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Abstract. Winds can exceed the mechanical stability of trees, leading to snapping or uprooting. In large portions of the 

Amazon, storms propagating winds with destructive potential (WDP) are key drivers of tree mortality, affecting forest 

structure, biomass stocks, and species composition. Our understanding of WDP primarily comes from tree damage 

observations, as meteorological records assessing wind patterns exist in few locations and are often made with insufficient 20 

time resolution. Consequently, the temporal and spatial patterns of WDP remain poorly understood. Using 24 months of 

meteorological data recorded at canopy height across a topographic and rainfall gradient, we developed an innovative method 

for detecting and describing WDP in a central Amazon forest. We assessed the frequency, speed, and critical duration of WDP 

and possible relationships with local topography and rainfall seasonality/intensity. We recorded 424 WDP events, with speeds 

ranging from 10 to 17.9 m s-1 and critical durations from 1 to 90 seconds. WDP occurred approximately 4% of the analyzed 25 

time, representing daily and monthly means (± standard deviation) of 3.1 ± 2.9 and 17.2 ± 9.6 events, respectively. Topography 

influenced the fastest, longest-lasting, and least frequent gusts but did not affect the more frequent, slower, and shorter ones. 

Elevated and relatively more exposed areas were particularly vulnerable to the speediest and longest-lasting WDP. The 87th 

percentile of rainfall rate (~0.7 mm min-1) correlated most strongly with the frequency and duration of observed events, 

highlighting the role of extreme rainfall in propagating destructive winds. Our findings indicate that WDP are more common 30 

during the transition from the dry to the wet season and confirm previous studies in different Amazon regions that extreme 

winds are important mechanisms of tree damage and mortality, influencing turbulence and associated processes like gas and 

energy fluxes. 

 

Keywords: Forest canopy; turbulence; meteorological tower; rainfall seasonality; tree mortality; shelter effect; convective 35 

systems. 

1 Introduction 

Winds with destructive potential (WDP) can reach critical speeds that exceed the mechanical stability of trees and lead to 

branch fall and/or tree toppling via trunk snapping and uprooting (Gardiner et al., 2008; Mitchell, 2013; Moore et al., 2018; 

Peterson et al., 2019; Ribeiro et al., 2016). In the Amazon, storms and heavy rainfall can propagate WDP, which are an 40 

important driver of tree damage and mortality, affecting forest structure, biomass, carbon stocks, and species composition ( 

Marra et al., 2018; Marra et al., 2014; Urquiza Muñoz et al., 2021).  

WDP are often associated with intense short-lived downbursts, which according to Fujita (1981), are divided into dry 

downbursts or wet downbursts (associated with less and higher than 2.5 mm of rain between the onset and the end of high 

winds, respectively). Regarding the outflow size, these author also divided these events into microbursts and macrobursts (<4 45 

and ≥4 km in outflow diameter, with peak winds lasting 2 – 5 and 5 – 20 minutes, respectively). Garstang et al. (1998) 

considered that ambient conditions prior to the WDP in the Central Amazon are characterized by sudden increases in wind 

speed ≥10 m s-1 right above the canopies. These authors argue that extreme speeds close to 31 m s-1 can be reached where the 
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moist convection is intense enough, which is fairly higher than values reported as associated to widespread damage and 

mortality of trees (Negrón-Juárez et al., 2010; Peterson et al., 2019; Ribeiro et al., 2016). 50 

WDP impact trees in different scales, varying between the more frequent single or small-clusters to the rare catastrophic large 

windthrows often associated with squall line events  (Araujo et al., 2017; Chambers et al., 2013; Negrón-Juárez et al., 2010; 

Nelson et al., 1994; Simonetti et al., 2023). The severity of wind damage and mortality is influenced by the combination of 

species traits, such as wood density, leaf area, and canopy architecture, as well as the frequency, duration, and speed of the 

gusts (Geitmann and Gril, 2018; Quine et al., 2021). WDP are related to climatic and environmental factors such as local 55 

atmospheric stability, rainfall intensity, topography, and canopy roughness (Belcher et al., 2012; Garstang et al., 1998; Jackson 

et al., 2019a; Ruel et al., 1998). The topography modulates the wind speed on complex reliefs by differences in elevation and 

exposure, and the orientation of valleys and slopes relative to the prevailing wind direction (Jiang et al., 2021; Ruel et al., 

1998). More elevated surfaces generally experience more intense wind regimes compared to slopes and valleys (Belcher et al., 

2012). These complex reliefs are common in the Central Amazon (Rennó et al., 2008), where variations in wind speed due to 60 

elevation and orientation have been scarcely reported (Tóta et al., 2012).  

Previous research indicates that large windthrows were formed by WDP propagated by extreme storms associated with 

convective systems (Negrón-Juárez et al., 2017, 2010). In the Amazon, these storms occur most frequently during the rainy 

season (e.g., from October to April). Some may last between 3 to 5.5 hours, and rainfall intensities can reach values higher 

than 30 mm h-1 (Araujo et al., 2021; Funatsu et al., 2021; Negron-Juarez et al., 2023; Negrón-Juárez et al., 2017; Rehbein et 65 

al., 2018; Sikora de Souza et al., 2020). However, in the equatorial region, the heat and humidity near the surface provide 

favorable conditions for convective activity all year long (Gonçalves et al., 2024; Rehbein et al., 2018).  

At the Amazon basin, studies using remote sensing data have shown that extreme precipitation, rainfall seasonality, surface 

elevation, and soil characteristics explain 20 – 50% of the variability in the occurrence of large (>5 ha) windthrows (Negron-

Juarez et al., 2023; Negrón-Juárez et al., 2017). However, due to the relatively small spatial- and temporal-resolution, 70 

meteorological satellite data tend to underestimate local variations in wind and rainfall regimes at both subpixel (~hectare) and 

larger scales (Harris et al., 2020; Hersbach et al., 2020; Huffman et al., 2020; Poggio et al., 2021; Takaku et al., 2020). This is 

critical over landscapes with intense environmental gradients like in the Central Amazon (Jiang et al., 2021; Rennó et al., 2008; 

Simard et al., 2011). 

Most of what we know about WDP comes from observations of their damage to trees and forests, as meteorological records 75 

to assess wind speeds, their spatial and temporal distribution only exist in comparatively few locations. Despite the well-known 

meteorological processes that create WDP (Dunlop, 2017), a scarcity of observational studies with meteorological data means 

their patterns of occurrence and actual severity of the WDP remain poorly understood. Wind is considered a regional 

mechanism of tree mortality due to heterogeneity of environmental and meteorological factors that influence disturbance 

regimes (McDowell et al., 2018). This idea is supported by recent observations showing windthrow hotspots in Central and 80 

Western Amazon (Negron-Juarez et al., 2023; Urquiza-Muñoz et al., acepted). Further, convective storms propagating WDP 

may become more common and intense with future climate system warming (IPCC, 2021). Describing local-to-regional 
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patterns of WDP can expand the current scarce-knowledge on how topographic attributes moderate tree damage and mortality 

associated with destructive winds (Ruel et al., 2001). Assessing possible relationships between rainfall and other weather 

variables can also contribute to more reliable predictions of the occurrence and severity of destructive winds from local to 85 

regional scales (Allen et al., 2010; Berzaghi et al., 2020; Forkel et al., 2019; Roberts et al., 2018; Swain et al., 2020). 

In this study, we described for the first time the patterns of WDP in an old-growth forest in Central Amazon known to be in a 

windthrow hotspot (Negrón-Juárez et al., 2017; Urquiza-Muñoz et al., acepted). We used long-term (24 months) and high-

frequency meteorological data recorded at the canopy height, and an innovative analytical approach to identify WDP across a 

topographic and seasonal gradient answering the following questions: (i) What are the WDP patterns in the forest canopy? (ii) 90 

How are WDP affected by topography? and (iii) How do seasonality and rainfall intensity affect WDP? 

2 Material and methods 

2.1 Study area 

Our study was conducted in an old-growth forest in Central Amazon located ~100 km north of Manaus, Brazil, at the Tropical 

Silvicultural Experiment Station (EEST, coordinates 2°38'16"S/60°11'39"W) of the National Institute for Amazonian Research 95 

(INPA) (Fig. 1b). Our study is part of the INVENTA project (i.e., Wind-Tree Interactions in the Amazon, Interação Vento-

Árvore na Amazônia [Portuguese]; Marra et al., 2018; Peixoto et al. 2023), which aims to integrate research on tree architecture 

and biomechanics with atmospheric and biogeochemical processes that affect the forest dynamics. INVENTA incorporates a 

18-ha permanent plot installed in 2000 (Pinto et al., 2003) covering the topographic variation typical of Central Amazon terra-

firme forests. The site elevation above the canopy surface ranges from 67 – 145 m above sea level (Fig. 1c), with undulating 100 

relief including plateaus, steep slopes and narrow valleys associated with perennial drainages (Ferraz et al., 1998; Rennó et al., 

2008). Gap dynamics has also been monthly monitored as part of our study site using drone RGB-photogrammetry (Simonetti 

et al., 2023).   
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Figure 1. Location and data collection arrangement of the study area. (a) Schematic profile of the meteorological towers across the 105 
topographic gradient. (b) Location of the EEST and INVENTA project. (c) Digital surface model generated from drone imagery representing 

the altimetry of the canopy surface relative to sea level, and the location of the towers on the 18-ha permanent plot.  

 

Soils on the plateaus have generally high clay content transitioning to sandy soils in the lower portions, which can be seasonally 

flooded (Chauvel et al., 1987; Ferraz et al., 1998; Luizão and Schubart, 1987). In general, the soils have relatively low fertility, 110 

low pH, low phosphorus availability, high aluminum concentration and low organic carbon content (Cunha et al., 2022; Telles 

et al., 2003).  

The climate in the region is “Am” tropical according Köppen-Geiger, with a dry and rainy seasons modulated by monsoons 

(Peel et al., 2007).  The rainy season lasts from December to May and the dry season lasts from June to November, with an 

evident dry period from July to September with monthly precipitation less than 100 mm (Marengo et al., 2001; Sombroek, 115 

2001). Mean annual temperature and annual precipitation in the region of Manaus is 26.9 ± 0.17º C and 2,231 ± 118 mm (mean 

± 95% confidence interval from 1970-2016, Marra et al., 2018). The mean annual temperature in our study site is 26.2 ± 3.2º 

C (mean ± standard deviation from 2021-2023), and mean annual precipitation is 2,304.1 ± 50.3 mm, (Fig. S1 in the 

Supplement). 

The terra-firme forest is the most common forest type in the Amazon basin (Braga, 1979) and is characterized by a continuous 120 

canopy, dense understory, and high diversity, where >280 species can occur in a single hectare (Chambers et al., 2009b; De 
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Oliveira et al., 1999; Marra et al., 2014). The INVENTA region is covered by an old-growth forest with closed canopy, where 

the mean (± standard deviation) density and height of the trees are 623 ± 66 trees ha-1 and 28.65 ± 0.46 m, respectively (Araújo, 

2019; Carneiro, 2004; Lima, 2010; Pinto et al., 2003). The old-growth terra-firme forest covering the INVENTA plot was not 

affected by severe human or natural disturbances for at least 60 years. 125 

 

2.2 Acquisition of meteorological data 

INVENTA includes three triangular mast meteorological towers, each one installed on the plateau, slope, and valley (Fig. 1a). 

The plateau tower (T1) is 36-m tall and equipped with two 2D sonic anemometers installed at 33 m and 36 m height. T1 is 

also instrumented with a tipping bucket rain gauge, temperature-humidity-sensor, and a pressure transmitter (see details on 130 

instruments in the Fig. S2). These instruments were installed at ~33 m height in order to capture the meteorological conditions 

at the canopy height, i.e., 28.65 m ± 0.46 m (mean ± standard deviation) (Araújo, 2019; Lima, 2010). The slope and valley 

towers (T2 and T3, respectively) are both 33-m tall and equipped with a single 2D sonic anemometer installed at 33-m height. 

In this study, we only used wind data collected at 33-m height.  

All towers are equipped with a datalogger (CR6, Campbell Scientific) that records, preprocesses and stores the data. 135 

Instruments and dataloggers are powered by a solar panel attached to the tower above the canopy and connected to a 12 V/50 

Ah stationary-battery. The solar energy system provides operational autonomy for the towers, given the remote conditions and 

lack of integrated power-transmission infrastructure in the study area.  

All instruments record data continuously at a frequency of 1 Hz. Here, we used wind data recorded at the three towers, and 

rainfall data measured by the rain gauge at T1. The anemometer data is stored at the rough frequency (i.e., one data point every 140 

second), while the rainfall data are pre-processed and stored by total rainfall volume at 5-minute intervals. The towers were 

built in September 2019 and the instrumentation completed by March 2020. Data has been collected continuously since then, 

but here we used data covering the period from 01 October 2021 to 31 September 2023. 

Meteorological time-series data can be influenced by problems like instrument malfunctioning, external influences, and 

registration errors (Faybishenko et al., 2022). To minimize these possible non-sampling errors, we performed the data quality-145 

control protocol described by Zahn et al (2016). This protocol uses visual graphical analysis of the data time series to identify 

patterns and inconsistencies, and applies treatments using missing values or flags (Rollenbeck et al., 2016), identification of 

impossible and implausible values, bounds tests, (Mauder et al., 2013), and removal of random electronic spikes (Vickers and 

Mahrt, 1997). 

 150 
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2.3 Data analysis 

2.3.1 Defining WDP 

We first defined gust as winds with a relative large positive increase in speed (i.e., higher deviations) in relation to the mean 

(Kristensen et al., 1991). Only events that persisted for a minimum of three seconds (Harper et al., 2010) prior to return to a 

condition similar to the pre-gust mean speed were considered (Beljaars, 1987; Gomes and Vickery, 1978; Kantz et al., 2004; 155 

Kristensen et al., 1991; Mitsuta and Tsukamoto, 1989). Among detected gusts, we distinguished WDP as those propagating at 

a minimum speed of 10 m s-1. This threshold was set close to the minimum critical wind speed of 10.75 m s-1 estimated by 

Peterson et al. (2019), from which canopy trees in our study site experience sufficient force to potentially be broken or 

uprooted. The critical wind speeds were estimated by Peterson et al. (2019) by using a dynamic profile model and observational 

data from a mechanical winching test performed with 60 canopy trees in an area adjacent to the INVENTA plot (Ribeiro et al., 160 

2016). Our 10 m s-1 threshold was also defined based on the strongly asymmetric wind speed distribution of our data (Fig. S3). 

A sudden increase of ≥10 m s-1 measured at 40 m height (i.e., close to our measurements) in relation to the mean wind speed 

is also considered as a prior downburst condition (Garstang et al., 1998) from which tree damage or mortality have also been 

reported (Negrón-Juárez et al., 2017, 2010).  

