTM = perc:e
Landsat 8; S2 = Sentinel 2.
TT TT Field &NPV PTM Esti mated
Plot Subplot AT (Subplot) (ha) PTM 18 S2 L8 S2
VQQ1 VQQ11D 8 7 15 600 46.7 0.045 0.099 13.2 17.9
VQQ11E 10 5 15 600 33.3 0.044 0.133 13.2 19.8
VQQ12D 16 0 16 640 0.0 0.010 0.073 11.6 16.5
VQQ12E 15 0 15 600 0.0 0.021 0.086 12.1 17.2
VQQ13D 9 6 15 600 40.0 0.098 0.053 16.0 15.5
VQQ13E 7 8 15 600 53.3 0.110 0.039 16.7 14.9
VQQ14D 8 7 15 600 46.7 0.136 0.063 18.3 16.0
VQQ14E 13 2 15 600 13.3 0.166 0.030 20.3 145
VQQ15D 13 2 15 600 13.3 0.059 0.105 13.9 18.2
VQQ15E 10 5 15 600 33.3 0.062 0.084 14.1 171
VQQ2 VQQ21D 16 0 16 640 0.0 0.040 0.035 13.0 14.7
VQQ21E 11 4 15 600 26.7 0.067 0.003 14.3 13.3
VQQ22D 14 1 15 600 6.7 0.162 0.007 20.0 134
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TT TT Field a&&NPV PTM Esti mated
Plot Subplot AT DT g oty (ha) PTM L8  S2 L8 s2
VQQ22E 14 1 15 600 6.7 0.201 0.013 22.8 13.7
VQQ23D 15 O 15 600 0.0 0.021 0.007 12.1 13.4
VQQ23E 15 O 15 600 0.0 0.021 0.007 12.1 135
VQQ24D 14 1 15 600 6.7 0.003 0.003 11.3 13.3
VQQ24E 18 O 18 720 0.0 0.028 0.052 12.4 15.5
VQQ25D 16 O 16 640 0.0 0.168 0.027 20.5 14.3
VQQ25E 18 O 18 720 0.0 0.171 0.029 20.6 14.4
VQQ3 VQQ31D 3 12 15 600 80.0 0.759 0.818 76.0 75.6
VQQ31lE 6 9 15 600 60.0 0.755 0.799 75.7 74.2
VvQQ32D 1 14 15 600 93.3 0.730 0.682 73.7 65.2
VQQ32E 2 13 15 600 86.7 0.641 0.747 65.7 70.5
VQQ33D 15 0 15 600 0.0 0.532 0.576 54.7 55.9
VQQ33E 6 9 15 600 60.0 0.501 0.611 51.4 59.1
VQQ34D 11 4 15 600 26.7 0.239 0.236 25.8 26.6
VQQ34E 5 10 15 600 66.7 0.281 0.168 294 21.9
VQQ35D 14 1 15 600 6.7 0.098 0.112 16.0 18.6
VQQ35E 18 0 18 720 0.0 0.110 0.121 16.7 19.1
Total 341 121 462 - - - - - -
Mean 11.4 40 154 616.0 26.9 0.209 0.194 26.5 26.5
IC (95%) 1.8 1.6 0.3 13.3 11.1 0.086 0.096 7.9 7.8
Median 13.0 2.0 15.0 600.0 13.3 0.110 0.079 16.7 16.8
a) L Severity PTM b) 94
Old-Growth <4%
——  Field Low >4% and <20% 7 - 'éae:zf]:g
801 —— Landsat8  \ogerate  >20% and <40% P
= ———  Sentinel 2 ’ > A 601
< High >40% and <60% 74 <
§>’ Extreme >60% % .‘?
£ 60 i £
g // g
g ,« _— E®
E //// E 20 4
20./ ,//
- i ///
0 4= o ,/ . . . 0 . . :
Old-Growth Low Moderate  High Extreme Low Moderate High  Extreme
Windthrow severity Windthrow severity
FiguT.e W8 ndt h-mowt dlrietey meas wmeld eisn imae el i elsdng a&NPV
Landsat 8 and Senti nmdr t2al i(tay Wi nHit élr o ws unvomleoa Isi;t y( bi)
Virtual Subplots. I n (a) amdr t{&d)itweesmbidmaedswi adt édn
grewlygons in (a) and (b) indicate the 95% confi den
tr-mertality measured by Forest I nvenmoryal PTMWM. = Per

Suppl ement ary S4

We used the ENYDI &I 8 sof ewaract ffocal e
were peFigwmedBi(rst, we downl oaded Laoddsat
atmosphere reflectance (TOA) values direct
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Wor |l dView 2 image was acquired in radiance
(Radi ometric {2sd mafg eWopr, Icd®dWi2ee2wct t he r adi ance
all owed us to compare the reflectance curve
they had similar curves.

