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Abstract

We investigated the influence of seasonality and proximity to the for-
est canopy on nocturnal turbulence regimes in the roughness sublayer of
a Central Amazon forest. Since convective systems of different scales are
common in this region, we also analyzed the effect of extreme wind gusts
(propagated from convective downdrafts) on the organization of the turbu-
lence regimes, and their potential to cause the mortality of canopy trees. Our
data include high-frequency winds, temperature and ozone concentration at

different heights during the dry and wet seasons of 2014. In addition, we
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used critical wind-speed data derived from a tree-winching experiment and a
modeling study conducted in the same study site. Two different turbulence
regimes were identified at three heights above the canopy: a weakly stable
(WS) and a very stable regime (VS). The threshold wind speeds that mark
the transition between turbulence regimes were larger during the dry season
and increased as a function of the height above the canopy. The turbulent
fluxes of sensible heat and momentum during the WS accounted for 88% of
the entire nighttime flux. Downdrafts occurred only in the WS and favored
a fully coupled state of wind flow along the canopy profile. The destructive
potential of winds was four times higher than on nights without downdrafts.
Keywords: Downdrafts, Extreme wind speed, Seasonality, Tropical forest,

Turbulence regimes, Wind disturbance

1. Introduction

A growing number of observational and modeling studies show that the
world’s forests plays a key role in global climate (Malhi et al., 2002; Bonan,
2008; Alves et al., 2016) and emphasize its importance to the water, radia-
tion and surface-energy balance. All these are affected by exchanges of mass
(water vapor, carbon dioxide, methane, ozone, and a variety of gases and
particles), heat (sensible and latent) and momentum between the forest and
the atmosphere (Von Randow et al., 2004; Thomas and Foken, 2007; Knohl
and Baldocchi, 2008; Gerken et al., 2016, among others). This near-surface
boundary layer that is dynamically influenced by vegetation is called the
roughness sublayer (RSL). Particularly at night, the transport efficiency de-

creases above the forest, which inhibits its penetration into the canopy (Cava
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et al., 2022) and leads to a decoupling between the sub- and upper canopy
flows (Thomas et al., 2013; Freundorfer et al., 2019; Cava et al., 2022)
Assessments of turbulent flow are challenging in the nocturnal RSL, par-
ticularly during the occurrence of intense downdrafts that typically originate
within a convective system (e.g. squall lines, super-cell and single-cell thun-
derstorms). Intense downdrafts can develop when cooled air from evaporat-
ing precipitation sinks rapidly towards the ground. Such events transport
relatively cooler and drier air from the troposphere to the lower levels lead-
ing to changes in the thermodynamic and kinematic properties of the near-
surface air mass (Wakimoto, 2015). These downdrafts can extend to the
surface in the form of sudden variations in the values of the wind, pressure,
turbulent fluxes and a drop in equivalent potential temperature (Garstang
and Fitzjarrald, 1999; Betts et al., 2002; Dias-Junior et al., 2017a; Melo et al.,
2019; D’Oliveira et al., 2022). Such phenomena can gain an interesting phys-
ical interpretation when the turbulence is classified into distinct turbulent
nocturnal regimes. In mid-latitude regions for example, Mahrt (1998) cate-
gorized turbulence as “weakly stable” and “very stable” to differentiate the
conditions of sustained and non-sustained turbulence, respectively. Sun et al.
(2012) classified the turbulence regimes as either weak or strong, according to
the relationship between Turbulent Kinetic Energy (TKE) and wind speeds.
Subsequently, such terms have been widely used to refer to the regimes.
The weakly stable regime follows Monin-Obukhov similarity theory, which
is used in most atmospheric models for expressing the surface layer. On the
other hand, the same is not true in the very stable regime (Mahrt, 1998,

2014). In general, numerical schemes such as those used in numerical weather
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prediction and atmospheric models reproduce the occurrence of both noc-
turnal turbulence regimes, but conditions that mark the transition between
them depend on the parameterizations used to represent the eddy diffusivity
(Costa et al., 2020). The transition between regimes is not universal, vary-
ing from one site to another. Such differences may be associated with local
factors, for example by increased cloudiness (Acevedo and Fitzjarrald, 2003),
surface roughness (Mahrt et al., 2013) and net nocturnal radiative loss (Sun
et al., 2020; Acevedo et al., 2021).