We created a three-step analytical method to identify and process WDP from our data, calculating their attributes of speed, 165 

direction, and critical duration. First, we defined a minimum threshold of wind speed of 1.85 m s-1 based on the mean and one 

standard deviation (1.06 m s-1 + 0.79 m s-1) observed for our 2 years’ time-series. Considering one standard deviation allowed 

us to reliably selected gusts that exceeded the speed typically observed right above the canopy (~1 m s-1 at 35-55 m height) 

(Andreae et al., 2015; Garstang et al., 1998; De Santana et al., 2017; Tóta et al., 2012) (Fig. 2a). Second, the time between the 

propagation of the gust and return to the predefined minimum of 1.85 m s-1 (i.e., non-wind condition) was computed as the 170 

“total duration” of the gust. We further focused on WDP with at least three seconds of total duration according to the definition 

given by the World Meteorological Organization (Harper et al., 2010). WDP more than three seconds apart were considered 

as single events. We calculated the maximum speed and mean direction for all identified WDP (Fig. 2b). Further, we computed 

the “critical duration” of each selected gust as the time during which the gust sustained speeds ≥10 m s-1 (Fig. 2c). Our 

preliminary analyses indicated that the critical duration explained 70% of the variation in the speed of the WDP in comparison 175 

to only 6% explained by their total duration (Text S1 and Fig. S4). This suggests that critical duration is a better attribute to 

access the destructive potential of winds to cause tree damage or mortality. This finding is consistent with tree mechanical 

tests conducted  under controlled conditions of wind speed (England, 2000; Gardiner, 2021; Holmes et al., 2014; Moore and 

Maguire, 2004; Quine et al., 2021). Therefore, our subsequent analysis was conducted by using the WDP attributes of number, 

wind speed, wind direction, and critical duration. 180 
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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 m s-1 and reached or exceed 10 m s-1 were considered as an WDP. The time 

of begin (t0) and end (t1) of the gusts were recorded and the total duration (TD) of the WDP was calculated as the time in seconds from t0 to 

t1; (c) From TD, the critical duration (CD) was calculated as the time in seconds from t2 to t3 (i.e., the time that the gust sustains speeds ≥10 185 
m s-1). In the panels b and c, thresholds lines were not scaled to easy the understanding of the analytical process. 

 

2.3.2 Relating WDP and meteorological variables 

We summarized the WDP attributes of number, maximum wind speed, mean wind direction, and maximum critical duration 

recorded at 1 Hz frequency to match the rainfall data in a 5-min frequency. We analyzed the data separately for each of the 190 

topographic positions (i.e., plateau, slope, and valley). We also tested for possible patterns related to daytime (i.e., day period 

from 06:00:00 to 17:59:59; night period from 18:00:00 to 05:59:59 LT), and dry/wet seasons. The wet and dry seasons were 

defined as the periods from December to May and June to November, respectively (Liebmann and Marengo, 2001; Marengo 

et al., 2001). 

 195 

2.3.3 Statistical analysis 

All statistical analysis were conducted in R 4.4 (R Core Team, 2024) and we report results based on a probability level of 95%. 

We tested the normality and variance homogeneity of the data using Shapiro-Wilk and Levene-Brown-Forsythe tests using 
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RVAideMemoire and onewaytests packages, respectively (Dag et al., 2018; Herve, 2023). As our data were not normally 

distributed and had a non-homogeneous variance, we conducted a non-parametric approach using the median as a central 200 

tendency measure for the WDP patterns (Gotelli and Ellisson, 2013). 

To address question one on overall patterns of WDP, we assessed differences on the medians of selected attributes between 

daytime periods by using the Mann-Whitney-Wilcoxon test  from rstatix package (Kassambara, 2023). To address question 

two on how topography affects observed patterns, we assessed differences on the selected attributes among topographic 

positions using Kruskal-Wallis and Dunn Bonferroni post-hoc tests for medians through the stats and FSA packages, 205 

respectively (Ogle et al., 2023; R Core Team, 2024). To address question three on how rainfall seasonality influences WDP, 

we analyzed the relationship between rainfall rate (mm min-1) (predictor variable) with all WDP attributes (response variables) 

by using a cross-correlation function (Zebende, 2011) from the forecast package (Hyndman et al., 2024).  

The relation between rainfall and wind speed is an example of highly non-stationary atmospheric process (Barry and Chorley, 

2003; Dunlop, 2017) that often involve complex changes that do not necessarily occur at the same time between these two 210 

variables (dos Anjos et al., 2015; Kavasseri and Nagarajan, 2004; Koçak, 2009; de Oliveira Santos et al., 2012). The cross-

correlation analysis indicates the time lag where the highest (positive or negative) correlation between the response and 

predictor variables occurs (Kristoufek, 2014; Podobnik and Stanley, 2008), allowing us to evaluate possible correlations 

between rainfall and WDP. Positive lags indicate that changes (i.e., increase or decrease) in the response variable occur before 

the changes in the predictor variable. Negative lags indicate the opposite and zero lag indicates that changes in both variables 215 

occur at the same time. We evaluated a two-hour window time before and after each WDP. Once we identified the lag with 

the highest correlation between the precipitation rate and each of  the WDP attributes, we adjusted the time lag between the 

predictor and response variables using the DataCombine package (Gandrud, 2016). Further, we analyzed the relation among 

log-transformed number of WDP, speed, critical duration, and rainfall rate (mm min-1) using linear models (i.e., log(y+1) ~ 

log(x+1)) for the time-lagged adjusted data. We fitted a simple linear model for each combination of predictive and response 220 

variables (e.g., log(speed+1) ~ log(rainfall rate +1)) along different rainfall percentiles varying between 0 th and 99th. These 

percentiles were used for testing the magnitude of the effect of different rainfall severities on the response variables. For each 

model combination along the percentiles, we calculated the Pearson correlation (r), adjusted coefficient of determination (R²) 

and p-value from the regressions using the stats package (R Core Team, 2024) as measures of the robustness of the relationship 

between the rainfall rate and the WDP attributes. Higher r and R², and lower p-value indicate the percentile where the best 225 

relationship was found. 

3 Results 

3.1 What are the WDP patterns in the forest canopy? 

We analyzed 17,348 hours of data, of which around 4% contained WDP. We recorded 424 events of WDP during the study 

period. Wind speed and critical duration ranged from 10 to 17.9 m s-1, and from 1 to 90 seconds, respectively (see details in 230 
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Table 1). The WDP occurred on only 133 (~18%) of the 730 days analyzed. Nonetheless, these represent a daily mean of 3.1 

± 2.9 (± standard deviation) events, monthly mean of 17.2 ± 9.6 events, 213 events in Oct/2021 – Sept/2022 period, and 211 

events in Oct/2022 – Sept/2023 period.  

Table 1. Attributes and descriptive statistics of the WDP recorded in the INVENTA from Oct 2021 to Sep 2023. The letters inside the 

brackets show the results of the Mann-Whitney-Wilcoxon and Dunn Bonferroni tests for comparing the medians between the levels of the 235 
predictor variables. Equal letters indicate statistically similar medians, and different letters indicate the opposite. 

Position Number of WDP 
Speed (m s-1) Critical duration (s) 

Min Max Median Min Max Median 

Plateau 302 10 17.9 11.1 (a) 1 90 3 (a) 

Slope 98 10 16.2 10.9 (a) 1 30 2 (b) 

Valley 24 10.1 13.5 10.7 (a) 1 16 1 (b) 

Daytime Number of WDP Min Max Median Min Max Median 

Day 358 10 17.9 11 (a) 1 90 2 (a) 

Night 66 10 14.7 11.1 (a) 1 30 2 (a) 

Season Number of WDP Min Max Median Min Max Median 

Dry 249 10 17.9 11.1 (a) 1 90 3 (a) 

Wet 175 10 14.8 10.9 (a) 1 30 2 (a) 

 

We found that 358 (84.4%) and 66 (15.6%) WDP occurred in the day and night periods, respectively (Fig. 3a). However, there 

was no statistical differences between the medians of speed (p = 0.83) and critical duration (p = 0.41) between day and night 

periods (Fig. 3b and c; Table 1). Still, the highest values of speed and critical duration were recorded during day period, mainly 240 

between 10:00 and 16:00 local time (LT) (Fig. 3d and e). Despite the similar patterns, these results suggest that the day and 

night periods show a distinct variation of these attributes.  
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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, the p-value of Mann-Whitney-Wilcoxon test is shown above the brackets. 245 
In panels d and e, the light-yellow bands represent the day period. In all the panels, the attributes were computed without distinction of 

topographic position. 

 

3.2 How are WDP affected by topography? 

From the total number of WDP (n = 424), 302 (66%) were recorded on the plateau, 98 (21%) on the slope, and 24 (5%) in the 250 

valley (Fig. 4a). Although the number of events reduced greatly from plateau to valley, the median wind speed of recorded 

events did not differ significantly among the three topographic positions (p= 0.35, Fig. 4b; Table 1). Still, the median critical 

duration declined significantly with topographic position (p = 0.02, Fig. 4c; Table 1). Nevertheless, these differences were 

only observed between plateau and slope (p = 0.03) and between plateau and valley (p = 0.02) with slope and valley being 

similar (p = 0.18). 255 
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We recorded a systematic decrease of the maximum values of speed and critical duration reached by the WDP from the plateau 

to the valley (Table 1). Our results suggest that the topographic effect of the WDP is attributable to fewer and shorter events, 

with only those reaching the highest recorded speeds propagating down to the lower portions of the relief (i.e., lower portions 

of slope and valley). Wind direction was also affected by topography. Overall, WDP blew predominantly from the east 

quadrant in all topographic positions. However, at the plateau and slope (Fig. 4d and e), WDP had a distribution relatively 260 

constrained from east to west. This contrasts the distribution observed at the valley, where WDP were predominantly aligned 

from south to north (Fig. 4f, see the valley orientation in the Fig. 1c). 

 

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, the p-value of the Dunn Bonferroni post-hoc test 265 
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. 
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3.3 How do seasonality and rainfall intensity affect WDP?  

The majority of WDP occurred in the dry season (249 or 58.7% compared to 175 or 41.3% in the wet season) (Fig. 5a). 270 

Although the median critical duration of WDP was similar (p = 0.14, Fig. 5c; Table 1), the median wind speed in the dry 

season marginally exceeded that of the wet season (p = 0.05, Fig. 5b; Table 1). The maximum values of wind speed and critical 

duration of WDP were higher in the dry season (Table 1). July had the highest frequency of WDP (n=73) among all months 

(Fig. 5d). The highest wind speeds (Fig. 5e) and critical durations (Fig. 5f) were observed during the transition from the dry to 

the wet season (i.e., September and October). 275 

 

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 months are distinguished 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. In all the panels, the attributes were computed 280 
without distinction of topographic position. 

 

Recorded WDP were predominantly aligned to the east quadrant, both in the dry and wet seasons (Fig. 6a and b). Nonetheless, 

we observed a change in direction of WDP during the dry season, with events predominantly aligned to the southeast sub-

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



14 

 

quadrant (Fig. 6a). In the wet season, most WDP were aligned to the northeast quadrant (Fig. 6b). These changes in sub-285 

quadrant direction were more evident monthly (Figure 6c), with largest shifts evident in May and October, the months marking 

the end and onset of wet season in the region (Fig. 6c). 

 

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 y-axis in the panels a-c indicates the frequency (%) of gusts according 290 
to the direction. In all the panels, the attributes were computed without distinction of topographic position. 

 

We found a positive lag ranging from 5 to 20 min between rainfall rates (mm min-1) and all WDP attributes (Fig. 7a-c). There 

was a positive effect between rainfall rate in the number of WDP (Fig. 7d) and their critical duration (Fig. 7f). Wind speed 

(above the WDP threshold) was not affected by the rainfall rates (Fig. 7e). The 5-min lags indicated that increases in the 295 

number and critical duration of the WDP were linked to subsequent rainfall events. However, most of WDP (291 or 68.8%) 

were not accompanied simultaneously by rainfall in a time lag ≥5 min, and another expressive number (122 or 29%) were not 

accompanied by rain in a time lag ≥20 min. A relatively lower number of WDP (133 or 31,3%) occurred simultaneously with 

rainfall in a time lag ≤5 min. For the number and critical duration, there was a general upward trend in the relationship with 

the rainfall rate during the rainfall events, where the highest Pearson’s correlations were recorded at the 87 th percentile both 300 

for number of WDP (r = 0.92, p < 0.01, Fig. 7g) and critical duration (r = 0.83, p = 0.01, Fig. 7i). This percentile corresponded 

to a mean rainfall rate of 0.7 mm min-1 and explained 84% and 68% of the variation in number and critical duration of WDP, 

respectively. In both these attributes, this relationship was mainly driven by events occurred during the dry season (Fig. 7j and 
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l). We found no clear relationship between WDP attributes and monthly maximum rainfall rate (Fig. S5c-e). Median rainfall 

rate also did not differ between dry and wet seasons (Fig S5a). However, we recorded 30% more extreme rainfall events with 305 

rainfall rate ≥0.7 mm min-1 (87th percentile) during the wet season, especially in February and March (Fig. S5b). 

 

Figure 7. Relationship between rainfall and the WDP attributes. Panels a-c: Cross-correlation analysis between log-transformed rainfall rate 

(mm min-1) and log-transformed (a) Number of WDP, (b) Speed, and (c) Critical duration. In the a-c panels, the x-axis is a time lag in which 
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the highest significative Pearson correlation is observed between rainfall rate and the WDP attributes. This time lag is measure by 5-min 310 
units of frequency (e.g., 4 lag is equivalent to 20 min). Blue circles in the top of bars indicate the highest Pearson’s correlations (r) found for 

the relationship. Pearson’s Correlations numbers are followed by “(ns)” indicating non-significative or “(s)” indicating significative p-values. 

Dashed blue lines are the limits of confidence intervals. Panels d-f: Linear models indicating the relationship between log-transformed 

rainfall rate and log-transformed (d) Number of WDP, (e) Wind Speed, and (f) Critical duration. Grey bands are the confidence intervals; 

Panels g-i: Pearson’s correlation (r) and adjusted coefficient of determination (R²) between log-transformed rainfall rate and log-transformed 315 
(g) Number of WDP, (h) Wind Speed, and (i) Critical duration along 0 to 99th percentiles of rainfall rate. The y-axis is the values of Pearson 

correlation and R². Blue circles indicate the percentile which the highest significative Pearson’s correlation and R² were found; Panels j-l: 

Linear models describing the relationship between log-transformed rainfall rate and log-transformed (j) Number of WDP, (k) Wind Speed, 

and (l) Critical duration in the selected percentile where the highest significative Pearson correlation and R² were found (panels g-i). Grey 

bands in the panels d-f are the confidence intervals. In all the panels, the attributes were computed without distinction of topographic position. 320 

4 Discussion 

4.1 The effects of topography and seasonality on the patterns of WDP 

We found that the WDP patterns were affected by topographic attributes, which has also been previously reported by studies 

assessing wider speed ranges and relatively more complex reliefs in temperate and tropical forests (Belcher et al., 2012; Mikita 

and Klimánek, 2012; Mitchell, 2013; Ruel et al., 2001; Tóta et al., 2012). In our study site, differences in the attributes of WDP 325 

among topographic positions were more pronounced for maximum than for median values, suggesting that topography 

interacts mainly the dissipation of the speediest and longest WDP registered in the lowest parts of the relief (Fig. 2b-d).  