Second, we applied an endmember acqui ¢
processes: (a) Mi ni mum Noise Fraction Rot a
analysis to determine the dimensionality o
(Green et @) ,PUPOBBY Pi xel Il ndex which sear

the images from the | owddsAtdamsi saen db a1 d @ cels @i ¢
D Visualizer which di-dpmhaysi eamal ps xades (Wi .td
bands of the i mages) by means of a scatter
pi xels at the extr(dAmMasnsofantdhei il espi but i2d1
Ponzoni, Ea@bh7rl uster provided a mean refl ec
forming the spectral signature of the endme
endmembers for GV, NPV, and Shade. Thiedd,
endmember (i .e., GV, NPV, and Shade) wusing
were normalized without Shade to obtain va
bet welen Fourt h, we <carr-cbdclhiun graodrtiigeny o unmsa gc
manually inspecting the di sipreargseisonwiofh NRV |\

pi xels ranging from zero to one were selec

Resi dual Error (RMS) . EashfoanhHdedaiespeatete
composition of the same i mage to evaluate
captured by tHeaarcespBrcgutaeggeBRY t h, weOGIluS ed
Devel opmenttdeam)] e2016he region of interest
the forest inventory was perfor med. Further
of shading from va(NegkulButetzo nest danbd. wshli2ofpielsy
i mages wer e clipped. Those wer e converted
cal cul ations. Finally, we calcul ated the we
Statistics tool. The weightedr 8ilP¥t gdl est we

tree mortality measured in the field using
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(1) Image equalization

TOA reflectance values
correction

— Yoo, ,
n-D Visualizer

orte PRI L8 GBAND HI
I

(2) Routine for defining endmembers

Pixel Spectra Analysis

Minimum Noise
Fraction Rotation

Purity Pixel Index

Spectral Library Build

05 10 15 20
V\.’euPanglh {um)

05 10 15 20
Wavelength (um)

1.0
Wavelengih [JmJ

. J
I " N
(5) GIS analysis
Histogram analysis H Selected NPV :
(accept range = 98% [0 — 1J) Fracuon Image Subsect Raster Raster to Vector
E # /\ i = { Vector Image NPV
el / ‘ ] =
iger [\ E "
;:f; ‘\A,ﬂm-xn,,w*\“v;: E,‘ﬁ;’:.
01 02 03 04 05 ﬂ‘“ﬂ
Lo, DA VAL eeeereanaes
Forest Inventory
R, A, WReglon L
RMS Residual Error Ex
12
,} -------------------- A = Area of pixel fracuon
Plot: NPV Value \ inside plot
......................... [ \ H
NPV ishied A
weighte 0.3458 \‘ 0,3458 \‘ .
.......................................................... i
Ground context % :
5 1
' + \ 06955, -
<°> 0,6955+A 0.6735 v - '\
\. J \ < J
Figuad& eA8alysis routine for selecting endmembers