Recent studies (Santos et al., 2016; Cava et al., 2022) have evidenced
that the nature of the nocturnal-scalar exchange between the canopy and the
overlying atmosphere is contrastingly dependent on the turbulence regime.
While the weakly stable regime is dominated by turbulence, under very stable
conditions a relatively larger fraction of the exchange is produced by non-
turbulence motion with long time scales. This fact is particularly important
for quantifying these fluxes since under very stable conditions the typical
eddy-covariance methods might not properly capture the total exchange.
Therefore, when assessing exchange patterns it is important to consider the
following: Is the exchange seasonally dependent? If so, what seasonal pro-
cesses affect the regimes? Is the nocturnal turbulence regime influenced by
the frequency of convective downdrafts, which can affect the total canopy-
atmosphere exchange of scalars? Therefore, experimental results obtained
at different sites, such as in dense tropical forests, are essential to better
understand the biosphere-atmosphere interaction and to improve existing
knowledge on the nocturnal boundary layer.

From another perspective, in regions often covered by intense convective
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systems and convective cloud clusters, such as the Amazon region (Betts
et al., 2002, 2003; Machado et al., 2002, 2004), the downdrafts may propa-
gate strong downward wind gusts with high velocities (Fujita, 1985; Nelson,
1994; Garstang et al., 1998; Negron-Judrez et al., 2010, 2017, 2018). When
they reaches the surface, strong wind outflow with horizontal dimensions is
propagated (Fujita, 1985; Garstang et al., 1998). These wind gusts can cause
widespread tree damage and mortality through snapping and/or uprooting.
These modes of tree mortality occur when the mechanical load caused by
wind exceeds the resistance of the trunk or the root-soil anchorage (Nelson,
1994; Marra et al., 2014; Ribeiro et al., 2016).

The severity of damage/mortality caused by extreme wind events influ-
ences biomass balance and the functional composition of terra-firme forests
in Central and Northwestern Amazon (Urquiza Munoz et al., 2021; Negrén-
Judrez et al., 2018; Marra et al., 2018, 2014). While some of the carbon
contained in dead or damaged trees is decomposed and incorporated into
the soil rather than directly emitted into the atmosphere (dos Santos et al.,
2016), dead trees represent future CO, emissions (Chambers et al., 2004) and
potentially methane (C'H,), which contributes to global warming. Using field
data (Ribeiro et al., 2016) combined with static and dynamic biomechanical
models, Peterson et al. (2019) estimated that wind speeds > 10.75 ms™!
are critical and can snap or uproot trees in terra-firme forests of Central
Amazon.

Current knowledge about the effects of wind disturbances in the Ama-
zon forest derives from studies that have quantified the spatial extent of

these events using satellite imagery, in particular Landsat (Nelson, 1994;
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Negron-Judrez et al., 2010; Chambers et al., 2013; Espirito-Santo et al., 2014),
or from post-perturbation forest inventories to assess associated tree dam-
age/mortality and their effects on forest structure and diversity in subsequent
years to decades (Marra et al., 2014, 2018; Schwartz et al., 2017; Silvério et al.,
2019; Urquiza Munioz et al., 2021). The estimated time to recover 90% of
pre-disturbance biomass is up to 40 years (Marra et al., 2018) in the Central
Amazon and 30 years in the northwestern Amazon (Urquiza Munoz et al.,
2021).