Wind speed generally increases with altitude (Dunlop, 2017; Mitchell, 2013). Further, the orientation of terrain in relation to 

the predominant wind direction, variability in elevation, and canopy roughness also affect the wind regime in a forested 

location (Chapman, 2000; Finnigan, 2004; Gardiner, 2021; Ruel et al., 2001; Santana et al., 2018). Trees and relief breaks 330 

impose barriers to air flow, or sheltering effects (Chapman, 2000) that reduce the speed and duration of wind gusts passing 

through these obstacles (Awol et al., 2022; Dupont and Brunet, 2009; Finnigan et al., 2009; Gardiner et al., 2019; Guo et al., 

2021; Holmes et al., 2014). The higher the speed of the gusts before they encounter an obstacle, the lower the loss of wind 

speed after passing the obstacle, i.e. the lower the secondary flow speed (Joshi and Anderson, 2022; Terziev et al., 2021). Here, 

we recorded WDP with anemometers placed at canopy height, which captures the wind speed influenced by turbulent 335 

interaction with the canopy roughness (Awol et al., 2022; Bannister et al., 2022; Belcher et al., 2008; Chen et al., 2019; Corrêa 

et al., 2021; Finnigan, 2000, 2004; Repina et al., 2021). Thus, the wind speeds we recorded were likely affected (reduced) by 

interaction with the canopy and lost some energy. Around 74% of the WDP we recorded at all topographic positions were in 

the lower speed range, between 10 – 12 m s-1 (median = 11 m s-1, Fig. S3), which are more prone to substantial speed losses 

when they interact with the canopy than higher speed WDP. The vast majority of WDP fits into this lower speed range, which 340 

explains no speed differences among topographic positions (Fig. 2b). Conversely, we observed a systematic decrease of speed 

and number of gusts, particularly in the speediest WDP from the plateau to the valley. This indicates that valleys may be 

generally less exposed to WDP. In fact, our valley is oriented from south to north  in relation to the prevailing east to west 

winds in our region (Rehbein et al., 2018, 2019). Theoretically, wind gusts lose speed when entering valley formations because 

the wind encounters resistance from the trees, which reduces its strength (Quine et al., 2021). In addition, the orientation of 345 
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our valley (south to north) forces a change in wind direction, from east to west to south to north. This orientation perpendicular 

to the prevailing winds makes the lower parts more protected from the action of extreme winds, especially the east side of the 

valley. If the orientation of the valley affects the critical duration of gusts, we can infer that valleys with a predominantly south-

to-north alignment are generally less vulnerable to strong winds compared to plateaus or east-west valleys. 

The shelter effect creates more recirculation eddies after the wind has passed the obstacle (Cassiani et al., 2008; Detto et al., 350 

2008). In high-slope valleys, as typically found in our study region (Rennó et al., 2008), the rapid change in altitude overcome 

the sheltering effect produced by trees (Bannister et al., 2022; Belcher et al., 2012). Abrupt changes in topography in forested 

hills and valleys also create recirculation zones, usually associated with vertical shear and turbulence (Chen and Chamecki, 

2023; Diebold et al., 2013; Kutter et al., 2017), as well as changes in the vertical mixture of energy, direction, and magnitude 

of fluxes (Chamecki et al., 2020; Staebler and Fitzjarrald, 2005; Xu and Yi, 2013). Further, valleys are susceptible to downward 355 

inflows of air, which can be channeled, creating more complex areas of turbulence (Belcher et al., 2012; Gardiner et al., 2013, 

2019) that in our study apparently affected more the duration than speed of the WDP. In fact, our results show that the 

predominant wind direction recorded at the valley tower was notably distinct from the others and influenced by inflows 

oriented parallel to the valley (Fig. 2g). This process has already been described in adjacent forests with similar structure (Tóta 

et al., 2012) and corroborates that turbulent flows from tree and wind drag may have influenced more the critical duration of 360 

gusts than their speed. As in our study region the topography becomes flatter at higher elevations, the sheltering effect decreases 

(Belcher et al., 2012) and the canopy surface becomes more susceptible to the entry of faster winds associated with convective 

systems and low-level jets, which are less dependent of direct interactions with the surface features such as roughness, slope 

and aspect (Anselmo et al., 2020; Garstang et al., 1994; Greco et al., 1994; Mendonça et al., 2023). In fact, nine of the 10 

fastest WDP were recorded on the plateau. As the topographic sheltering effect decreased (i.e. from the valley to the plateau), 365 

the predominant wind direction recorded in our study area (Fig. 2d and f) converges with the prevailing east-to-west wind 

direction reported for the Central Amazon (Andreae et al., 2015; Espinoza et al., 2012; Pöhlker et al., 2019; Rehbein et al., 

2018, 2019; dos Santos et al., 2014; Tóta et al., 2012; Zhuang et al., 2017). 

While found no day-night differences in the median velocity and critical duration of WDP (Fig. 3b and c), the events were 

concentrated in the daytime (Fig. 3a), including a systematic increase of all WDP metrics in the hottest hours of the day (Fig. 370 

3d and e). These results are consistent with previous studies conducted in the same region (Fuentes et al., 2016; Mendonça et 

al., 2023; dos Santos et al., 2014; Tóta et al., 2012; Zhuang et al., 2017), which attributed these patterns to decoupling of 

airflow between upper and sub canopy layers at night due to the decrease of transport efficiency with cooling. This implies a 

low-intensity wind regime at night (Cava et al., 2022; Freundorfer et al., 2019; Thomas et al., 2013). Our results also agree 

with regional observations of more intense winds during daytime due to surface solar heating, intensification of convection, 375 

and consequently higher air pressure gradients (Fuentes et al., 2016; Garstang et al., 1994, 1998; Mendonça et al., 2023; 

Rehbein et al., 2019; Rehbein and Ambrizzi, 2023; Tóta et al., 2012; Zhuang et al., 2017).  

The highest number and mean wind speed of the WDP in our study region occurred during the dry season months, especially 

in the transition from dry to wet season (Fig. 4c). This is in accord with records in other tropical forests located at Barro 
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Colorado, Panamá (Araujo et al., 2021), and the Central Amazon (Ahlm et al., 2010; Andreae et al., 2015; Mendonça et al., 380 

2023). However, our records also showed that the strongest WDP (i.e., the fastest and longest-enduring gusts) coincided with 

the average passage period of short- (lifetime 3 to 5.5 h) and long-lived (lifetime ≥6 h) continental MCSs over our study region 

described by previous studies, mainly between September and March and also during the transition of the dry to the wet season 

when heavy rainfall events are more frequent (Negrón-Juárez et al., 2017; Rehbein et al., 2018, 2019). This pattern should be 

confirmed with a more extensive temporal observations, as in our data the median critical duration of WDP was similar 385 

between the dry and wet seasons (Fig. 4c). In fact, we did not observe significant differences in the median precipitation rate 

between the seasons (Fig. S5a), although we observed a clear concentration of extreme rainfall events (≥0.7 mm min-1, 87th 

percentile) in the February to April months of the wet season (Fig. S5b). During the wet season in most of Amazon basin, the 

active phase of the South Atlantic Convergence Zone (SACZ) and the Intertropical Convergence Zone (ITCZ) in your 

southernmost position represent the dominant features. They bring more stratified extreme rainfall from tropical ocean for 390 

several days (Carvalho et al., 2004), and intensification of westerly wind regime (Nobre et al., 2009). During the dry season, 

the cloud systems have a more continental-type behavior (Williams et al., 2002), with most rainfall events generated by 

localized deep convection due the northernmost position of the ITCZ and the weakening or breaking of the SACS (Nunes et 

al., 2016). The highest number of WDP was recorded in July for both 2022 and 2023 years, which also coincided with highest 

number of MCS documented in Central Amazon sites for the 2014 and 2015 years (Rehbein et al., 2019). However, our results 395 

showed that September had highest values of wind speed and critical duration of the WDP, coinciding with the average period 

where MCSs substantially reduced their activity in the Central Amazon (Rehbein et al., 2019). This reduction is due to the 

acceleration the dissipation time by strong winds at all levels, which are created by the intensification of the diurnal cycle of 

radiative heating (Machado et al., 1998; Nunes et al., 2016; Raupp and Silva Dias, 2010; Salio et al., 2007). The radiative 

heating is higher in driest months, intensifying the wind regime, mainly from August to October in the Central Amazon 400 

(Liebmann and Marengo, 2001; Marengo et al., 2001). Therefore, our results suggest that the period of highest intensification 

of WDP in our study region is probably related to MCSs activity, but also with other transients systems, such as frontogenesis, 

river breezes, low level jets, and cold fronts (Filho et al., 2015; De Oliveira and Fitzjarrald, 1994; Silva Dias et al., 2004), 

which take force in the onset of the South American Monsoon System in the Central Amazon (Carvalho et al., 2011; Garcia 

and Kayano, 2010; Liebmann and Marengo, 2001; Marengo et al., 2001). 405 

 

4.2 Linking WDP and rainfall events 

In lower percentiles (i.e., in most cases), the rainfall rate had a weakly positive relationship with WDP attributes in our study 

area (Fig. 6a-f), demonstrating the high complexity of the weather processes that involve the interaction of local and large-

scale environmental variables (Dunlop, 2017; Garstang et al., 1994; Maslin, 2013; Sombroek, 2001). On other hand, these 410 

relationships became stronger for the few events associated with extreme rainfall (Fig. 6g-i), highlighting the importance of 
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organized convection for the windthrow tree-mortality in the tropical forests (Araujo et al., 2021; Marra et al., 2018; Marra et 

al., 2014; Negrón-Juárez et al., 2018; Dos Santos et al., 2016; Urquiza-Munoz et al., 2024; Urquiza Muñoz et al., 2021).  

The higher number of extreme rainfall events recorded in the wet (Fig. S5b) gives us evidences that these season concentrated 

more events with a dangerous combination of heavy rainfall and destructive winds for the trees than the dry season (Gardiner, 415 

2021; Geitmann and Gril, 2018; McDowell et al., 2018; Quine et al., 2021; Rau et al., 2022). Our results are consistent with 

previous studies in tropical forests in Central America and Amazon Basin that reported more rainfall events with higher rates 

in the wet season compared to the dry season (Angelis et al., 2004; Araujo et al., 2021; Jaramillo et al., 2017; Marengo et al., 

2001; Oliveira et al., 2016; dos Santos et al., 2014). However, our results partially contrast with previous studies carried at 

larger scales that found a strong positive correlation between wind speed and rainfall along the ITCZ of the eastern Pacific and 420 

tropical America (Back and Bretherton, 2005; Espinoza et al., 2015; Hall et al., 2020; Mendonça et al., 2023).  

The association of high rainfall rates with WDP is not always observed (Fujita and Wakimoto, 1983; Wakimoto, 1985). Other 

research has shown that these association is complex, and highly depend on seasonality and the interaction between local and 

large-scale factors (Espinoza et al., 2015; Kumar et al., 2019). MCSs such as squall lines propagating extreme winds and strong 

rainfall rates have been reported as the most distinct example of the association between rain and destructive winds in the 425 

Amazon Basin (Garstang et al., 1994; Negrón-Juárez et al., 2017, 2010; Nelson et al., 1994). Negrón-Juárez et al. (2018, 2010) 

reported MCSs propagating winds with 19 - 31 m s-1 and rainfall rates ≥ 10 mm hr-1 (~0.17 mm min-1, in a constant rate). 

Garstang et al. (1998) recorded maximum wind speed of 17.2 m s-1 and rainfall rate ~0.8 mm min-1 for the Central and Western 

Amazon. We recorded 122 WDP (~29% of total) not accompanied by rain in a time lag ≥20 min, being one of them with speed 

of 17.94 m s-1. Downward wind flows from MCSs can be propagated for kilometers beyond the point of origin of a storm 430 

(Fujita, 1981; Negrón-Juárez et al., 2010). This implies that wind gusts can be detected without the direct incidence of rainfall 

in geographically restricted measurement situations (Garstang et al., 1998).    

 

4.3 Linking the patterns of WDP and tree mortality 

Storms were responsible by 45 to 51% of individual tree-mortality recorded by forest inventories in the Central Amazon 435 

(Esquivel-Muelbert et al., 2020; Fontes et al., 2018b). During our monitoring period, the INVENTA project was not affected 

by large-scale windthrows (Simonetti et al., 2023). Therefore, the recorded WDP are probably related to individual or small-

grouped tree-mortality and branch falls (Negrón-Juárez et al., 2011; Simonetti et al., 2023). While our results reveal a more 

intense WDP regime (i.e., higher frequency, speed, and duration) at more elevated portions of the relief, a monthly forest 

inventory conducted by Fontes et al. (2018) in a subjacent area found higher tree mortality in less elevated areas. Despite the 440 

scarcity of studies at this topographic scale, the hypothesis that the frequency of extreme wind events alone has a significant 

relationship with the rate of canopy disturbance from individual or small clustered trees was refuted in a tropical forest in 

Panama (Araujo et al., 2021) and a temperate forest located in England (Abd Latif and Blackburn, 2010).  

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



20 

 

We found that WDP regime were slightly more intense in the dry season than wet season. Previous studies found higher rates 

of individual and small group windthrow tree-mortality and canopy disturbances in the wet season in areas close to the 445 

INVENTA (Aleixo et al., 2019; Araujo et al., 2021; Fontes et al., 2018b). During a monthly monitoring period from September 

2018 to January 2021 (28 months) in INVENTA, Simonetti et al (2023) recorded 32 gaps, of which approximately 34% were 

small (<39 m²). In comparison, during a similar subsequent period (October 2021 to September 2023, 24 months), we recorded 

424 WDP. Our results suggest that most of the gusts we observed may not be causing damage to trees. This is corroborated by 

the strong variation in the critical wind speeds estimated by Peterson et al. (2019) in an area close to INVENTA, which ranged 450 

from 10.75 m s-1 to >120.0 m s-1. However, these authors found relatively higher rates of gap formation in the onset of the wet 

season, especially in August, September and October, which are similar with our most intense WDP regime. We hypothesize 

that the combination of WDP and higher amount of heavy rainfall events in the wet season may also increase the vulnerability 

of the trees to wind-related mortality compared to the dry season. Damage can be caused not only by forces from extreme 

winds, but also repeated cycles under different gust durations (Miller et al., 1987; Mitchell, 2013; Moore and Maguire, 2004; 455 

Peltola, 2006). These cycles generate continuous and longer sway of the trees with consequent stress and increased 

vulnerability to mechanical failure that can result in the breakage of branches, snapping and uprooting (Cannon et al., 2015; 

Jackson et al., 2019b; Moore et al., 2018; Yang et al., 2020). Similar gust speeds can have different impacts on the trees failure 

if they have different durations, even if these differences are small in magnitude (Holmes et al., 2014; Krayer and Marshall, 

1992). For example, at the same turbulence intensity, site conditions and tree size, hypothetical estimates showed that the tree 460 

could fall with a gust speed of 27.8 m s-1 for a duration of 5s, which, recalculated to 1s, is similar to a gust impact with a speed 

of 37 m s-1 (England, 2000). Beyond the wind, trees can suffer with higher loads generated by the raindrops retention by the 

canopy (Brandt, 1988; Hall and Calder, 1993; Mulkey et al., 1996), which can reach relatively high retention capacities in 

tropical forests (Lenz et al., 2022). Despite similar rainfall rates in both seasons (Fig. S5a), we recorded substantially more 

rainfall volumes in the wet season, suggesting more static rain loadings over the crowns (Pickett and White, 1985) per time 465 

unit combined with WDP than dry season (Fig. S5b). The tree mortality is complex and frequently involve many combined 

factors, which sometimes imply in immediate tree death, but can also result in delayed death (Aleixo et al., 2019; McDowell 

et al., 2018). In the dry season, tree can suffer mechanical stress by dynamic loads regime due to the high frequency of the 

gusts, which can be exacerbated by hydraulic failure due the drought stress and warmer temperatures (Adams et al., 2017; 

Anderegg et al., 2015; Fontes et al., 2018a; Geitmann and Gril, 2018). Sequentially, trees already mechanically and 470 

physiologically stressed in the dry season can suffer again in the wet season due to severe storms, which intensify the regime 

of static and dynamic loadings on the trees, consequently reducing the tree stability (van Emmerik et al., 2018b, a; Van 

Emmerik et al., 2017; Gardiner et al., 2016; Jackson et al., 2019b; Lorenz et al., 2024; Mitchell, 2013). 
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4.4 Limitations and future opportunities 475 

Windthrow tree-mortality is undoubtedly connected to the WDP regime (Mitchell, 2013), which we demonstrated to be 

influenced by topography, seasonality, and rainfall. Changes and anomalies in the climate such as warmer temperatures, 

droughts, intensification of wind storms, extreme rainfall, and El Niño-Southern Oscillation (ENSO) years were frequently 

correlated with increases in the tree mortality in the Amazon basin (Adams et al., 2017; Aleixo et al., 2019; Allen et al., 2010; 

Bennett et al., 2015; Feng et al., 2023; Hartmann et al., 2022; Leitold et al., 2018). Here, we locally analyzed a two-year 480 

monitoring interval that included 2022 and 2023, strong La Niña and El Niño years, respectively (NOAA, 2024). Based on 

measurements taken in Manaus (ANA, 2024), the water levels of the Negro River have fluctuated significantly, ranging from 

12.7 meters (the lowest level recorded since 1902 on June 16th, 2021) to 30.02 meters (the highest level recorded on October 

26th, 2023). These climate anomalies are often associated with changes in the regime of rainfall and extreme winds in relation 

to years with less intense climate anomalies (Espinoza et al., 2019; Segura et al., 2020; de Souza et al., 2021). Therefore, 485 

concomitant climate anomalies may have limited our capability to fully capture landscape patterns of WDP in our study region. 