us e |
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a) 0.5 b) 0.5 C) 05
—— G\ — GV — GV
— NPV NPV s N PV
0.4 ——SHD 4 ——SHD o ~SHD
@ [ (]
203 go03 203
£ 8 8
8 8 8
§0.2 éo.z §0,2
0.1 0.1 0.1
0.0 0.0 0.0
0.4 10 16 22 04 1.0 16 22 04 1.0 16 22
Wavelength (um) Wavelength (um) Wavelength (um)
Figuxe Spectral signature of the selected endmembers
(c) WorldView 2. GV = Grepeheont oVseygnetthaettiiocn ;v eNgPeM a=t iNoonn.
Suppl ementary S5
By definition, when using the normali ze
sum of the ratios of both fractions equals
increase in the other (Adamsi andbwGi 1t MRS pvaae eu
in field subplots decreased with increasin
occurs for GV values). These changes were |
the otheFiguat@e!|.$ Weeobcerved a simil &i gpatt e
SI1Bb). This patt errne sallpwptoirdmrs ithadi rseattliyalcorr
capturing changes in the fraction of photos
a) 0 ----- T =it = s s T e e b) 10t --- ]'l_______:') -----------
o A A ‘l!
o
0.8 1 \[ Extreme lol 0.8 4 Extreme
| |
o »
064 == === fmm e m - e 064 == =|ff=====1¢
> I\ > I
% /]\ High % High [
0.4+ /— - ol 044 i
\ I /1 1\ |
| 1\ /11 /|
11\ / /1] / \
024 == = = f~ o A e ~/ 024 = - = o ,_,;7.‘«_ A\
[H / 0T
= ( \ T/ /
oo0d____ ey T N A o T~/ Toldgowti \ 17~~~
Landlsat 8 Semi.nel 2 World{/iew 2 Landlsat 8 Senl\'ne\ 2 World{/iew 2
Field Subplots Virtual Subplots
Figur@® i stribution of NPV values estimated from sa
from 2 m to 30 m pixel). a) NPV values in the field
are indicated by black dot s.
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NPV values in field subplots; d) Downgraded ( mean)
(medi an) NPV values in field subplots; f) Downgr ade
bl ack circles show the outliers.
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Cap2tulo

Emmert, Wi.ndest wailt.h destructive potential across a
topographic and seasonal gradient in a Central Ama :
for.est

(Manuscrito sBhongtiodei encewi st a
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WI NDS WI TH DESTRUCTI VE POTENTI AL
TOPOGRAPHI C AND SEASONAL GRADI ENT |
AMAZON FOREST

Abstract

Winds can exceed the mechanicalupstoabilnigty | d
portions of the Amazon, storms propagating
drivers of tree mortality, affecting foresH
Our understanding of WODO&®mage mabséyvabmessfr
records assessing wind patterns exist in fe
resolution. Consequently, the tempor al and
Using 24 monltohgsi coafl nudeatteao rroecor ded at canopy
rainfall gradient, we developed an innovat.
central Amazon forest. We assessed the fre
possilmalte omes hi ps with | ocal topography and r
WDP event s, with speedstamangirng iftmomdlu0® at o
seconds WDP occurred approximately ad of
mont hly means (N standard deviation) o f 3
Topography i nfl uenlcaesdt itnhge, faansdt elseta s tl ofnrgeegsu e
the more frequent, sl ower, ammodr es heoxr pt oesre do naers
particularly vul ner abllaes ttion g hVD Fs. p eTehdei eBs/tt ha n
rate correlated most strongly with the freg
the role of extrtameg rdeisnfraulclt iivre pwi ompaga Our
are more common during the transition from
studies in different Amazon regions that e
damage andnfmowenacliinngy,t ur bul ence and associ ¢
fluxes

Keywormrads €srntogwyr, bul Mentceeo,r oToavgRagian Sead d o n& leiet vy,
Mort &ShelkBy¢ eConye Stgtvems.
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VENTOS COM POTENCI AL DESTRUTI VO AO
GRADI ENTE TOPOGRCFI CO E SAZONAL EM U
AMAZDNI A CENTRAL

Re s umo

Os ventos podem exceder a est-abi hi dadeguméc !
serem arrancadas. Em grandes por-»es da Ama
potenci al destrutivo (VPD) s«o0 i mempqgr tad rett eas ¢
estrutura da floresta, os estoques de bi oma
do VPD prov®m principal mente de observa-»e
met eorol -gicos que avaliam 0s padamresedgewN:
feitos com resolu-«o0o tempor al i nsuficient
espaciais do VPD permanecem mal compreendi d
registrados na altura docodoastsdesl ad e sie o mo gv a oh
m®t odo i novador para detectadanmdzdeCame \adr
Avaliamos a frequ°ncia, 8aVPDeIleocasdapdoees se? vae idsu
a topografia | ocal dasa cshwoasl i Radest namasi
om velocidades vate adwdroa-dreeslOcre tlic,a®s mes 1
correu em aproxi madamente 4% do tempo anal
N desvio padr«o) de 3,1 N 2,9 e 17,2 N 9
S rajadas mmaiss drugmidbaig,as e menos frequ
requentes, mai s | entas e mais curtas. As
arti cuviualrnreerngW& D smaaios r 8pi do e de maior d
€ hu(iva0, 7 H®Hmampirersentou correla-«o mais fo
ventos observados, destacando o papel d
destrutivos. Nossas descobertas indicam (gue
esta-«o0oaskmoecewogcaonf i rmam estudos anteriores
de que o0s ventos extremos S«0 mMecanvemes, i
influenciando a turbul °ncia ea®9oasasEM®O®ICEIST.0S