The goal of our study was to identify the existence of different noctur-
nal turbulence regimes above a terra-firme forest in the Central Amazon
and their possible association with seasonality and proximity to the forest
canopy. Furthermore, to assess the effect of extreme winds associated with
convective downdrafts on the organization of turbulence regimes in the noc-
turnal RSL and the potential of observed winds to cause damage/mortality
of canopy trees. We recognize that damaging winds and downdrafts in this
region are also associated with convective storms and with fronts that can
pass during the day, but that is beyond the scope of the current analysis. To
our knowledge, this is the first assessment of the influence of extreme winds
on turbulence regimes and of the potential of associated wind to promote
tree damage/mortality. Apart from a better understanding of the processes
of turbulent exchange between the biosphere and the atmosphere, especially
in rainforests with dense canopies, our study provides insights into the vul-
nerability of Amazon forests to ongoing shifts on the intensity and frequency

of convective storms resulting from climate change (Feng et al., 2023).
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2. Material and methods

2.1. Study site and data acquisition

Our data were collected at the Estacao Experimental de Silvicultura Trop-
ical (EEST, also known as ZF2), Central Amazon, Brazil (Figure 1). The
EEST is located about 60 km northwest of Manaus (2° 36" S, 60° 12" W,
130 m a.s.l.) (Aratjo et al., 2002) and is predominantly covered by old-
growth terra-firme forest with closed canopy (e.g. 593 + 28 trees ha™'),
dense understory and high tree-species diversity (Braga, 1979; Marra et al.,
2014). Trees are relatively tall and slender (Oliveira et al., 2008; Ribeiro
et al., 2016). The proportion of trees reaching the canopy increased with
diameter at breast height (DBH): from 21% for trees 10-20 cm DBH, and
57% for 20-30 ecm DBH, up to 100% for trees above 70 cm DBH (Araujo
et al., 2020).

The topography at the study area comprises a mosaic of plateaus, slopes
and valleys with elevation differences of about 50 m. The vegetation cover
on the plateau and slope areas is composed by forest with height varying
between 30 to 40 m, maximum surface area density of 0.35 m*m=3. In
valley areas, the vegetation is smaller with heights from 15 to 25 m, but
with significant surface area density more than the 0.35 m?>m=3 (Téta et al.,
2012). The average values of leaf area index for the local vegetation was 6.1
m?m~2 (Marques Filho et al., 2005).

Oxisols rich in kaolinite clay dominate plateaus and the upper portions
of slopes. The soils on slope bottoms and valleys are sandy and mixed with

organic matter (Spodosol) (Telles et al., 2003). The mean annual tempera-

ture is 27 °C and mean annual rainfall was about 2365 mm for the period
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Figure 1: Study area at the Estacao Experimental de Silvicultura Tropical (EEST) near

Manaus, Brazil, and micrometeorological tower and sensors. (Top panel) Map of Brazil
showing the study region. (Bottom left) A panoramic view of the forest and the employed
3D-sonic anemometer. (Bottom center left) Micrometeorological tower. (Bottom center

right) Net radiometer. (Bottom right) Ozone analyzers.

between 1971 and 2000, with a distinct dry season between July and Septem-
ber (rainfall < 100 mm month™') (Negrén-Judrez et al., 2017).

Our data were collected using sensors installed on a micrometeorological
tower of 54 m height. We used the sonic virtual temperature (7") and wind
components (u,v and w) measured at 10 different heights (i.e. 1.5, 7.0,
13.5, 18.4, 22.1, 24.5, 31.6, 34.9, 40.4 and 48.2 m above ground) by 3D-sonic
anemometers (model CSAT3, Campbell Scientific Inc., Logan, UT, USA) at
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a rate of 20 Hz. For analyzing the vertical temperature gradient, we used
thermo-hygrometer data from sensors (HMP45AC, Vaisala) installed at 35.5
m and 51 m height. These data were available at a 30 min resolution. Net
radiation (Ry) was measured with a net-radiometer (model CNR1, Kipp &
Zonen, Delft, Netherlands) installed at 39 m height. We used data from April
2014 to January 2015 collected in the course of the Green Ocean Amazon
Experiment (GoAmazon). For more details about instruments and respective
measurements, see Fuentes et al. (2016).