In addition, upscaling from our local WDP patterns must be carefully done due the local variations such as valley orientation 

and altitude (Rennó et al., 2008; Tóta et al., 2012), and the highly local-regional variability of convective storms in the Amazon 

basin (Negrón-Juárez et al., 2017; Rehbein et al., 2018, 2019). Both aspects are related to reported local-to-regional wind 

patterns (Gardiner, 2021; Garstang et al., 1998; Ping et al., 2023; Ruel et al., 1998, 2001). Therefore, the representativeness 490 

and accuracy of our results reinforce our patterns of WDP in a local footprint, which can be substantially increased with longer 

monitoring periods (Feng et al., 2023) and new sites with extensive spatial coverage (Andreae et al., 2015; Garstang et al., 

1998; Martin et al., 2016). Future studies could evaluate new environment conditions and to extend the monitoring time to 

encompass climate anomalies, normal conditions, and extreme conditions, which are crucial to understand the future of tropical 

forests in a climate change scenario. 495 

INVENTA is a multidisciplinary project integrating remote sensing, meteorological data and ground/terrestrial data on tree 

mortality driven by wind and associated forest responses (Marra et al., 2018). As our results showed, the more intense WDP 

regime in the dry compared to the wet season corroborates gaps formation rates previously recorded by Simonetti et al (2023) 

in the INVENTA but partially contrast the higher windthrow tree-mortality recorded in the wet season in nearby areas (Aleixo 

et al., 2019; Fontes et al., 2018b). These contrast highlight the importance of to integrate other variables, such as tree-species 500 

traits and architecture (Rader et al., 2020; Yang et al., 2020), soil moisture and depth (Costa et al., 2023), and wet/dry extreme 

events (Esteban et al., 2021; Sousa et al., 2020) in future studies to better understand the tree-mortality process and the 

limitations of the establishment of complex meteorological patterns based in a single site (Tóta et al., 2012). It also opens new 

opportunities for the future expansion of INVENTA and integration with other research initiatives. Recently in our study area, 

Simonetti et al (2023) used high-resolution remote sensing and forest inventory data to quantify the relative contribution of 505 

mechanisms of gap formation. The authors found positive correlations between the rate of gap formation and the frequency of 

extreme rainfall events through a month-basis assessment. However, how much variation of individual or small clustered 
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windthrow tree mortality is explained by WDP, remains unclear. To answer this question, we encourage future studies in a 

high-frequency basis to quantify the relative importance of WDP in the canopy gap formation and evaluated our hypothesis of 

combined action by wind-rainfall loads on the trees, testing new wind speed thresholds that characterizing destructive gusts. 510 

Our results also open up opportunities for future researches approaching tree motion sensing, recently tested with some amazon 

trees, whose results show that tree sway is connected with the wind forcing (van Emmerik et al., 2018a; Van Emmerik et al., 

2017). Currently, the INVENTA is assessing the relative importance of the functional and environmental characteristics 

involved in the adaptive tree biomechanics through a set of motion sensing installed in canopy trees (Marra et al., 2018). This 

research will provide a better understand of the mechanical stability of trees and their respective vulnerability to winds.   515 

Conclusions 

Wind speeds with potential to damage and topple trees occur during the entire year and all over the topographic gradient of a 

Central Amazon forest. However, their critical duration and frequency are influenced by seasonality and canopy exposure 

assessed by variations in topography. More frequent and severe winds occur mainly within the transition from the dry to the 

wet season, potentially through a combination of excessive heat and moisture brought by convective systems, corroborating 520 

empirical observations from previous studies. Our results show a positive correlation of extreme rainfall events (storms) and 

the frequency and critical duration of WDP. However, they also support that WDP are not exclusively propagated during heavy 

rainfall formed by large-scale convective systems. More frequent and severe WDP during the transition from the dry to the 

wet season also corroborates the higher number of canopy gaps previously reported for our study region. This suggest that our 

threshold of 10 m s-1 may be robust for assessing patterns of WDP in other terra-firme forests in Central Amazon. Our study 525 

highlights the importance of long-term and high frequency meteorological data for assessing disturbance regimes at local-to-

regional scales, usually not effectively captured by remote sensing. 

Acknowledgments 

We are grateful for the logistical support from the field crew of the Forest Management Laboratory of the National Institute 

for Amazonian Research. We also acknowledge Martin Hertel from the Max Planck Institute for Biogeochemistry for his 530 

support during the instrumentation of the INVENTA towers. 

Authors contributions 

D.M.M., L.E., G.D.P.., R.I.N-J., and S.T. planned and designed the research; D.M.M., O.K., and L.E. installed and 

instrumented towers; L.E. and D.M.M. collected the data; L.E. analyzed the data with support from D.M.M. and T.E.; L.E. 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



23 

 

wrote the manuscript with support from D.M.M.; All authors helped with revising and editing various versions of the 535 

manuscript. All authors have read and agreed to the published version of the manuscript. 

Funding 

This research is part of the Wind-Tree Interactions Project (INVENTA), and the Amazon Tall Tower Observatory (ATTO) 

funded by the German Federal Ministry of Education and Research (BMBF contracts 01LB1001A and 01LK1602A), the 

Brazilian Ministry of Science, Technology, and Innovation (MCTI/FINEP contract 01.11.01248.00), and the Max Planck 540 

Society (MPG). L.E. was funded by the Fundação de Amparo à Pesquisa do Estado do Amazonas (FAPEAM) (PhD grant no. 

41640.UNI739.1607.28032019-65939). This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal 

de Nível Superior - Brasil (CAPES) - Finance Code 001. R.I.N-J. was supported as part of the Next Generation Ecosystem 

Experiments-Tropics and Reducing Uncertainties in Biogeochemical Interactions through Synthesis and Computation 

Scientific Focus Area (RUBISCO SFA) under contract to LBNL, sponsored by the US Department of Energy Office of 545 

Science. 

Conflicts of Interest 

The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analysis, or 

interpretation of data; in the writing of the manuscript, or in the decision to publish the results. 

 550 

  

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



24 

 

References 

Abd Latif, Z. and Blackburn, G. A.: The effects of gap size on some microclimate variables during late summer and autumn 

in a temperate broadleaved deciduous forest, International Journal of Biometeorology, 54, 119–129, 

https://doi.org/10.1007/s00484-009-0260-1, 2010. 555 

Adams, H. D., Zeppel, M. J. B., Anderegg, W. R. L., Hartmann, H., Landhäusser, S. M., Tissue, D. T., Huxman, T. E., Hudson, 

P. J., Franz, T. E., Allen, C. D., Anderegg, L. D. L., Barron-Gafford, G. A., Beerling, D. J., Breshears, D. D., Brodribb, T. J., 

Bugmann, H., Cobb, R. C., Collins, A. D., Dickman, L. T., Duan, H., Ewers, B. E., Galiano, L., Galvez, D. A., Garcia-Forner, 

N., Gaylord, M. L., Germino, M. J., Gessler, A., Hacke, U. G., Hakamada, R., Hector, A., Jenkins, M. W., Kane, J. M., Kolb, 

T. E., Law, D. J., Lewis, J. D., Limousin, J.-M., Love, D. M., Macalady, A. K., Martínez-Vilalta, J., Mencuccini, M., Mitchell, 560 

P. J., Muss, J. D., O’Brien, M. J., O’Grady, A. P., Pangle, R. E., Pinkard, E. A., Piper, F. I., Plaut, J. A., Pockman, W. T., 

Quirk, J., Reinhardt, K., Ripullone, F., Ryan, M. G., Sala, A., Sevanto, S., Sperry, J. S., Vargas, R., Vennetier, M., Way, D. 

A., Xu, C., Yepez, E. A., and McDowell, N. G.: A multi-species synthesis of physiological mechanisms in drought-induced 

tree mortality, Nature Ecology & Evolution, 1, 1285–1291, https://doi.org/10.1038/s41559-017-0248-x, 2017. 

Rede Hidrometeorológica Nacional: https://www.snirh.gov.br/hidroweb/serieshistoricas, last access: 16 August 2024. 565 

Ahlm, L., Nilsson, E. D., Krejci, R., M&amp;aring;rtensson, E. M., Vogt, M., and Artaxo, P.: A comparison of dry and wet 

season aerosol number fluxes over the Amazon rain forest, Atmospheric Chemistry and Physics, 10, 3063–3079, 

https://doi.org/10.5194/acp-10-3063-2010, 2010. 

Aleixo, I., Norris, D., Hemerik, L., Barbosa, A., Prata, E., Costa, F., and Poorter, L.: Amazonian rainforest tree mortality driven 

by climate and functional traits, Nature Climate Change, 9, 384–388, https://doi.org/10.1038/s41558-019-0458-0, 2019. 570 

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M., Kitzberger, T., Rigling, A., 

Breshears, D. D., Hogg, E. H. (Ted), Gonzalez, P., Fensham, R., Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G., 

Running, S. W., Semerci, A., and Cobb, N.: A global overview of drought and heat-induced tree mortality reveals emerging 

climate change risks for forests, Forest Ecology and Management, 259, 660–684, https://doi.org/10.1016/j.foreco.2009.09.001, 

2010. 575 

Anderegg, W. R. L., Flint, A., Huang, C., Flint, L., Berry, J. A., Davis, F. W., Sperry, J. S., and Field, C. B.: Tree mortality 

predicted from drought-induced vascular damage, Nature Geoscience, 8, 367–371, https://doi.org/10.1038/ngeo2400, 2015. 

Andreae, M. O., Acevedo, O. C., Araùjo, A., Artaxo, P., Barbosa, C. G. G., Barbosa, H. M. J., Brito, J., Carbone, S., Chi, X., 

Cintra, B. B. L., da Silva, N. F., Dias, N. L., Dias-Júnior, C. Q., Ditas, F., Ditz, R., Godoi, A. F. L., Godoi, R. H. M., Heimann, 

M., Hoffmann, T., Kesselmeier, J., Könemann, T., Krüger, M. L., Lavric, J. V., Manzi, A. O., Lopes, A. P., Martins, D. L., 580 

Mikhailov, E. F., Moran-Zuloaga, D., Nelson, B. W., Nölscher, A. C., Santos Nogueira, D., Piedade, M. T. F., Pöhlker, C., 

Pöschl, U., Quesada, C. A., Rizzo, L. V., Ro, C.-U., Ruckteschler, N., Sá, L. D. A., de Oliveira Sá, M., Sales, C. B., dos Santos, 

R. M. N., Saturno, J., Schöngart, J., Sörgel, M., de Souza, C. M., de Souza, R. A. F., Su, H., Targhetta, N., Tóta, J., Trebs, I ., 

Trumbore, S., van Eijck, A., Walter, D., Wang, Z., Weber, B., Williams, J., Winderlich, J., Wittmann, F., Wolff, S., and Yáñez-

Serrano, A. M.: The Amazon Tall Tower Observatory (ATTO): overview of pilot measurements on ecosystem ecology, 585 

meteorology, trace gases, and aerosols, Atmospheric Chemistry and Physics, 15, 10723–10776, https://doi.org/10.5194/acp-

15-10723-2015, 2015. 

Angelis, C., McGregor, G., and Kidd, C.: Diurnal cycle of rainfall over the Brazilian Amazon, Climate Research, 26, 139–

149, https://doi.org/10.3354/cr026139, 2004. 

dos Anjos, P. S., da Silva, A. S. A., Stošić, B., and Stošić, T.: Long-term correlations and cross-correlations in wind speed and 590 

solar radiation temporal series from Fernando de Noronha Island, Brazil, Physica A: Statistical Mechanics and its Applications, 

424, 90–96, https://doi.org/10.1016/j.physa.2015.01.003, 2015. 

Anselmo, E. M., Schumacher, C., and Machado, L. A. T.: The Amazonian Low-Level Jet and Its Connection to Convective 

Cloud Propagation and Evolution, Monthly Weather Review, 148, 4083–4099, https://doi.org/10.1175/MWR-D-19-0414.1, 

2020. 595 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



25 

 

Araujo, R. F., Nelson, B. W., Celes, C. H. S., and Chambers, J. Q.: Regional distribution of large blowdown patches across 

Amazonia in 2005 caused by a single convective squall line, Geophysical Research Letters, 44, 7793–7798, 

https://doi.org/10.1002/2017GL073564, 2017. 

Araujo, R. F., Grubinger, S., Celes, C. H. S., Negrón-Juárez, R. I., Garcia, M., Dandois, J. P., and Muller-Landau, H. C.: Strong 

temporal variation in treefall and branchfall rates in a tropical forest is related to extreme rainfall: results from 5 years of 600 

monthly drone data for a 50 ha plot, Biogeosciences, 18, 6517–6531, https://doi.org/10.5194/bg-18-6517-2021, 2021. 

Araújo, R. F. de: Estrutura do dossel, dinâmica florestal e fenologia foliar com uso de aeronave remotamente pilotada na 

Amazônia, PhD thesis, Instituto Naciona de Pesquisas da Amazônia, INPA, Manaus, AM, Brasil, 84 pp., 2019. 

Awol, A., Bitsuamlak, G., and Tariku, F.: A new analytical model for wind flow in canopies, Journal of Wind Engineering 

and Industrial Aerodynamics, 225, 105003, https://doi.org/10.1016/j.jweia.2022.105003, 2022. 605 

Back, L. E. and Bretherton, C. S.: The Relationship between Wind Speed and Precipitation in the Pacific ITCZ, Journal of 

Climate, 18, 4317–4328, https://doi.org/10.1175/JCLI3519.1, 2005. 

Bannister, E. J., MacKenzie, A. R., and Cai, X. M.: Realistic Forests and the Modeling of Forest-Atmosphere Exchange, 

Reviews of Geophysics, 60, e2021RG000746, https://doi.org/10.1029/2021RG000746, 2022. 

Barry, R. G. and Chorley, R. J.: Atmosphere, weather and climate: Eighth edition, https://doi.org/10.4324/9780203428238, 610 

2003. 

Belcher, S. E., Finnigan, J. J., and Harman, I. N.: FLOWS THROUGH FOREST CANOPIES IN COMPLEX TERRAIN, 

Ecological Applications, 18, 1436–1453, https://doi.org/10.1890/06-1894.1, 2008. 