©OPOoOT hPTOY 0O

Pal a-¢ hasDeo:s sFe b r e Butralu,l TorcrMeat, e or o$%a-zgincad ,i dade
ChuvMaert al iCl ad&feadi@®b rd nge nt ©r vdoaBSsesst €magsect i vos
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llntroduction
Winds with destructive potenti al ( WDP)

mechanical stability of trees and |l ead to b
uprodqtGamgli ner et al ., 2008; Mi tchell, 2013
Ri beiro etlalthe28iéfon, storms and heavy r
an i mportant driver of tree damage and mor

stocks, and spdMaresa eompodbsitiédd 8; Marra et
2021)

WDP are often assoeiiateedd dwiwnhb uirrsttesn s ewhs
Fujita (alr%®8 1ld)idviyd eddo wonmbtitr s d 8 W(ndbsussrssctisat ed wi t
hi gher than 2.5 mm of rain between the on
Regarding the outflow size, thenser aminke r s
macrohbwrdstasnd O4 km in outflow diiSamnei®05 wi
mi nut es, rCeasr pseecatigM®ed p)si dered t hat ambient

WDP in the Centr al Amazon are characteri ze
right above the canopi es. These autcheor sber
reached where the moi st convection i s i nt e

reported as associated to wiNegJlu Seraedz deatmaagl e.

Peterson et al., 2019; Ribeiro et al., 2016

WDP i mpact trees in different scales, \
smaclllusters to the rare catastrophic | arge
(Araujo et al ., 2017; Jagamlzerest eatl .31 .2,012DQ01
Simonetti .dheabkeyeRiO2y) of wind damage and
combination of species traits, such as wood

as the frequency, du(@diitomgnmnandp@reidl of2Qa h:

WDP are related to climatic and environmen
rainfall intensity, toBebchphyetantd.cagopyp,;
Jackson et al ., .20TMWe;t cRucedr eepghyalmagd ulo®dt8e s
reliefs by differences in elevation and ex

relative to the grlewaigl ieng awi.nd 2diMKde etRedere v

surfaces generally experience more 1intense
(Bel cher .etThals.e, c2o0nip2Ad)ex reliefs @&Renaoaommbn.
2008)where variations in wind speed due to

repo(rit-etda et al ., 2012)
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Previous research indicates that | arge
by extreme storms assodiNetgg#d S weztr hettoablhvadmt R

the Amazon, these storms occur most frequen
April ). Some may | ast between 3 to 5.5 hout
than 30 Ammuhj o et al ., 2021 JuBueatet ai .al 2
Ju8rez et al ., 2017; Rehbein eHowéver 2018 ;
equatori al regi on, t he heat and humidity n
convective ac({(Gontwnl akk g¢eanllong@024; Rehbe

At the Amazon basin, studies wusing rema
precipitation, rainfall seasonalityi58%rfac
of the wvariability in the 6(6begrwamaz etf 4dla.

Negfrl-urBrez et dbweve@anN,l7due to t-haendr etleantpiovre:

resolution, met eorol ogi cal satellite data
rainfall regi mes at bot h (sHiarpriixelet( ~ale.c,t a2 @
al ., 2020; Huf f man et al ., 2020 ThPeggiso ceti
| andscapes with intense environ(mleinatnagl egtr aadli
Renn- et al., 2008; Simard et al ., 2011)
Most of what we know about WDP comes fr
and forests, as meteorological records to
di stribution only exist in colmpawrmt noegadcoarld le
processes thdtDurclrem,t e2 OWMD®Par ci ty of observ
met eorol ogical data means their patterns of
poorly wunderstood. Wind is considered a r