Ozone concentration (O3) was measured continuously at 40 m height
at a frequency of 1 Hz using an ultraviolet light absorbed gas analyzer
(model 49i, Thermo Fisher Scientific Inc., Waltham, MA). For more de-
tails on ozone measurements see Gerken et al. (2016). Convective cloud
coverage over the study site was assessed with GOES-13 (Geostationary Op-
erational Environmental Satellites) satellite imagery data available at the
Brazilian National Institute for Space Research (INPE) database (http:
//satelite.cptec.inpe.br/acervo/, accessed on 30 May 2021).

Our data were analyzed for two time periods: (i) 55 days in the wet sea-
son (from April to May) and (ii) 36 days during the dry season (from July
to September). To avoid transitional periods, we used data from 2000 to
0500 local standard time (LST). The dry and wet seasons were character-
ized based on the seasonality of precipitation using the Global precipitation
Mission (GPM) level-3 product (mm h™!'). Estimates were carried out us-
ing data downloaded from the website of National Aeronautics and Space
Administration (NASA) (https://giovanni.gsfc.nasa.gov, accessed on
28 october 2020) for the period between 1st April and 31st December 2014.
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Overall, we used a product of the Integrated Multi-satellitEl Retrievals for
GPM (IMERG) at a spatial resolution of 0.1° x 0.1° and at temporal resolu-
tion of 1 month (Final Run IMERGM v06). The IMERG algorithm combines
information from the GPM satellite constellation and precipitation gauges.
The system “final run” uses monthly gauge data to create research-level
products.

Local estimates of critical wind-speed (CWS) were compiled from Peter-
son et al. (2019). According to these authors, the CWS is the wind speed
necessary to generate a turning moment at the base of the trunk greater
than or equal to the turning moment that results in tree failure. CWS were
modeled based on critical turning moments measured locally in a winching
experiment that included 60 trees from different species and varying sizes
(Ribeiro et al., 2016). We considered CWS values estimated from a dy-
namic model (i.e. profile method) assuming that tree mortality associated
with convective systems can create canopy gaps that contribute to increasing
turbulence and wind propagation into the forest. In this model, tree spac-
ing/density, leaf-area index and wind profiles are updated progressively after
each tree failure (Peterson et al., 2019). The reported CWS ranged from
10.75 ms~! to 34.5 ms~1.

Before analyzing the micrometeorological, meteorological and profile data,
we conducted the following quality control: (i) testing for record complete-
ness and checking for the presence of error flags as proposed by Zahn et al.
(2016) and (ii) detection of spikes and dropouts with eventual removal of

corrupted /damaged data as suggested by Vickers and Mahrt (1997).

10
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2.2. Turbulence regimes and flux estimates

In this study we examine the turbulence regimes at three heights. The
first one was defined as near as possible to the top of the forest canopy (i.e.
~ 35 m; Fuentes et al. (2016)), and the other two at the maximum heights
where the sensors were installed on the tower (40 and 48 m, respectively).
We focused only on the nighttime period (i.e., nocturnal boundary layer)
because the diurnal relationship between wind speed and turbulence rarely
deviates from linearity (not shown here), since typical daytime conditions at
our study site are close to neutrality.

We used two methods for identifying the nocturnal turbulence regimes.
The method proposed by Sun et al. (2012, 2016) considers the possibility of
external agents (e.g. convective clouds) acting on the atmospheric boundary
layer and disturbing its turbulent fields (Garstang et al., 1998; Garstang
and Fitzjarrald, 1999; Betts et al., 2002; Dias-Junior et al., 2017a). Sun’s
method accounts for the average relationship between the turbulent velocity
scale (Vrgxp) and the mean horizontal wind speed (V). Where Vigp =

TKE = [0.5(c,2+0,2+0,%)]"? and V = vu® + v2, in which u, v and w are
zonal, meridional and vertical wind components, o represents the standard
deviation of each variable and TKE represents the Turbulent Kinetic Energy.
Sun’s method identifies the wind speed threshold value (V1) from the slope
change of a straight line around which the data are clustered. For this, we
performed a segmented linear regression and selected the V; with the best
coefficient of determination (R?). In this case, turbulence is compared at a
given level with the wind speed at that level.