Belcher, S. E., Harman, I. N., and Finnigan, J. J.: The Wind in the Willows: Flows in Forest Canopies in Complex Terrain, 

Annual Review of Fluid Mechanics, https://doi.org/10.1146/annurev-fluid-120710-101036, 2012. 615 

Beljaars, A. C. M.: The Influence of Sampling and Filtering on Measured Wind Gusts, Journal of Atmospheric and Oceanic 

Technology, 4, 613–626, https://doi.org/10.1175/1520-0426(1987)004<0613:TIOSAF>2.0.CO;2, 1987. 

Bennett, A. C., Mcdowell, N. G., Allen, C. D., and Anderson-Teixeira, K. J.: Larger trees suffer most during drought in forests 

worldwide, Nature Plants, https://doi.org/10.1038/nplants.2015.139, 2015. 

Berzaghi, F., Wright, I. J., Kramer, K., Oddou-Muratorio, S., Bohn, F. J., Reyer, C. P. O., Sabaté, S., Sanders, T. G. M., and 620 

Hartig, F.: Towards a New Generation of Trait-Flexible Vegetation Models, Trends in Ecology & Evolution, 35, 191–205, 

https://doi.org/10.1016/J.TREE.2019.11.006, 2020. 

Braga, P. I. S.: Subdivisão fitogeográfica, tipos de vegetação, conservação e inventário florístico da floresta amazônica, Acta 

Amazonica, https://doi.org/10.1590/1809-43921979094s053, 1979. 

Brandt, J.: The Transformation of Rainfall Energy by a Tropical Rain Forest Canopy in Relation to Soil Erosion, Journal of 625 

Biogeography, 15, 41, https://doi.org/10.2307/2845044, 1988. 

Cannon, J. B., Barrett, M. E., and Peterson, C. J.: The effect of species, size, failure mode, and fire-scarring on tree stability, 

Forest Ecology and Management, 356, 196–203, https://doi.org/10.1016/j.foreco.2015.07.014, 2015. 

Carneiro, V. M. C.: Composição florística e análise estrutural da floresta primária de terra firme na bacia do rio cuieiras, 

Manaus-Am, Master Dissertation, Universidade Federal do Amazônas, Manaus, AM, Brazil, 62 pp., 2004. 630 

Carvalho, L. M. V., Jones, C., Silva, A. E., Liebmann, B., and Silva Dias, P. L.: The South American Monsoon System and 

the 1970s climate transition, International Journal of Climatology, 31, 1248–1256, https://doi.org/10.1002/joc.2147, 2011. 

Carvalho, L. M. V, Jones, C., and Liebmann, B.: The South Atlantic Convergence Zone: Intensity, Form, Persistence, and 

Relationships with Intraseasonal to Interannual Activity and Extreme Rainfall, Journal of Climate, 17, 88–108, 

https://doi.org/10.1175/1520-0442(2004)017<0088:TSACZI>2.0.CO;2, 2004. 635 

Cassiani, M., Katul, G. G., and Albertson, J. D.: The Effects of Canopy Leaf Area Index on Airflow Across Forest Edges: 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



26 

 

Large-eddy Simulation and Analytical Results, Boundary-Layer Meteorology, 126, 433–460, https://doi.org/10.1007/s10546-

007-9242-1, 2008. 

Cava, D., Dias-Júnior, C. Q., Acevedo, O., Oliveira, P. E. S., Tsokankunku, A., Sörgel, M., Manzi, A. O., de Araújo, A. C., 

Brondani, D. V., Toro, I. M. C., and Mortarini, L.: Vertical propagation of submeso and coherent structure in a tall and dense 640 

Amazon Forest in different stability conditions PART I: Flow structure within and above the roughness sublayer, Agricultural 

and Forest Meteorology, 322, 108983, https://doi.org/10.1016/j.agrformet.2022.108983, 2022. 

Chambers, J. Q., Robertson, A. L., Carneiro, V. M. C., Lima, A. J. N., Smith, M.-L., Plourde, L. C., and Higuchi, N.: 

Hyperspectral remote detection of niche partitioning among canopy trees driven by blowdown gap disturbances in the Central 

Amazon, Oecologia, 160, 107–117, https://doi.org/10.1007/s00442-008-1274-9, 2009. 645 

Chambers, J. Q., Negron-Juarez, R. I., Marra, D. M., Di Vittorio, A., Tews, J., Roberts, D., Ribeiro, G. H. P. M., Trumbore, 

S. E., and Higuchi, N.: The steady-state mosaic of disturbance and succession across an old-growth Central Amazon forest 

landscape, Proceedings of the National Academy of Sciences, https://doi.org/10.1073/pnas.1202894110, 2013. 

Chamecki, M., Freire, L. S., Dias, N. L., Chen, B., Dias-Junior, C. Q., Toledo Machado, L. A., Sörgel, M., Tsokankunku, A., 

and Araújo, A. C. de: Effects of Vegetation and Topography on the Boundary Layer Structure above the Amazon Forest, 650 

Journal of the Atmospheric Sciences, 77, 2941–2957, https://doi.org/10.1175/JAS-D-20-0063.1, 2020. 

Chapman, L.: Assessing topographic exposure, Meteorological Applications, https://doi.org/10.1017/S1350482700001729, 

2000. 

Chauvel, A., Lucas, Y., and Boulet, R.: On the genesis of the soil mantle of the region of Manaus, Central Amazonia, Brazil, 

Experientia, 43, 234–241, https://doi.org/10.1007/BF01945546/METRICS, 1987. 655 

Chen, B. and Chamecki, M.: Turbulent Kinetic Energy Budgets over Gentle Topography Covered by Forests, Journal of the 

Atmospheric Sciences, 80, 91–109, https://doi.org/10.1175/JAS-D-22-0027.1, 2023. 

Chen, B., Chamecki, M., and Katul, G. G.: Effects of topography on in-canopy transport of gases emitted within dense forests, 

Quarterly Journal of the Royal Meteorological Society, https://doi.org/10.1002/qj.3546, 2019. 

Corrêa, P. B., Dias-Júnior, C. Q., Cava, D., Sörgel, M., Botía, S., Acevedo, O., Oliveira, P. E. S., Ocimar Manzi, A., Toledo 660 

Machado, L. A., dos Santos Martins, H., Tsokankunku, A., de Araújo, A. C., Lavric, J. V., Walter, D., and Mortarini, L.: A 

case study of a gravity wave induced by Amazon forest orography and low level jet generation, Agricultural and Forest 

Meteorology, 307, 108457, https://doi.org/10.1016/J.AGRFORMET.2021.108457, 2021. 

Costa, F. R. C., Schietti, J., Stark, S. C., and Smith, M. N.: The other side of tropical forest drought: do shallow water table 

regions of Amazonia act as large-scale hydrological refugia from drought?, New Phytologist, 237, 714–733, 665 

https://doi.org/10.1111/NPH.17914, 2023. 

Cunha, H. F. V., Andersen, K. M., Lugli, L. F., Santana, F. D., Aleixo, I. F., Moraes, A. M., Garcia, S., Di Ponzio, R., Mendoza, 

E. O., Brum, B., Rosa, J. S., Cordeiro, A. L., Portela, B. T. T., Ribeiro, G., Coelho, S. D., de Souza, S. T., Silva, L. S., 

Antonieto, F., Pires, M., Salomão, A. C., Miron, A. C., de Assis, R. L., Domingues, T. F., Aragão, L. E. O. C., Meir, P., 

Camargo, J. L., Manzi, A. O., Nagy, L., Mercado, L. M., Hartley, I. P., and Quesada, C. A.: Direct evidence for phosphorus 670 

limitation on Amazon forest productivity, Nature, 608, 558–562, https://doi.org/10.1038/s41586-022-05085-2, 2022. 

Dag, O., Dolgun, A., and Konar, Naime, M.: onewaytests: An R Package for One-Way Tests in Independent Groups Designs, 

The R Journal, 10, 175, https://doi.org/10.32614/RJ-2018-022, 2018. 

Detto, M., Katul, G. G., Siqueira, M., Juang, J.-Y., and Stoy, P.: THE STRUCTURE OF TURBULENCE NEAR A TALL 

FOREST EDGE: THE BACKWARD‐FACING STEP FLOW ANALOGY REVISITED, Ecological Applications, 18, 1420–675 

1435, https://doi.org/10.1890/06-0920.1, 2008. 

Diebold, M., Higgins, C., Fang, J., Bechmann, A., and Parlange, M. B.: Flow over Hills: A Large-Eddy Simulation of the 

Bolund Case, Boundary-Layer Meteorology, 148, 177–194, https://doi.org/10.1007/s10546-013-9807-0, 2013. 

Dunlop, S.: Weather: A Very Short Introduction, 2nd ed., edited by: Oxford University Press (OUP), Oxford University Press 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



27 

 

(OUP), United Kingdom, 151 pp., https://doi.org/10.1093/actrade/9780199571314.001.0001, 2017. 680 

Dupont, S. and Brunet, Y.: Coherent structures in canopy edge flow: A large-eddy simulation study, Journal of Fluid 

Mechanics, https://doi.org/10.1017/S0022112009006739, 2009. 

van Emmerik, T., Steele-Dunne, S., Gentine, P., Oliveira, R. S., Bittencourt, P., Barros, F., and van de Giesen, N.: Ideas and 

perspectives: Tree–atmosphere interaction responds to water-related stem variations, Biogeosciences, 15, 6439–6449, 

https://doi.org/10.5194/bg-15-6439-2018, 2018a. 685 

van Emmerik, T., Steele-Dunne, S., Guerin, M., Gentine, P., Oliveira, R., Hut, R., Selker, J., Wagner, J., and van de Giesen, 

N.: Tree Sway Time Series of 7 Amazon Tree Species (July 2015–May 2016), Frontiers in Earth Science, 6, 411456, 

https://doi.org/10.3389/feart.2018.00221, 2018b. 

Van Emmerik, T., Steele-Dunne, S., Hut, R., Gentine, P., Guerin, M., Oliveira, R. S., Wagner, J., Selker, J., and Van De 

Giesen, N.: Measuring tree properties and responses using low-cost accelerometers, Sensors (Switzerland), 690 

https://doi.org/10.3390/s17051098, 2017. 

England, A. H.: A dynamic analysis of windthrow of trees, Forestry, 73, 225–238, https://doi.org/10.1093/forestry/73.3.225, 

2000. 

Espinoza, J. C., Lengaigne, M., Ronchail, J., and Janicot, S.: Large-scale circulation patterns and related rainfall in the Amazon 

Basin: A neuronal networks approach, Climate Dynamics, https://doi.org/10.1007/s00382-011-1010-8, 2012. 695 

Espinoza, J. C., Chavez, S., Ronchail, J., Junquas, C., Takahashi, K., and Lavado, W.: Rainfall hotspots over the southern 

tropical Andes: Spatial distribution, rainfall intensity, and relations with large-scale atmospheric circulation, Water Resources 

Research, https://doi.org/10.1002/2014WR016273, 2015. 

Espinoza, J. C., Ronchail, J., Marengo, J. A., and Segura, H.: Contrasting North–South changes in Amazon wet-day and dry-

day frequency and related atmospheric features (1981–2017), Climate Dynamics, 52, 5413–5430, 700 

https://doi.org/10.1007/s00382-018-4462-2, 2019. 

Esquivel-Muelbert, A., Phillips, O. L., Brienen, R. J. W., Fauset, S., Sullivan, M. J. P., Baker, T. R., Chao, K. J., Feldpausch, 

T. R., Gloor, E., Higuchi, N., Houwing-Duistermaat, J., Lloyd, J., Liu, H., Malhi, Y., Marimon, B., Marimon Junior, B. H., 

Monteagudo-Mendoza, A., Poorter, L., Silveira, M., Torre, E. V., Dávila, E. A., del Aguila Pasquel, J., Almeida, E., Loayza, 

P. A., Andrade, A., Aragão, L. E. O. C., Araujo-Murakami, A., Arets, E., Arroyo, L., Aymard C, G. A., Baisie, M., Baraloto, 705 

C., Camargo, P. B., Barroso, J., Blanc, L., Bonal, D., Bongers, F., Boot, R., Brown, F., Burban, B., Camargo, J. L., Castro, 

W., Moscoso, V. C., Chave, J., Comiskey, J., Valverde, F. C., da Costa, A. L., Cardozo, N. D., Di Fiore, A., Dourdain, A., 

Erwin, T., Llampazo, G. F., Vieira, I. C. G., Herrera, R., Honorio Coronado, E., Huamantupa-Chuquimaco, I., Jimenez-Rojas, 

E., Killeen, T., Laurance, S., Laurance, W., Levesley, A., Lewis, S. L., Ladvocat, K. L. L. M., Lopez-Gonzalez, G., Lovejoy, 

T., Meir, P., Mendoza, C., Morandi, P., Neill, D., Nogueira Lima, A. J., Vargas, P. N., de Oliveira, E. A., Camacho, N. P., 710 

Pardo, G., Peacock, J., Peña-Claros, M., Peñuela-Mora, M. C., Pickavance, G., Pipoly, J., Pitman, N., Prieto, A., Pugh, T. A. 

M., Quesada, C., Ramirez-Angulo, H., de Almeida Reis, S. M., Rejou-Machain, M., Correa, Z. R., Bayona, L. R., Rudas, A., 

Salomão, R., Serrano, J., Espejo, J. S., Silva, N., Singh, J., Stahl, C., Stropp, J., Swamy, V., Talbot, J., ter Steege, H., et al.: 

Tree mode of death and mortality risk factors across Amazon forests, Nature Communications, 11, 1–11, 

https://doi.org/10.1038/s41467-020-18996-3, 2020. 715 

Esteban, E. J. L., Castilho, C. V., Melgaço, K. L., and Costa, F. R. C.: The other side of droughts: wet extremes and topography 

as buffers of negative drought effects in an Amazonian forest, New Phytologist, 229, 1995–2006, 

https://doi.org/10.1111/NPH.17005, 2021. 

Faybishenko, B., Versteeg, R., Pastorello, G., Dwivedi, D., Varadharajan, C., and Agarwal, D.: Challenging problems of 

quality assurance and quality control (QA/QC) of meteorological time series data, Stochastic Environmental Research and 720 

Risk Assessment, 36, 1049–1062, https://doi.org/10.1007/s00477-021-02106-w, 2022. 

Feng, Y., Negrón-Juárez, R. I., Romps, D. M., and Chambers, J. Q.: Amazon windthrow disturbances are likely to increase 

with storm frequency under global warming, Nature Communications, 14, 101, https://doi.org/10.1038/s41467-022-35570-1, 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



28 

 

2023. 

Ferraz, J., Ohta, S., and de Sales, P. C.: Distribuição dos solos ao longo de dois transectos em floresta primária ao Norte de 725 

Manaus (AM), in: Pesquisas florestais para a conservação da floresta e reabilitação de áreas degradadas da Amazônia, edited 

by: MCT-INPA/JICA, INPA, Manaus, AM, 109–143, 1998. 

Filho, A. J. P., Carbone, R. E., Tuttle, J. D., and Karam, H. A.: Convective Rainfall in Amazonia and Adjacent Tropics, 

Atmospheric and Climate Sciences, 05, 137–161, https://doi.org/10.4236/acs.2015.52011, 2015. 

Finnigan, J.: Turbulence in Plant Canopies, Annual Review of Fluid Mechanics, 32, 519–571, 730 

https://doi.org/10.1146/annurev.fluid.32.1.519, 2000. 