heterogeneity oreteenovrialoongrniecnalalf aacntdor s t hat
( Mc Dowel | efthiasl .i,de2a01l8) supported by recent
hot spots in CentrdlAraopdoWest eaflluah @DZLEN Ak
Ur quMuzfao z et aFur t haecre,ptceadnvecti ve storms pr
more common and intense wi(tlHPCiCu.t WDCESIO H bnant ¢
toegional patterns of WDKnoahedgpama thlhev ¢
attributes moderate tree damage amhRueaenoreatal &
20Q01)Assessing possible relationships betwe
contribute to more reliable predictions of
| ocal to r(eAdileemaletscdl.es 2010; Berzaghi et
al ., 2018; Swain et al., 2020)
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I n this study, we described forgtdbwth.ir

forest i n Central Amazon kQNeg)uwSor elze eitn ad .
Ur q uMuzfao z et al . We awsgegatrentl p(ny4 mo n-tt he g u eanncdy
met eorol ogi cal data recorded at the canopy

identi fy WDP across a topographic and seas:¢
(i) What aarte etrbnes WDhP tphe forest canopy? (ii)

and (iii) How do seasonality and rainfall i

2 Material and met hods
2.1 Study area

OQur study was @omoavi bt ddbriestamnmnolCekkmr al
north of Manaus, Brazil, at thEEST cmwioadli n&
2A38' 16" S/ 60A11'39"W) of the NatHiogihr)e | @8t i
study is part of tWenTdt &¥ ENTAepracf elomtsg rian-e«tq

VenGrovor e na[l PAorratzuiMairease Jet al . , 20,1 8whiPeh xait
t o i ntegrate research on tree architectu
bi ogeochemical processes that affect-hahe f

permanent pl ot Pimgtoaletedhdr. nn @O®MMBg t opogr aph
of Centrtaé ff Aafaomoenst s. The site el evation abc
67145 m abovFei gsierpe | wvteh ¢ndul ating relief i
and narrow valleys assdtieatrad witt |l per.d®m®iBa
Gap dynamics has also been monthly monitor
photogra®mmongtti et al ., 2023)
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@ Tower-01, Plateau

~ | 59°58'W

| Canopy .
3 ):1 surfa(’:)g

| | altimetry (m)
above sea level

" 145 A\ Towers -
. INVENTA plot
o - €
Towers distance (m)
/ | 67 A 182 144

Fi gurleocati on and data <collection arrangement of t
met eorol ogical towers across the topographic gradier
Digital surface model gener artgdt He oml tdirmerter yi mafget
relative to sea | evel, andhda hperd marmdntonplodt t he towel

Soils on the plateaus have generally hi

the | ower portions, wlfiCdlauw &h9 Bere; sHearsroanza ld ty

Lui z«o and Schuwbagretnerla987 )t he soils have r
phosphorus availability, high alumigf@mnitanc
et al ., 2022;. Telles et al ., 2003)

The climate in the regionGesgé@Amowittbpa
rainy seasons moduleaetledetbyal Mes2a0dn7a)y seas
December to May and the dry season | asts fr

from July to September with nrdvatrtelnyg opredc iad

Sombroek, M2A8Olannual temperature and annual
is 26.9 N 0.170(@meamd N2 953%L chnfig&-2mme6, i Maer
et al. ,TR®1®dan annual temperat(meannNostasn

devi ati onr20f2r30)ann @ 0dan annual preciFigulati &n
the Sup@mplyem@anter i al

Theeriafroer est i s the most common Bfrargast
19709nd is characterized by a continuous can
>280 species can ddcChuwrmbienr sa edi radl. e ReOOt9ar; e
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Marra et.Tdle. ,| NVENA)A regi on-girowetbdvdroekshy w:
canopy, wWhdé&resttamel ameam®e@i atyi and hei ght of t
hdand 28.65 N 0.(4A6ar arj or, e s2plelcdt;i vCealrynei r o, 20
2003)Thgr owehfriafnoer e st covering the | NVENTA
S

evere human or natur al di sturbances for at

2.2 Acquisition of meteorological data

| NVENTA includes three triangular mast I
the plateau, Fshgtape, Téhred pvy altlesmyut @loweand Tdq ui
two 2D sonic anemometers installed at 33 m
ti pping bucket r-humi-fjamnger,, tempea agrugesur e

on i nrstty ubmegtwhe Bhese i nstruments were inst
capture the meteorological conditions at t
standard (Aeaisa i, 0®)01L9;ThlLei nsal,o p201aOn)d val l ey

respecti vekbmwny)t adrle abnadt e qu3 pped with a singl

3dn height . Il n this study, we herilghhtused wi nc¢
Al | towers are equipped with a datal ogc
reprocesses and stores the dat a. l nstr ume