The second method, reported by Acevedo et al. (2016) is based on the

11
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sign inversion of the vertical gradient of Vigp (AVrgg). This procedure
accounts for the relationship between Vyxr and V', but in contrast to Sun’s
method, turbulence is examined at all levels in terms of the wind speeds at
a fixed reference level. When classified by the V at a reference level, the
wind speed crossover threshold (V) lies where the average AVykp reverses
sign for the entire tower layer. This change occurs because in very stable
regime the Vrxp increase with height and the importance of low-frequency
(sub mesoscale fluctuations) phenomena at higher levels contributes to this
pattern. In weakly stable regime, on the other hand, the classical pattern of
decreasing turbulence with height is dominant. Therefore, the parameters V,
and Vr are the wind speed values that determine the change from very stable
(decoupled boundary layer) to weakly stable regime (the classical boundary
layer coupled to the surface). Here, we assumed AVygp as the difference
between 48 m and 35 m.

Fluxes were estimated by the Eddy Covariance method. We calculated
the turbulent fluxes of sensible heat as H = pc,0/w’ and momentum as 7 =
p(Ww” +0w)V2, where p is the density of air (assumed to be 1.225 kgm~?)
and c, is the specific heat of air at a constant pressure. The variables 6’ and
w’, represent the fluctuations of virtual temperature (°C) and vertical wind
speed (ms™1), respectively. As suggested by Sun et al. (2002) and Vickers
et al. (2010), we used mean values over 5 min intervals for all the different
statistical moments of the turbulence.

To investigate statistical differences between the very stable and weakly
stable regimes, we first used the Mann Whitney U-test considering the iden-

tified regimes as grouping variables. Therefore, six tests were performed, one

12
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at each height (48 m, 40 m and 35 m) and for the dry and wet seasons.
In a second analysis, we applied a factorial analysis of variance (ANOVA)
followed by Tukey tests to assess the effects of the interaction between the
seasons, heights and turbulence regimes on observed patterns of atmospheric
turbulence. Here we use Vrgp as dependent variable. For all tests we con-
sidered a significance level of 5% and used the software Matlab and Jamovi
for data processing and analysis.

In this work Vrgpr was only used in the analysis of the transition of
turbulence regimes, but not as an indicator of the tree damage/mortality.
To assess the potential of extreme wind gusts as a mechanism of tree dam-
age/mortality, we compared the CWS data available for our study site and
the maximum wind speed observed within our study period, as detailed in

section 2.4.

2.3. Identification of convective cloud downdrafts

Previous studies have demonstrated that convective downdrafts transport
air with high Oj concentrations and lower 7' (cold pool) rapidly from the
lower-middle troposphere to the surface (Betts et al., 2002; Gerken et al.,
2016; Dias-Junior et al., 2017a; Bezerra et al., 2021).

It is known that in environments with high moisture and strong con-
vection such as in the Amazon, the equivalent potential temperature (6,) is
also important under unstable atmospheric conditions. Since 6, changes as a
function of moisture (through mixing ratio) and temperature, the downward
transport of cold and dry air leads to an important decrease of 6, (Garstang
and Fitzjarrald, 1999; Betts et al., 2002). However, moisture data were not

available for our study site. Alternatively, we used virtual temperatures.

13
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The identification of convective cloud downdrafts in our study was per-
formed using a two-step procedure. We first analyzed the time series of
horizontal wind speed, air temperature and surface concentration of Oz to
investigate atmospheric dynamics and the occurrence of gust fronts associ-
ated with convective clouds. For this analysis, we averaged data at 48 m (V'
and 7') and 40 m (O3) height for 5-minute intervals. The data series were
mapped by an algorithm that identifies a subtle increase of O3 concentra-
tions of at least 3 parts per billion (ppb), and a simultaneous decrease of T'
values of 2 °C within a 1h time window of respective events (Gerken et al.,
2016; Dias-Junior et al., 2017a). During these events, the highest horizontal
wind speed registered within one second interval and the five minutes average
comprising such an interval were retained. False detections were manually
identified and removed. In the next step, GOES-13 imagery were visually
inspected for the presence of convective clouds over the study site. Here,
we only considered images acquired on days for which abrupt changes in
weather variables were detected as described in the previous step. We ana-
lyzed the effect of downdrafts associated with turbulence regimes by checking
the relationship between Vg g and V. Here, we assumed the minimum and
maximum V' values to determine the start and end time of respective wind

gusts.