Finnigan, J.: The footprint concept in complex terrain, Agricultural and Forest Meteorology, 127, 117–129, 

https://doi.org/10.1016/J.AGRFORMET.2004.07.008, 2004. 

Finnigan, J. J., Shaw, R. H., and Patton, E. G.: Turbulence structure above a vegetation canopy, Journal of Fluid Mechanics, 

https://doi.org/10.1017/S0022112009990589, 2009. 735 

Fontes, C. G., Dawson, T. E., Jardine, K., McDowell, N., Gimenez, B. O., Anderegg, L., Negrón-Juárez, R., Higuchi, N., Fine, 

P. V. A., Araújo, A. C., and Chambers, J. Q.: Dry and hot: the hydraulic consequences of a climate change–type drought for 

Amazonian trees, Philosophical Transactions of the Royal Society B: Biological Sciences, 373, 20180209, 

https://doi.org/10.1098/rstb.2018.0209, 2018a. 

Fontes, C. G., Chambers, J. Q., and Higuchi, N.: Revealing the causes and temporal distribution of tree mortality in Central 740 

Amazonia, Forest Ecology and Management, https://doi.org/10.1016/j.foreco.2018.05.002, 2018b. 

Forkel, M., Drüke, M., Thurner, M., Dorigo, W., Schaphoff, S., Thonicke, K., von Bloh, W., and Carvalhais, N.: Constraining 

modelled global vegetation dynamics and carbon turnover using multiple satellite observations, Scientific Reports 2019 9:1, 

9, 1–12, https://doi.org/10.1038/s41598-019-55187-7, 2019. 

Freundorfer, A., Rehberg, I., Law, B. E., and Thomas, C.: Forest wind regimes and their implications on cross-canopy coupling, 745 

Agricultural and Forest Meteorology, 279, 107696, https://doi.org/10.1016/j.agrformet.2019.107696, 2019. 

Fuentes, J. D., Chamecki, M., Nascimento dos Santos, R. M., Von Randow, C., Stoy, P. C., Katul, G., Fitzjarrald, D., Manzi, 

A., Gerken, T., Trowbridge, A., Souza Freire, L., Ruiz-Plancarte, J., Furtunato Maia, J. M., Tóta, J., Dias, N., Fisch, G., 

Schumacher, C., Acevedo, O., Rezende Mercer, J., and Yañez-Serrano, A. M.: Linking Meteorology, Turbulence, and Air 

Chemistry in the Amazon Rain Forest, Bulletin of the American Meteorological Society, 97, 2329–2342, 750 

https://doi.org/10.1175/BAMS-D-15-00152.1, 2016. 

Fujita, T. T.: Tornadoes and downbursts in the context of generalized planetary scales., Journal of the Atmospheric Sciences, 

https://doi.org/10.1175/1520-0469(1981)038<1511:TADITC>2.0.CO;2, 1981. 

Fujita, T. T. and Wakimoto, R. M.: MICROBURSTS IN JAWS DEPICTED BY DOPPLER RADARS, PAM, AND AERIAL 

PHOTOGRAPHS., in: Conference on Radar Meteorology of the American Meteorological Society, 1983. 755 

Funatsu, B. M., Le Roux, R., Arvor, D., Espinoza, J. C., Claud, C., Ronchail, J., Michot, V., and Dubreuil, V.: Assessing 

precipitation extremes (1981–2018) and deep convective activity (2002–2018) in the Amazon region with CHIRPS and AMSU 

data, Climate Dynamics 2021 57:3, 57, 827–849, https://doi.org/10.1007/S00382-021-05742-8, 2021. 

Gandrud, C.: DataCombine: Tools for Easily Combining and Cleaning Data Sets, https://cran.r-

project.org/package=DataCombine, 2016. 760 

Garcia, S. R. and Kayano, M. T.: Some evidence on the relationship between the South American monsoon and the Atlantic 

ITCZ, Theoretical and Applied Climatology, 99, 29–38, https://doi.org/10.1007/s00704-009-0107-z, 2010. 

Gardiner, B.: Wind damage to forests and trees: a review with an emphasis on planted and managed forests, Journal of Forest 

Research, 26, 248–266, https://doi.org/10.1080/13416979.2021.1940665, 2021. 

Gardiner, B., Byrne, K., Hale, S., Kamimura, K., Mitchell, S. J., Peltola, H., and Ruel, J.-C. C.: A review of mechanistic 765 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



29 

 

modelling of wind damage risk to forests, Forestry, 81, 447–463, https://doi.org/10.1093/forestry/cpn022, 2008. 

Gardiner, B., Schuck, A., Schelhaas, M.-J., Orazio, C., Blennow, K., and Nicoll, B.: Living with storm damage to forests, 

https://doi.org/10.1007/s10342-006-0111-0, 2013. 

Gardiner, B., Berry, P., and Moulia, B.: Review: Wind impacts on plant growth, mechanics and damage, 

https://doi.org/10.1016/j.plantsci.2016.01.006, 2016. 770 

Gardiner, B., Achim, A., Nicoll, B., and Ruel, J.-C.: Understanding the interactions between wind and trees: an introduction 

to the IUFRO 8th Wind and Trees Conference (2017), Forestry: An International Journal of Forest Research, 92, 375–380, 

https://doi.org/10.1093/forestry/cpz044, 2019. 

Garstang, M., Massie, H. L., Halverson, J., Greco, S., and Scala, J.: Amazon Coastal Squall Lines. Part I: Structure and 

Kinematics, Monthly Weather Review, 122, 608–622, https://doi.org/10.1175/1520-775 

0493(1994)122<0608:ACSLPI>2.0.CO;2, 1994. 

Garstang, M., White, S., Shugart, H. H., and Halverson, J.: Convective cloud downdrafts as the cause of large blowdowns in 

the Amazon rainforest, Meteorology and Atmospheric Physics, 67, 199–212, https://doi.org/10.1007/BF01277510, 1998. 

Geitmann, A. and Gril, J.: Plant Biomechanics, edited by: Geitmann, A. and Gril, J., Springer International Publishing, Cham, 

https://doi.org/10.1007/978-3-319-79099-2, 2018. 780 

Gomes, L. and Vickery, B. J.: Extreme wind speeds in mixed wind climates, Journal of Wind Engineering and Industrial 

Aerodynamics, 2, 331–344, https://doi.org/10.1016/0167-6105(78)90018-1, 1978. 

Gonçalves, M. B., Dias-Júnior, C. Q., D’Oliveira, F. A. F., Cely-Toro, I. M., Cohen, J. C. P., Martins, H. S., da Silva, G. H. 

S., de Araújo, A. C., and Mortarini, L.: Squall lines and turbulent exchange at the Amazon forest-atmosphere interface, 

Meteorology and Atmospheric Physics, 136, 41, https://doi.org/10.1007/s00703-024-01039-7, 2024. 785 

Gotelli, N. J. and Ellisson, A. M.: A Primer of Ecological Statistics, 2nd ed., edited by: Gotelli, N. J. and Ellisson, A. M., 

Associates, Sinauer, Sunderland, Massachusetts, 614 pp., 2013. 

Greco, S., Scala, J., Halverson, J., Massie, H. L., Tao, W.-K., and Garstang, M.: Amazon Coastal Squall Lines. Part II: Heat 

and Moisture Transports, Monthly Weather Review, 122, 623–635, https://doi.org/10.1175/1520-

0493(1994)122<0623:ACSLPI>2.0.CO;2, 1994. 790 

Guo, Z., Yang, X., Wu, X., Zou, X., Zhang, C., Fang, H., and Xiang, H.: Optimal design for vegetative windbreaks using 3D 

numerical simulations, Agricultural and Forest Meteorology, 298–299, 108290, 

https://doi.org/10.1016/J.AGRFORMET.2020.108290, 2021. 

Hall, J., Muscarella, R., Quebbeman, A., Arellano, G., Thompson, J., Zimmerman, J. K., and Uriarte, M.: Hurricane-Induced 

Rainfall is a Stronger Predictor of Tropical Forest Damage in Puerto Rico Than Maximum Wind Speeds, Scientific Reports, 795 

10, 4318, https://doi.org/10.1038/s41598-020-61164-2, 2020. 

Hall, R. L. and Calder, I. R.: Drop size modification by forest canopies: Measurements using a disdrometer, Journal of 

Geophysical Research: Atmospheres, 98, 18465–18470, https://doi.org/10.1029/93JD01498, 1993. 

Harper, B. A., Kepert, J. D., and Ginger, J. D.: Guidelines for converting between various wind averaging periods in tropical 

cyclone conditions, Geneva, Switzerlan, 64 pp., 2010. 800 

Harris, I., Osborn, T. J., Jones, P., and Lister, D.: Version 4 of the CRU TS monthly high-resolution gridded multivariate 

climate dataset, Scientific Data, 7, 109, https://doi.org/10.1038/s41597-020-0453-3, 2020. 

Hartmann, H., Bastos, A., Das, A. J., Esquivel-Muelbert, A., Hammond, W. M., Martínez-Vilalta, J., McDowell, N. G., 

Powers, J. S., Pugh, T. A. M., Ruthrof, K. X., and Allen, C. D.: Climate Change Risks to Global Forest Health: Emergence of 

Unexpected Events of Elevated Tree Mortality Worldwide, Annual Review of Plant Biology, 73, 673–702, 805 

https://doi.org/10.1146/annurev-arplant-102820-012804, 2022. 

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz‐Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



30 

 

D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, 

G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., 

Healy, S., Hogan, R. J., Hólm, E., Janisková, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., 810 

Rozum, I., Vamborg, F., Villaume, S., and Thépaut, J.: The ERA5 global reanalysis, Quarterly Journal of the Royal 

Meteorological Society, 146, 1999–2049, https://doi.org/10.1002/qj.3803, 2020. 

Herve, M.: RVAideMemoire: Testing and Plotting Procedures for Biostatistics, https://cran.r-

project.org/package=RVAideMemoire, 2023. 

Holmes, J. D., Allsop, A. C., and Ginger, J. D.: Gust durations, gust factors and gust response factors in wind codes and 815 

standards, Wind and Structures, 19, 339–352, https://doi.org/10.12989/was.2014.19.3.339, 2014. 

Huffman, G. J., Bolvin, D. T., Braithwaite, D., Hsu, K., Joyce, R., Xie, P., and Yoo, S.-H.: NASA global precipitation 

measurement (GPM) integrated multi-satellite retrievals for GPM (IMERG), Algorithm Theoretical Basis Document (ATBD) 

Version 6, 33 pp., 2020. 

Hyndman, R., Athanasopoulos, G., Bergmeir, C., Caceres, G., Chhay, L., O’Hara-Wild, M., Petropoulos, F., Razbash, S., 820 

Wang, E., and Yasmeen, F.: forecast: Forecasting functions for time series and linear models, 

https://pkg.robjhyndman.com/forecast/, 2024. 

IPCC: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report 

of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, 

N. Caud, Y. Chen, , UK and USA, https://doi.org/10.1017/9781009157896, 2021. 825 

Jackson, T., Shenkin, A., Kalyan, B., Zionts, J., Calders, K., Origo, N., Disney, M., Burt, A., Raumonen, P., and Malhi, Y.: A 

New Architectural Perspective on Wind Damage in a Natural Forest, Frontiers in Forests and Global Change, 1, 

https://doi.org/10.3389/ffgc.2018.00013, 2019a. 

Jackson, T., Shenkin, A., Moore, J., Bunce, A., van Emmerik, T., Kane, B., Burcham, D., James, K., Selker, J., Calders, K., 

Origo, N., Disney, M., Burt, A., Wilkes, P., Raumonen, P., Gonzalez de Tanago Menaca, J., Lau, A., Herold, M., Goodman, 830 

R. C., Fourcaud, T., and Malhi, Y.: An architectural understanding of natural sway frequencies in trees, Journal of The Royal 

Society Interface, 16, 20190116, https://doi.org/10.1098/rsif.2019.0116, 2019b. 

Jaramillo, L., Poveda, G., and Mejía, J. F.: Mesoscale convective systems and other precipitation features over the tropical 

Americas and surrounding seas as seen by <scp>TRMM</scp>, International Journal of Climatology, 37, 380–397, 

https://doi.org/10.1002/joc.5009, 2017. 835 

Jiang, F., Zhang, M., Li, Y., Zhang, J., Qin, J., and Wu, L.: Field measurement study of wind characteristics in mountain 

terrain: Focusing on sudden intense winds, Journal of Wind Engineering and Industrial Aerodynamics, 218, 104781, 

https://doi.org/10.1016/j.jweia.2021.104781, 2021. 

Joshi, P. and Anderson, W.: Surface layer response to heterogeneous tree canopy distributions: roughness regime regulates 

secondary flow polarity, Journal of Fluid Mechanics, 946, A28, https://doi.org/10.1017/JFM.2022.583, 2022. 840 

Kantz, H., Holstein, D., Ragwitz, M., and Vitanov, N. K.: Extreme events in surface wind: Predicting turbulent gusts, in: AIP 

Conference Proceedings, 315–324, https://doi.org/10.1063/1.1846492, 2004. 

Kassambara, A.: rstatix: Pipe-Friendly Framework for Basic Statistical Tests, https://cran.r-project.org/package=rstatix, 2023. 

Kavasseri, R. G. and Nagarajan, R.: Evidence of Crossover Phenomena in Wind-Speed Data, IEEE Transactions on Circuits 

and Systems I: Regular Papers, 51, 2255–2262, https://doi.org/10.1109/TCSI.2004.836846, 2004. 845 

Koçak, K.: Examination of persistence properties of wind speed records using detrended fluctuation analysis, Energy, 34, 

1980–1985, https://doi.org/10.1016/j.energy.2009.08.006, 2009. 

Krayer, W. R. and Marshall, R. D.: Gust Factors Applied to Hurricane Winds, Bulletin of the American Meteorological 

Society, 73, 613–618, https://doi.org/10.1175/1520-0477(1992)073<0613:GFATHW>2.0.CO;2, 1992. 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



31 

 

Kristensen, L., Casanova, M., Courtney, M. S., and Troen, I.: In search of a gust definition, Boundary-Layer Meteorology, 55, 850 

91–107, https://doi.org/10.1007/BF00119328, 1991. 

Kristoufek, L.: Measuring correlations between non-stationary series with DCCA coefficient, Physica A: Statistical Mechanics 

and its Applications, 402, 291–298, https://doi.org/10.1016/j.physa.2014.01.058, 2014. 

Kumar, S., Silva-Vidal, Y., Moya-Álvarez, A. S., and Martínez-Castro, D.: Effect of the surface wind flow and topography on 

precipitating cloud systems over the Andes and associated Amazon basin: GPM observations, Atmospheric Research, 855 

https://doi.org/10.1016/j.atmosres.2019.03.027, 2019. 

Kutter, E., Yi, C., Hendrey, G., Liu, H., Eaton, T., and Ni‐Meister, W.: Recirculation over complex terrain, Journal of 

Geophysical Research: Atmospheres, 122, 6637–6651, https://doi.org/10.1002/2016JD026409, 2017. 

Leitold, V., Morton, D. C., Longo, M., dos-Santos, M. N., Keller, M., and Scaranello, M.: El Niño drought increased canopy 

turnover in Amazon forests, New Phytologist, https://doi.org/10.1111/nph.15110, 2018. 860 

Lenz, A.-K., Bauer, U., and Ruxton, G. D.: An ecological perspective on water shedding from leaves, Journal of Experimental 

Botany, 73, 1176–1189, https://doi.org/10.1093/jxb/erab479, 2022. 