Y
attached to the tower above the c-bhabeyy.anTh
s
a

ol ar energy system provides operational au
nd | ack of -timaregmiag £idomp oiwrefrr astructure in

Al instruments record data continuousl
data recorded at the three towers, and r ai
anemometer data is stored at the ndgughwhfideqg
rai nfall -pdaotcesarea @mae st or ed -nbiynuttcet ailntreaivre
towers were built in September 2019 and t he
has been coll ected contuswedusilayasicoverihgn
October/ 2021 to September/ 2023.

Met eor ol oggerciaés tdantea can be influenced
mal functioni ng, external (imaybuiesnhceersk, 0 adnbd a|

mini mze thesa&amploissg bérer mmronn, we-cpert fr@mrd med ot
descrizbachet p&0D.167hi s protocol uses vVvisual gr
series to i1dentify patterns and inconsi stert
fl dRo!l Il enbeck @etdealti fi2@ié6pn of i mpossible
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tegqtMauder et aaald. r e2lv&A) of (¥indloer €| &d r dah
Here, spikes were considered to be all sudc

of gradual increases and decreases in wind

2.3 Data analysis
2.3.1 Defining WDP

We first defined gust as winds with a 1
hi gher deviationsfJKirnsrehseé.no@nltyal & \herltde® Athh
for a minimum(Barpbaree@trsmocond280eG)urn to a c
prieust mean spee(dBevejreearco,nsli W&E&*t;edGomes and
2004; Kristensen et al ., 19 AMonhkli tdedtea t ad (
di stingui shed WDP as those pr d.palghaitsi ntgh raets h
set close to the mini mumesti miPted tbaiBjomb,1 8pee
from which canopy trees in our study site ¢
or uprooted. The <criticaPRetwiensdd 2490pbeYe)diss iweg e
dynamic profile model and observational dat
60 canopy trees in an ar(eRd badjreocenOuatldal, ® MRed
threshold was also defined based on the st
datFda gu3y e 8 sudden inAmeasseedfatdDl100 mmshei gh
measurement s) in relation to the mean wind
condi{(Gaoetang fetomalwh, ch998)e damage or mort
( Negru&§rez et al., 2017, 2010)

We creat-setde@a amaleyeti cal met hod to identi
cal culating their attributes of speed, di i
mi ni mum threshol d o%bawierdd omip & enck arfe aln. &5 dm oS
(1.06+m0s79 mwmbserved forseoures2 Yearss et i me

deviation allowed us to reliably selected g
above the clamne®dp n( NleAimghste)lae et al ., 2015; G
Santana et al ., (EO0g#rNeecdmd,ett had .t i M) 1129t we
of the gust and return t o?l(tih ee-wp rnetdoenfoinnde o i noi
computed as the Atot al durationo of the gu
seconds of tot al duration according to th

Organi(ztharipenr et WDIP. mo2®1 )han three second

single events. We <calculated the maxi mum s
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(Fi g @br)e. Further, we computed the dAcritical
during which the gust!(Fiwltrei n©dr speeds miOn ¢
indicated that the critical duration expl ai

comparison to only 6% expl ai hiegwbg ¥Bhied rsu @

that <critical duration is a better attri bu:
tree damage or mortality. This finding iIs ¢
controlled condi(tEnhgnandf w000; spgaedi ner , 2
Moore and Maguire, 200®BherQufionree , etoual .s,ubz@

conducted by wusing the WDP attributes of n

durati on.

(a)

10.04
7.54
5.0

AL

2.5 1

Speed (ms™)

0.04

~ Time (seconds)

(b) |threshold=10ms" : ,L [T

S S —

T | -_0 s}

FigaBeheme of the analytical process used to define
time series where the WDP are found; (b)'&hudtrseadhmead
or excedwerld anorssi dered as ano) WBRdi1) Emd {tihme gafstise gviem
and the total duration (TD) of the WDB;, was) cBt cml| BD ¢
critical duration (CD) was catl®(uil.ag md ththeatthiehei gest |
speeds ®loplamés and c, threshol ds leitrhes umareeg sh@atndés o g
anal ytical process.