2.4. FExtreme winds as a mechanism of tree mortality

To assess the potential of extreme wind gusts as a mechanism of tree dam-
age/mortality, we compared the CWS data and the maximum wind speed
(V,) measured by our anemometers. The V, is the maximum horizontal wind

speeds (or extremes winds) measured at 5 min time-intervals at 48 m height.

14
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These data were analyzed for the different seasons (dry and wet).

Since downdrafts can last from few seconds to (rarely) minutes, we calcu-
lated V, at two other time intervals: 1-minute and 30-seconds windows. To
check if V, differs with the size of time-intervals, we compared computed val-
ues (response variable) using ANOVA of repeated measures. Subsequently,
we executed an ANOVA to verify potential variations of V, as a function of

seasonality.

3. Results

3.1. Turbulence regimes in the nocturnal boundary layer

We found a positive relationship between Vg and V' for both dry and
wet seasons, and a clear distinction between the two turbulence regimes
(Figure 2). For events classified as weak turbulence (very stable regime),
Vrk e increased less than V' as indicated by a smaller slope. As V reached a
threshold value (V7), turbulence changed from weak to strong (weakly stable
regime) as indicated by a larger increase of Vi g as a function of V and larger
slope. Vp increased nonlinearly with the distance from the forest canopy in
both seasons. The observed values of V7 at 35 m and 48 m were near 0.7
and 2.3 ms™! (dry) and 0.5 and 1.9 ms™! (wet), respectively. These results
are in agreement with previous studies that found that V7 increases nearly
logarithmically with height (Sun et al., 2012; Acevedo et al., 2016).

Although the observed increase of V;, with height supports previous re-
search on non-vegetated surfaces, the thresholds identified at 35 m in our
study site were significantly smaller than those observed at a pasture area at

the Federal University of Santa Maria (in south Brazil) (V of 3.0 ms™! at

15
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Figure 2: Relationship between turbulence velocity scale (Vrig) and mean wind speed
(V) at different heights in the (a) dry and (b) wet season during the nighttime at the
EEST, Manaus, Central Amazon. Triangles indicate the threshold wind speed (Vi) at
which the very stable changed to weakly stable regime.

30 m height) (Acevedo et al., 2021) and at project FLOSS II (Fluxes over
Snow Surfaces) conducted in Colorado (US) (V7 of 5.3 ms™! at 30 m height)
(Acevedo et al., 2016). Such differences show that the structure and rough-
ness of dense forests influence the change of the turbulence regime. For a
proper comparison we considered the observation level with respect to the
zero plane displacement height (d). We used d=31.5 m based on estimates
provided by Viswanadham et al. (1990) and Chor et al. (2017) for central
Amazon, in which d=0.88h and d=0.9h, respectively, where h is the canopy
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height (35 m at our study site). Doing that, the V values found at 35 m
(z-d = 3.5 m) in both seasons are smaller than the value of 2.04 ms™! found
at 2 m in FLOSS II (Acevedo et al., 2016) and that of 1.5 ms™* found at 1.5
m in the CASES-99 (experiment carried out in southeast Kansas, US) (Sun
et al., 2012). Similarly, the V7, found for both seasons at the EEST at 48 m
(z-d=16.5 m) are smaller than those at 15 m in FLOSS (5.04 ms™!) and at 10
m in CASES-99 (4.5 ms™1). The V7, found at 48 m at EEST site in the wet
season is also smaller than the value reported by Acevedo et al. (2021) at 14
m in Santa Maria (2.2 ms™'). Still, this value is close to that we found during
the dry season at the EEST. In general, the V, values between turbulence
regimes was smaller at the EEST site than that reported in previous studies
at similar heights, even when the zero-plane displacement height is taken
into account. This relates to V7, being generally smaller above rough surfaces
compared to smooth surfaces (Mahrt et al., 2013; Vignon et al., 2017; Guerra
et al., 2018), a simple consequence of turbulent mixing being larger above a
rough surface than above a smooth one at a same mean wind speed.