Liebmann, B. and Marengo, J. A.: Interannual variability of the rainy season and rainfall in the Brazilian Amazon Basin, 

Journal of Climate, https://doi.org/10.1175/1520-0442(2001)014<4308:IVOTRS>2.0.CO;2, 2001. 

Lima, A. J. N.: Avaliacão de um sistema de inventário florestal contínuo em áreas manejadas e não manejadas do estado do 865 

Amazonas (AM)., Ph.D. Thesis, Universidade Federal do Amazonas, Manaus, Brazil, p. 183 (in Portuguese with English 

abstract)., 183, 2010. 

Lorenz, Rike, Becker, ;, Nico, Gardiner, ;, Barry, Ulbrich, ;, Uwe, Hanewinkel, ;, Marc, Schmitz, ;, and Benjamin: Storm 

damage beyond wind speed - Impacts of wind characteristics and other meteorological factors on tree fall along railway lines, 

EGUsphere [preprint], 1–34, https://doi.org/10.5194/EGUSPHERE-2024-120, 2024. 870 

Luizão, F. J. and Schubart, H. O. R.: Litter production and decomposition in a terra-firme forest of Central Amazonia, 

Experientia, https://doi.org/10.1007/BF01945549, 1987. 

Machado, L. A. T., Rossow, W. B., Guedes, R. L., and Walker, A. W.: Life Cycle Variations of Mesoscale Convective Systems 

over the Americas, Monthly Weather Review, 126, 1630–1654, https://doi.org/10.1175/1520-

0493(1998)126<1630:LCVOMC>2.0.CO;2, 1998. 875 

Magnabosco Marra, D., Trumbore, S. E., Higuchi, N., Ribeiro, G. H. P. M. P. M., Negrón‐Juárez, R. I., Holzwarth, F., Rifai, 

S. W., dos Santos, J., Lima, A. J. N. N., Kinupp, V. F., Chambers, J. Q., and Wirth, C.: Windthrows control biomass patterns 

and functional composition of Amazon forests, Global Change Biology, 24, 5867–5881, https://doi.org/10.1111/gcb.14457, 

2018. 

Marengo, J. A., Liebmann, B., Kousky, V. E., Filizola, N. P., and Wainer, I. C.: Onset and End of the Rainy Season in the 880 

Brazilian Amazon Basin, Journal of Climate, 14, 833–852, https://doi.org/10.1175/1520-

0442(2001)014<0833:OAEOTR>2.0.CO;2, 2001. 

Marra, D. M., Chambers, J. Q., Higuchi, N., Trumbore, S. E., Ribeiro, G. H. P. M., Dos Santos, J., Negrón-Juárez, R. I., Reu, 

B., and Wirth, C.: Large-scale wind disturbances promote tree diversity in a Central Amazon forest, PLoS ONE, 

https://doi.org/10.1371/journal.pone.0103711, 2014. 885 

Marra, D. M., Negrón-Juárez, R. I., Lima, A. J. N., Higuchi, N., Celes, C. H. S., Peterson, C. J., Chambers, J. Q., Kolle, O., 

Richter, R., Wirth, C., and Trumbore, S.: Wind-tree interactions in the Amazon (INVENTA): disturbance dynamics and forest 

functioning, AGU, Advancing Earth and Space Scince - Fall Meeting, https://doi.org/2018AGUFM.B51C04M, 2018. 

Martin, S. T., Artaxo, P., Machado, L. A. T., Manzi, A. O., Souza, R. A. F., Schumacher, C., Wang, J., Andreae, M. O., 

Barbosa, H. M. J., Fan, J., Fisch, G., Goldstein, A. H., Guenther, A., Jimenez, J. L., Pöschl, U., Silva Dias, M. A., Smith, J. 890 

N., and Wendisch, M.: Introduction: Observations and Modeling of the Green Ocean Amazon (GoAmazon2014/5), 

Atmospheric Chemistry and Physics, 16, 4785–4797, https://doi.org/10.5194/acp-16-4785-2016, 2016. 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



32 

 

Maslin, M.: Climate: a very short introduction, 1st ed., edited by: Maslin, M., Oxford University Press (OUP), United 

Kingdom, 153 pp., https://doi.org/10.1093/actrade/9780199641130.001.0001, 2013. 

Mauder, M., Cuntz, M., Drüe, C., Graf, A., Rebmann, C., Schmid, H. P., Schmidt, M., and Steinbrecher, R.: A strategy for 895 

quality and uncertainty assessment of long-term eddy-covariance measurements, Agricultural and Forest Meteorology, 169, 

122–135, https://doi.org/10.1016/j.agrformet.2012.09.006, 2013. 

McDowell, N., Allen, C. D., Anderson-Teixeira, K., Brando, P., Brienen, R., Chambers, J., Christoffersen, B., Davies, S., 

Doughty, C., Duque, A., Espirito-Santo, F., Fisher, R., Fontes, C. G., Galbraith, D., Goodsman, D., Grossiord, C., Hartmann, 

H., Holm, J., Johnson, D. J., Kassim, A. R., Keller, M., Koven, C., Kueppers, L., Kumagai, T., Malhi, Y., McMahon, S. M., 900 

Mencuccini, M., Meir, P., Moorcroft, P., Muller-Landau, H. C., Phillips, O. L., Powell, T., Sierra, C. A., Sperry, J., Warren, 

J., Xu, C., and Xu, X.: Drivers and mechanisms of tree mortality in moist tropical forests, https://doi.org/10.1111/nph.15027, 

2018. 

Mendonça, A. C. S., Dias-Júnior, C. Q., Acevedo, O. C., Santana, R. A., Costa, F. D., Negrón-Juarez, R. I., Manzi, A. O., 

Trumbore, S. E., and Marra, D. M.: Turbulence regimes in the nocturnal roughness sublayer: Interaction with deep convection 905 

and tree mortality in the Amazon, Agricultural and Forest Meteorology, 339, 109526, 

https://doi.org/10.1016/j.agrformet.2023.109526, 2023. 

Mikita, T. and Klimánek, M.: Topographic Exposure and its Practical Applications, Journal of Landscape Ecology, 

https://doi.org/10.2478/v10285-012-0022-3, 2012. 

Miller, K. F., Quine, C. P., and Hunt, J.: The assessment of wind exposure for forestry in upland Britain, Forestry, 910 

https://doi.org/10.1093/forestry/60.2.179, 1987. 

Mitchell, S. J.: Wind as a natural disturbance agent in forests: A synthesis, https://doi.org/10.1093/forestry/cps058, 2013. 

Mitsuta, Y. and Tsukamoto, O.: Studies on Spatial Structure of Wind Gust, Journal of Applied Meteorology, 28, 1155–1160, 

https://doi.org/10.1175/1520-0450(1989)028<1155:SOSSOW>2.0.CO;2, 1989. 

Moore, J., Gardiner, B., and Sellier, D.: Tree mechanics and wind loading, in: Plant Biomechanics: From Structure to Function 915 

at Multiple Scales, https://doi.org/10.1007/978-3-319-79099-2_4, 2018. 

Moore, J. R. and Maguire, D. A.: Natural sway frequencies and damping ratios of trees: Concepts, review and synthesis of 

previous studies, https://doi.org/10.1007/s00468-003-0295-6, 2004. 

Mulkey, S. S., Kitajima, K., and Wright, S. J.: Plant physiological ecology of tropical forest canopies, Trends in Ecology & 

Evolution, 11, 408–412, https://doi.org/10.1016/0169-5347(96)10043-4, 1996. 920 

Negron-Juarez, R., Magnabosco-Marra, D., Feng, Y., Urquiza-Muñoz, J. D., Riley, W. J., and Chambers, J. Q.: Windthrow 

characteristics and their regional association with rainfall, soil, and surface elevation in the Amazon, Environmental Research 

Letters, 18, 014030, https://doi.org/10.1088/1748-9326/acaf10, 2023. 

Negrón-Juárez, R., Jenkins, H., Raupp, C., Riley, W., Kueppers, L., Magnabosco Marra, D., Ribeiro, G., Monteiro, M., 

Candido, L., Chambers, J., and Higuchi, N.: Windthrow Variability in Central Amazonia, Atmosphere, 8, 28, 925 

https://doi.org/10.3390/atmos8020028, 2017. 

Negrón-Juárez, R. I., Chambers, J. Q., Guimaraes, G., Zeng, H., Raupp, C. F. M., Marra, D. M., Ribeiro, G. H. P. M., Saatchi, 

S. S., Nelson, B. W., and Higuchi, N.: Widespread Amazon forest tree mortality from a single cross-basin squall line event, 

Geophysical Research Letters, https://doi.org/10.1029/2010GL043733, 2010. 

Negrón-Juárez, R. I., Chambers, J. Q., Marra, D. M., Ribeiro, G. H. P. M., Rifai, S. W., Higuchi, N., and Roberts, D.: Detection 930 

of subpixel treefall gaps with Landsat imagery in Central Amazon forests, Remote Sensing of Environment, 

https://doi.org/10.1016/j.rse.2011.07.015, 2011. 

Negrón-Juárez, R. I., Holm, J. A., Marra, D. M., Rifai, S. W., Riley, W. J., Chambers, J. Q., Koven, C. D., Knox, R. G., 

McGroddy, M. E., Di Vittorio, A. V., Urquiza-Muñoz, J., Tello-Espinoza, R., Muñoz, W. A., Ribeiro, G. H. P. M., and Higuchi, 

N.: Vulnerability of Amazon forests to storm-driven tree mortality, Environmental Research Letters, 935 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



33 

 

https://doi.org/10.1088/1748-9326/aabe9f, 2018. 

Nelson, B. W., Kapos, V., Adams, J. B., Oliveira, W. J., and Braun, O. P. G. G.: Forest Disturbance by Large Blowdowns in 

the Brazilian Amazon, Ecology, 75, 853–858, https://doi.org/10.2307/1941742, 1994. 

ENSO Index: https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php, last access: 17 May 

2024. 940 

Nobre, C. A., Marengo, J. A., and Artaxo, P.: Understanding the climate of Amazonia: Progress from LBA, in: Amazonia and 

Global Change, 145–147, https://doi.org/10.1029/2009GM000903, 2009. 

Nunes, A. M. P. P., Silva Dias, M. A. F. F., Anselmo, E. M., and Morales, C. A.: Severe Convection Features in the Amazon 

Basin: A TRMM-Based 15-Year Evaluation, Frontiers in Earth Science, 4, 37, https://doi.org/10.3389/feart.2016.00037, 2016. 

Ogle, D. H., Doll, J. C., Wheeler, A. P., and Dinno, A.: FSA: Simple Fisheries Stock Assessment Methods, https://cran.r-945 

project.org/package=FSA, 2023. 

De Oliveira, A. A., Mori, S. A., Alexandre, O., Scott, M., De Oliveira, A. A., and Mori, S. A.: A central Amazonian terra firme 

forest. I. High tree species richness on poor soils, Biodiversity and Conservation, 

https://doi.org/https://doi.org/10.1023/A:1008908615271, 1999. 

De Oliveira, A. P. and Fitzjarrald, D. R.: The Amazon river breeze and the local boundary layer: II. Linear analysis and 950 

modelling, Boundary-Layer Meteorology, https://doi.org/10.1007/BF00705508, 1994. 

Oliveira, R., Maggioni, V., Vila, D., and Morales, C.: Characteristics and Diurnal Cycle of GPM Rainfall Estimates over the 

Central Amazon Region, Remote Sensing, 8, 544, https://doi.org/10.3390/rs8070544, 2016. 

de Oliveira Santos, M., Stosic, T., and Stosic, B. D.: Long-term correlations in hourly wind speed records in Pernambuco, 

Brazil, Physica A: Statistical Mechanics and its Applications, 391, 1546–1552, https://doi.org/10.1016/j.physa.2011.08.041, 955 

2012. 

Peel, M. C., Finlayson, B. L., and McMahon, T. A.: Updated world map of the Köppen-Geiger climate classification, 

Hydrology and Earth System Sciences, 11, 1633–1644, https://doi.org/10.5194/hess-11-1633-2007, 2007. 

Peltola, H. M.: Mechanical stability of trees under static loads, https://doi.org/10.3732/ajb.93.10.1501, 2006. 

Peterson, C. J., Ribeiro, G. H. P. de M., Negrón-Juárez, R., Marra, D. M., Chambers, J. Q., Higuchi, N., Lima, A., and Cannon, 960 

J. B.: Critical wind speeds suggest wind could be an important disturbance agent in Amazonian forests, Forestry: An 

International Journal of Forest Research, https://doi.org/10.1093/forestry/cpz025, 2019. 

Pickett, S. T. A. and White, P. S.: The Ecology of Natural Disturbance and Patch Dynamics Preface, 

https://doi.org/10.1016/B978-0-08-050495-7.50005-3, 1985. 

Ping, D., Dalagnol, R., Galvão, L. S., Nelson, B., Wagner, F., Schultz, D. M., and Bispo, P. da C.: Assessing the Magnitude 965 

of the Amazonian Forest Blowdowns and Post-Disturbance Recovery Using Landsat-8 and Time Series of PlanetScope 

Satellite Constellation Data, Remote Sensing, 15, 3196, https://doi.org/10.3390/rs15123196, 2023. 

Pinto, A. C., Higuchi, N., Iida, S., Santos, J., Ribeiro, R. J., Rocha, R. M., and Silva, R. P.: Padrão de distribuição espacial de 

espécies florestais que ocorrem na região de Manaus, in: Projeto Jacaranda Fase II - Pesquisas Florestais na Amazônia Central 

(editado por HIGUCHI et al.)., edited by: Higuchi et al., Manaus, AM, 1–20, 2003. 970 

Podobnik, B. and Stanley, H. E.: Detrended Cross-Correlation Analysis: A New Method for Analyzing Two Nonstationary 

Time Series, Physical Review Letters, 100, 084102, https://doi.org/10.1103/PhysRevLett.100.084102, 2008. 

Poggio, L., de Sousa, L. M., Batjes, N. H., Heuvelink, G. B. M., Kempen, B., Ribeiro, E., and Rossiter, D.: SoilGrids 2.0: 

producing soil information for the globe with quantified spatial uncertainty, SOIL, 7, 217–240, https://doi.org/10.5194/soil-7-

217-2021, 2021. 975 

Pöhlker, C., Walter, D., Paulsen, H., Könemann, T., Rodríguez-Caballero, E., Moran-Zuloaga, D., Brito, J., Carbone, S., 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



34 

 

Degrendele, C., Després, V. R., Ditas, F., Holanda, B. A., Kaiser, J. W., Lammel, G., Lavrič, J. V., Ming, J., Pickersgill, D., 

Pöhlker, M. L., Praß, M., Löbs, N., Saturno, J., Sörgel, M., Wang, Q., Weber, B., Wolff, S., Artaxo, P., Pöschl, U., and Andreae, 

M. O.: Land cover and its transformation in the backward trajectory footprint region of the Amazon Tall Tower Observatory, 

Atmospheric Chemistry and Physics, 19, 8425–8470, https://doi.org/10.5194/acp-19-8425-2019, 2019. 980 

Quine, C. P., Gardiner, B. A., and Moore, J.: Wind disturbance in forests: The process of wind created gaps, tree overturning, 

and stem breakage, in: Plant Disturbance Ecology, Elsevier, 117–184, https://doi.org/10.1016/B978-0-12-818813-2.00004-6, 

2021. 

R Core Team: R Core Team (2024). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, https://www.r-project.org/, 2024. 985 

Rader, A. M., Cottrell, A., Kudla, A., Lum, T., Henderson, D., Karandikar, H., Letcher, S. G., and Carolina, S.: Tree functional 

traits as predictors of microburst-associated treefalls in tropical wet forests, Biotropica, 1–5, https://doi.org/10.1111/btp.12761, 

2020. 