2.3.2 Rel atmentge o WDbH oagnidc a | vari abl es

We summari zed the WDP attributes of nur

direction, and maxi mum critical duration re
i n -mi ns frequency. We analyzed the dat @ansepese
(i .e., plateau, sl ope, and valley). We also

period from 06: 00 am to O05:7509 :®mBmM; am)gh ta npe



65

seasons. The wet and dry seasons were defin
to November(Lrelsmacni aed yMarengo,. 2001; Mar

2.3.3 Statistical anal ysi s

Aldtatistical analys(R @ere Tomduw@daép:
results based on a probability | evel of 95%9
of the dat awid ski nagn €brhicedpwoerrseg/ t h e RIVAS tde Masidm g e
onewayytaektagges, (rDeasgp eectt i lely 20A8; owler dat a?2
normally distri-bhbamege rmenau sh awarai amnmoepea,r ame t ¢ 0 I
approach wusing the median as a ce(nQGortaell |tie na
ElI'li sson, 2013)

To address question one on overall patt
medi ans of selected attributes-Whet-Weoaoxdangt
test rstpamk(akgees sambar 80 20@243rss question t\
affects observed patterns, we assessed diff
positions -Walilnigs Kanud kBunmoB8onéetrsohor pmeti
st atngSpackages, (rOxgslpeeceati val vy, 2023 ;ToR addrnmr e

guestion three on how rainfall seasonal ity
between rainfdl|l(praetdei ctrom miami abl e) with
vari abl es) bcyo r v il radg i (aZnecbfeonsdsttyioodrd @ th gpcaacskta g e
(Hyndman et al ., 2024)

The relation between rainfall #&nhéatwiomadr
at mospher(iRBarprryocaersd Chor | eyt,ha20 003f;t eDu nil novpo, |
changes that do not necessarily oc(cduors aAtn jtoh
et al ., 2015; Kavasseri and Nagarajanh,TROeO04
cresorrelation analysis indicates the ti me
correlation between the reépgonstetoahdkpr2dl:«

and Stan/l eyl | &2wWiOMBg us to evaluate possible

Positive | ags indicate that changes (i .e.,
before the changes in the predictorzevari alyl
i ndicates that changes in both wvari-#ablues o
window time before and after each WDP. Once

bet ween the precipitationweaaej asdedatcheofi
the predictor and rDeas pdCoye ¢ \ka@EBacadl wd, FUBOtae r
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we analyzed t hetrrensaftarome d moinngbedrogof WDP, s

rainfall +Hatuesi(nngm Iminrear models (i .4aggkdg/(
adjusted data. We fitted a simple |Iinear mo
variables (e.g., |l og(speed+1l) ~ logarmyindal
bet wéftandQ99% hese percentiles were used for

di fferent rainfsapgdnssevwariitdlelseso.n Rdire e@aech n
percentiles, we cal cu)l,ataeedd ushtee dP ecaa esfofni ccioe r
andvapl ue from the stanek(aRy ehosr eu sTi@mgnmelRed 24 ¢ s
the robustness of the relationship beamdeen

R], andvalomeri npdi cate the percentile where

3 Results
3.1 What are the WDP patterns in the forest
We analyzed 17,348 hours of data, of wh
424 events of WDP during the study period.
to 17, 9amdsfrom 1 to 90 secbhabd)seg The pWRRR iovcec
on only 133 (~18%) of the 730 days analyzed
N 2.9 (N standard deviation) events, mont hl
iSept/ 2022 period, airsckepaldl2 0e2V3e mtesr iiord.Oct / 20

1. e Attributes and descriptive statistics of the W
3. The |l etters inside theWhiatVedrcoxomowntdh®dumaes BI
t
t

Tab
202
tests for comparing the medipargdi bebweerart bl édevekEsg
stat.i

stically similar medians, and different | etter:

. Speeddh(m s Critical dur.
Posit Numbefr W Mi n Ma x Medi a Min Ma x Medi a
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Sl op¢ 98 10 16.2 10.9 1 30 2 (b
Val | € 24 10.1 13.ft 10.7 1 16 1 (b
Dayti Number o Min Ma x Medi a Min Ma x Medi a
Day 358 10 17.¢ 11 (i 1 90 2 (a
Ni ght 66 10 14.7 11.1 1 30 2 (a
SeasoNumber o Mi n Ma x Medi a Min Ma x Medi a
Dry 249 10 17.¢ 11.1 1 90 3 (a
We t 175 10 14.¢& 10.9 1 30 2 (a

We found that 358 (8dcdyW)radndi 6t lid5d®\W)

respecktiigBer)ey flowever, there was no statist:i
speed .(83)= and critical duration Kipg3r é@andl)
cTabl)e Still, the highest values of speed

period, mainly between FOQg80d eandd el)6 : 0D0e slpocta



67

[a})

patterns, these results suggest that the d
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3.2 How are WDP affected by topography?

From the total number of WDP (n = 424)
(21%) on the sl ope, FRingddarPed AB©Hh ou qh tthlkee vrad
reduced greatly from plateau to valley, the

significantly among the t Hrigdbrfeolpllpgr &8p hl £,

medi an critical duration declined Fiigdorie i cé
Tabl) e Neverthel ess, these differences were
0.03) and between plateau and valley (p = 0

We recorded a systematic decrease of t
duration reached by the WDPl)fer oOu rt hree spullattse a
the topographic effect of the WDP is attridtlk

reaching the highest recorded speeds propag
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|l ower portions of slope and valley). W nd ¢
WDP bl ew predominantly from the east quadra
pl at eau Fangdrsechmwgpee), WDP had a distribution
west. This contrasts the distribution obse]

aligned fronFisgofurtehsée® nhloetwalHiegylcrper i ent ati o
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frequency (%) of WDP according with wind speed | evel
3.3 How do seasonality and rainfall i ntensi

The majority of WDP occurred in the dry
41. 3% i n t hre glerte sklatstoommyglf t he medi an criti
(p = 0. 1Tda,bl)Fei g.he5Scmedi an wind speed in the
of the wet &egshoimbl)pe =T hC. 0Ma,xi mum values of
duration of WDP wereThbllpeheduinw bhae Ohyg big
WDP (n=73) amdngbdr)lel TnoethisgHEBY§dewe mchds aad
dur atFiigfs)e(wer e observed during the transit

September and October).
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an
in the months are represented by the greenngdisnt $ hec
attributes were computed without distinction of top:

Recorded WDP were predominantly aligned
wet sddag®arsan(d b). Nonetheless, we observed
the dry season, with events pgrueaddoFnaigréar)et | lyn a
the wet season, most WDP we Feé geébl)ie g nTehde steo ctht
i Budbuadrant direction WwWemgecr)mo rwei tehv ildaerngte smo n
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We found a positive lag ranging from 5
and all WDHP gadsder i bTherse was a positive eff
number &f gWbe and theirFicglide c®Wl nduspéeedn( &kt
threshold) was not a fFfi @ der)e.d -thiye ttag sr aii md iad
increases in the number and critical dur at
events. However, mo s t of WDP (291 or 68. 89
rainfall in a time |agsiObe mmiumbeand( 120 tdr
accompanied by rain in a time |lag 020 min.
occurred simultaneously with rainfall 1n a
there was a geénenalkt hepwetdttoeship with th
events, where the highest Pearhendésntbdbleeb:
number of WDP (Fi gcigrfPe @8 d prtOc@l, diongtuir@n
7o) This percentile corresponidaand tex pd ameran
and 68% of the variation in number and cri
attributes, this relationship was mda&iimgluy edr
7 and |) We found no <cl ear relationshinp
rainf &l lgwcrer & Medi an rainfall rate also did
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(Fi guwape. SHowever, we recorded 30% more extr
mm mi(8Percentile) during the wet sd&dgum,.e e
S5b ) .
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(c) Critical -dupani basx,i st hiest kee tai me | ag in which the
correlation is observed between rainfallkuraetmyansd t
units of frequency (e.g., 4 |l ag is equivalemt gthe s20
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confidence idterkiahsar Pmoa@dé¢lss i ndicat-tngnshermeldat ao
rate atnrdanlsofgor med (d) Number of WDP, (e) Wind Speed,
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