Rau, E.-P., Gardiner, B. A., Fischer, F. J., Maréchaux, I., Joetzjer, E., Sun, I.-F., and Chave, J.: Wind Speed Controls Forest 

Structure in a Subtropical Forest Exposed to Cyclones: A Case Study Using an Individual-Based Model, Frontiers in Forests 990 

and Global Change, 0, 80, https://doi.org/10.3389/FFGC.2022.753100, 2022. 

Raupp, C. F. M. and Silva Dias, P. L.: Interaction of equatorial waves through resonance with the diurnal cycle of tropical 

heating, Tellus A: Dynamic Meteorology and Oceanography, 62, 706, https://doi.org/10.1111/j.1600-0870.2010.00463.x, 

2010. 

Rehbein, A. and Ambrizzi, T.: Mesoscale convective systems over the Amazon basin in a changing climate under global 995 

warming, Climate Dynamics, 61, 1815–1827, https://doi.org/10.1007/s00382-022-06657-8, 2023. 

Rehbein, A., Ambrizzi, T., and Mechoso, C. R.: Mesoscale convective systems over the Amazon basin. Part I: climatological 

aspects, International Journal of Climatology, 38, 215–229, https://doi.org/10.1002/joc.5171, 2018. 

Rehbein, A., Ambrizzi, T., Mechoso, C. R., Espinosa, S. A. I., and Myers, T. A.: Mesoscale convective systems over the 

Amazon basin: The GoAmazon2014/5 program, International Journal of Climatology, https://doi.org/10.1002/joc.6173, 2019. 1000 

Rennó, C. D., Nobre, A. D., Cuartas, L. A., Soares, J. V., Hodnett, M. G., Tomasella, J., and Waterloo, M. J.: HAND, a new 

terrain descriptor using SRTM-DEM: Mapping terra-firme rainforest environments in Amazonia, Remote Sensing of 

Environment, 112, 3469–3481, https://doi.org/10.1016/j.rse.2008.03.018, 2008. 

Repina, I. А., Shestakova, A. А., Bedanokov, M. K., Berzegova, R. B., and Lebedev, S. A.: Dynamics of the Atmospheric 

Boundary Layer in the Mountain-Valley Relief of Adygea, edited by: Bedanokov, M. K., Lebedev, S. A., and Kostianoy, A. 1005 

G., Springer International Publishing, Cham, 359–396, https://doi.org/10.1007/698_2021_733, 2021. 

Ribeiro, G. H. P. M., Chambers, J. Q., Peterson, C. J., Trumbore, S. E., Magnabosco Marra, D., Wirth, C., Cannon, J. B., 

Négron-Juárez, R. I., Lima, A. J. N., de Paula, E. V. C. M., Santos, J., and Higuchi, N.: Mechanical vulnerability and resistance 

to snapping and uprooting for Central Amazon tree species, Forest Ecology and Management, 

https://doi.org/10.1016/j.foreco.2016.08.039, 2016. 1010 

Roberts, M. J., Vidale, P. L., Senior, C., Hewitt, H. T., Bates, C., Berthou, S., Chang, P., Christensen, H. M., Danilov, S., 

Demory, M. E., Griffies, S. M., Haarsma, R., Jung, T., Martin, G., Minobe, S., Ringler, T., Satoh, M., Schiemann, R., 

Scoccimarro, E., Stephens, G., and Wehner, M. F.: The Benefits of Global High Resolution for Climate Simulation: Process 

Understanding and the Enabling of Stakeholder Decisions at the Regional Scale, Bulletin of the American Meteorological 

Society, 99, 2341–2359, https://doi.org/10.1175/BAMS-D-15-00320.1, 2018. 1015 

Rollenbeck, R., Trachte, K., and Bendix, J.: A New Class of Quality Controls for Micrometeorological Data in Complex 

Tropical Environments, Journal of Atmospheric and Oceanic Technology, 33, 169–183, https://doi.org/10.1175/JTECH-D-15-

0062.1, 2016. 

Ruel, J. C., Pin, D., and Cooper, K.: Effect of topography on wind behaviour in a complex terrain, Forestry, 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



35 

 

https://doi.org/10.1093/forestry/71.3.261, 1998. 1020 

Ruel, J. C., Pin, D., and Cooper, K.: Windthrow in riparian buffer strips: Effect of wind exposure, thinning and strip width, in: 

Forest Ecology and Management, https://doi.org/10.1016/S0378-1127(00)00510-7, 2001. 

Salio, P., Nicolini, M., and Zipser, E. J.: Mesoscale Convective Systems over Southeastern South America and Their 

Relationship with the South American Low-Level Jet, Monthly Weather Review, 135, 1290–1309, 

https://doi.org/10.1175/MWR3305.1, 2007. 1025 

Santana, R. A., Dias-Júnior, C. Q., da Silva, J. T., Fuentes, J. D., do Vale, R. S., Alves, E. G., dos Santos, R. M. N., and Manzi, 

A. O.: Air turbulence characteristics at multiple sites in and above the Amazon rainforest canopy, Agricultural and Forest 

Meteorology, 260–261, 41–54, https://doi.org/10.1016/J.AGRFORMET.2018.05.027, 2018. 

De Santana, R. A. S., Dias-Júnior, C. Q., Do Vale, R. S., Tóta, J., and Fitzjarrald, D. R.: Observing and Modeling the Vertical 

Wind Profile at Multiple Sites in and above the Amazon Rain Forest Canopy, Advances in Meteorology, 1030 

https://doi.org/10.1155/2017/5436157, 2017. 

Dos Santos, L. T., Marra, D. M., Trumbore, S., De Camargo, P. B., Negrón-Juárez, R. I., Lima, A. J. N., Ribeiro, G. H. P. M., 

Dos Santos, J., and Higuchi, N.: Windthrows increase soil carbon stocks in a central Amazon forest, Biogeosciences, 

https://doi.org/10.5194/bg-13-1299-2016, 2016. 

dos Santos, M. J., Dias, M. A. F. S., Freitas, E. D., Silva Dias, M. A. F., and Freitas, E. D.: Influence of local circulations on 1035 

wind, moisture, and precipitation close to Manaus City, Amazon Region, Brazil, Journal of Geophysical Research, 119, 

13,233-13,249, https://doi.org/10.1002/2014JD021969, 2014. 

Segura, H., Espinoza, J. C., Junquas, C., Lebel, T., Vuille, M., and Garreaud, R.: Recent changes in the precipitation-driving 

processes over the southern tropical Andes/western Amazon, Climate Dynamics, 54, 2613–2631, 

https://doi.org/10.1007/s00382-020-05132-6, 2020. 1040 

Sikora de Souza, V. A., Moreira, D. M., Rotunno Filho, O. C., and Rudke, A. P.: Extreme rainfall events in Amazonia: The 

Madeira river basin, Remote Sensing Applications: Society and Environment, 18, 100316, 

https://doi.org/10.1016/j.rsase.2020.100316, 2020. 

Silva Dias, M. A. F., Silva Dias, P. L., Longo, M., Fitzjarrald, D. R., and Denning, A. S.: River breeze circulation in eastern 

Amazonia: Observations and modelling results, Theoretical and Applied Climatology, https://doi.org/10.1007/s00704-004-1045 

0047-6, 2004. 

Simard, M., Pinto, N., Fisher, J. B., and Baccini, A.: Mapping forest canopy height globally with spaceborne lidar, Journal of 

Geophysical Research: Biogeosciences, 116, 4021, https://doi.org/10.1029/2011JG001708, 2011. 

Simonetti, A., Araujo, R. F., Celes, C. H. S., da Silva e Silva, F. R., dos Santos, J., Higuchi, N., Trumbore, S., and Magnabosco 

Marra, D.: Canopy gaps and associated losses of biomass – combining UAV imagery and field data in a central Amazon forest, 1050 

Biogeosciences, 20, 3651–3666, https://doi.org/10.5194/bg-20-3651-2023, 2023. 

Sombroek, W.: Spatial and Temporal Patterns of Amazon Rainfall, AMBIO: A Journal of the Human Environment, 30, 388–

396, https://doi.org/10.1579/0044-7447-30.7.388, 2001. 

Sousa, T. R., Schietti, J., Coelho de Souza, F., Esquivel-Muelbert, A., Ribeiro, I. O., Emílio, T., Pequeno, P. A. C. L., Phillips, 

O., and Costa, F. R. C.: Palms and trees resist extreme drought in Amazon forests with shallow water tables, Journal of Ecology, 1055 

108, 2070–2082, https://doi.org/10.1111/1365-2745.13377, 2020. 

de Souza, I. P., Andreoli, R. V., Kayano, M. T., Vargas, F. F., Cerón, W. L., Martins, J. A., Freitas, E., and de Souza, R. A. 

F.: Seasonal precipitation variability modes over South America associated to El Niño‐Southern Oscillation ( 

<scp>ENSO)</scp> and <scp>non‐ENSO</scp> components during the 1951–2016 period, International Journal of 

Climatology, 41, 4321–4338, https://doi.org/10.1002/joc.7075, 2021. 1060 

Staebler, R. M. and Fitzjarrald, D. R.: Measuring Canopy Structure and the Kinematics of Subcanopy Flows in Two Forests, 

Journal of Applied Meteorology, 44, 1161–1179, https://doi.org/10.1175/JAM2265.1, 2005. 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



36 

 

Swain, D. L., Singh, D., Touma, D., and Diffenbaugh, N. S.: Attributing Extreme Events to Climate Change: A New Frontier 

in a Warming World, One Earth, 2, 522–527, https://doi.org/10.1016/j.oneear.2020.05.011, 2020. 

Takaku, J., Tadono, T., Doutsu, M., Ohgushi, F., and Kai, H.: UPDATES OF ‘AW3D30’ ALOS GLOBAL DIGITAL 1065 

SURFACE MODEL WITH OTHER OPEN ACCESS DATASETS, The International Archives of the Photogrammetry, 

Remote Sensing and Spatial Information Sciences, XLIII-B4-2, 183–189, https://doi.org/10.5194/isprs-archives-XLIII-B4-

2020-183-2020, 2020. 

Telles, E. de C. C., de Camargo, P. B., Martinelli, L. A., Trumbore, S. E., da Costa, E. S., Santos, J., Higuchi, N., and Oliveira, 

R. C.: Influence of soil texture on carbon dynamics and storage potential in tropical forest soils of Amazonia, Global 1070 

Biogeochemical Cycles, 17, n/a-n/a, https://doi.org/10.1029/2002gb001953, 2003. 

Terziev, A., Panteleev, Y., Iliev, I., and Beloev, H.: Evaluation of the influence of the windbreak trees on the change of wind 

shear in weakly complex terrains, E3S Web of Conferences, 286, 02015, https://doi.org/10.1051/e3sconf/202128602015, 

2021. 

Thomas, C. K., Martin, J. G., Law, B. E., and Davis, K.: Toward biologically meaningful net carbon exchange estimates for 1075 

tall, dense canopies: Multi-level eddy covariance observations and canopy coupling regimes in a mature Douglas-fir forest in 

Oregon, Agricultural and Forest Meteorology, 173, 14–27, https://doi.org/10.1016/j.agrformet.2013.01.001, 2013. 

Tóta, J., Roy Fitzjarrald, D., and Da Silva Dias, M. A. F.: Amazon rainforest exchange of carbon and subcanopy air flow: 

Manaus LBA SiteA complex terrain condition, The Scientific World Journal, https://doi.org/10.1100/2012/165067, 2012. 

Urquiza-Munoz, J. D., Trumbore, S., Negrón-Juárez, R., Brenning, A., Alegria-Munoz, W., Tello-Espinoza, R., Rios, R., and 1080 

Magnabosco, D.: Forest resilience after Windthrows in the amazon., EGU24, https://doi.org/doi.org/10.5194/egusphere-

egu24-16203, 2024. 

Urquiza-Muñoz, J. D., Trumbore, S., Negrón-Juárez, R. I., Feng, Y., Brenning, A., Vasquez-Parana, C. M., and Marra, D. M.: 

Increased occurrence of large-scale windthrows across the Amazon basin, AGU Advances, article acepted, n.d. 

Urquiza Muñoz, J. D., Magnabosco Marra, D., Negrón-Juarez, R. I., Tello-Espinoza, R., Alegría-Muñoz, W., Pacheco-Gómez, 1085 

T., Rifai, S. W., Chambers, J. Q., Jenkins, H. S., Brenning, A., and Trumbore, S. E.: Recovery of Forest Structure Following 

Large-Scale Windthrows in the Northwestern Amazon, Forests, 12, 667, https://doi.org/10.3390/f12060667, 2021. 

Vickers, D. and Mahrt, L.: Quality Control and Flux Sampling Problems for Tower and Aircraft Data, Journal of Atmospheric 

and Oceanic Technology, 14, 512–526, https://doi.org/10.1175/1520-0426(1997)014<0512:QCAFSP>2.0.CO;2, 1997. 

Wakimoto, R. M.: Forecasting dry microburst activity over the High Plains., Monthly Weather Review, 1090 

https://doi.org/10.1175/1520-0493(1985)113<1131:FDMAOT>2.0.CO;2, 1985. 

Williams, E., Rosenfeld, D., Madden, N., Gerlach, J., Gears, N., Atkinson, L., Dunnemann, N., Frostrom, G., Antonio, M., 

Biazon, B., Camargo, R., Franca, H., Gomes, A., Lima, M., Machado, R., Manhaes, S., Nachtigall, L., Piva, H., Quintiliano, 

W., Machado, L., Artaxo, P., Roberts, G., Renno, N., Blakeslee, R., Bailey, J., Boccippio, D., Betts, A., Wolff, D., Roy, B., 

Halverson, J., Rickenbach, T., Fuentes, J., and Avelino, E.: Contrasting convective regimes over the Amazon: Implications for 1095 

cloud electrification, Journal of Geophysical Research: Atmospheres, 107, LBA 50-1, https://doi.org/10.1029/2001JD000380, 

2002. 

Xu, X. and Yi, C.: The influence of geometry on recirculation and CO2 transport over forested hills, Meteorology and 

Atmospheric Physics, 119, 187–196, https://doi.org/10.1007/s00703-012-0224-6, 2013. 

Yang, M., Défossez, P., and Dupont, S.: A root-to-foliage tree dynamic model for gusty winds during windstorm conditions, 1100 

Agricultural and Forest Meteorology, https://doi.org/10.1016/j.agrformet.2020.107949, 2020. 

Zahn, E., Chor, T. L., and Dias, N. L.: A simple methodology for quality control of micrometeorological datasets, Am J 

Environ Eng, 6, 135–142, https://doi.org/10.5923/s.ajee.201601.20, 2016. 

Zebende, G. F.: DCCA cross-correlation coefficient: Quantifying level of cross-correlation, Physica A: Statistical Mechanics 

and its Applications, 390, 614–618, https://doi.org/10.1016/j.physa.2010.10.022, 2011. 1105 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.



37 

 

Zhuang, Y., Fu, R., Marengo, J. A., and Wang, H.: Seasonal variation of shallow-to-deep convection transition and its link to 

the environmental conditions over the Central Amazon, Journal of Geophysical Research, 

https://doi.org/10.1002/2016JD025993, 2017. 

 

https://doi.org/10.5194/egusphere-2024-3234
Preprint. Discussion started: 30 October 2024
c© Author(s) 2024. CC BY 4.0 License.