From the nighttime turbulence regimes identified at 48 m height, around
77% (dry) and 65% (wet) of them were associated with very stable regime.
In contrast, weakly stable regime corresponded to 23% (dry) and 35% (wet)
of the events. Furthermore, Vi was larger during the dry season than in
the wet season at the three investigated heights (Figure 2 and Table 1).
This result is in agreement with Acevedo et al. (2021), who showed that
Vp increases linearly with net radiative loss at the surface at three mid-
latitude sites. According to these authors, the fully turbulence regime occurs

when the mean wind speed is large enough to support heat fluxes capable of
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transferring back to the surface part of the energy lost radiatively. Therefore,
such a minimum heat flux and corresponding minimum wind speeds must be
larger when the net radiative loss is also larger. The relationship between V7,

and Ry is further discussed in Section 4.

Table 1: Wind speed threshold (V7) at studied heights for the dry and wet seasons at the
EEST, Manaus, Central Amazon.
Season Vg at 48m (ms™!) Vp at 40m (ms™t) Vi at 35m (ms™!)
Dry 2.3 1.35 0.7
Wet 1.9 0.95 0.5

We also identified the transition between regimes as a function of V' at 35
m, for which the AVyk g reverses sign for both dry and wet seasons (Acevedo
et al., 2021). Figure 3 show that the Vygp increased with height for weak
winds in both seasons. When V at 35 m exceeds a sharp threshold, this
pattern is reversed, so that Vyxpr decreases with height under sufficiently
strong winds. Such a threshold was approximately 0.65 ms~! and 0.50 ms™!
for the dry and wet seasons, respectively. However, when the same analysis
is performed in terms of V" at 48 m (Figure 4), there was no gradient reversal
and Vg g decreased with height for all observed wind speeds.

These findings suggest that the relationship between V' and Vyxp at the
different heights is not trivial and may be associated with the occurrence of
phenomena such as low-level jets and density currents (Greco et al., 1992;
Dias-Junior et al., 2017b; Corréa et al., 2021). When the wind speeds are

weak at higher levels, the wind profile is often distorted and maximum values

can occur near the surface (Acevedo et al., 2016).
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Figure 3: Turbulence velocity scale (Vrxg) as a function of the mean wind speed (V) at
35 m during the nighttime at the EEST, Manaus, Central Amazon. The solid lines are
Vrike at different heights in the (a) dry and (b) wet season. Black vertical dashed line
indicates when Vi g reverses its sign and exceeds the crossover threshold (V) at which

the very stable changed to weakly stable regime

The Vi values identified by the vertical gradient method at 35 m height
during the dry (0.65 ms™!) and wet (0.50 ms™!) seasons were similar to the
V1, values obtained with Sun’s method. This result corroborates the existence
of nighttime turbulence regimes at the EEST during the two seasons. As the
values of Vr and V;, were similar, hereafter we used the values of V;, as an
indication for changes of turbulence regimes, since it was possible to identify

it at all heights investigated here.
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Figure 4: Turbulence velocity scale (Vrxg) as a function of the mean wind speed (V) at
48 m during the nighttime at the EEST, Manaus, Central Amazon. The solid lines are
Vri e at different heights in the (a) dry and (b) wet season

Our results evidenced the existence of different nocturnal turbulence
regimes in the terra-firme Amazon forests. Moreover, they indicated that
turbulence intensity decreased with the proximity to the canopy (Figure 5a).
VrkEe during weakly stable regime was larger than in the very stable regime
(Figure 5b). Overall, the wet season had larger values of Vg than the dry
season (Figure 5¢).

These larger values of Vg in the wet season are likely associated with
a lower wind speed threshold between regimes in the wet season (Figure 2).

Since the threshold is smaller, it is plausible considering that it is easier to
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overcome this threshold and establish “large” Vrgp in this case. Another
reason that could result in larger values of Vrxg in the wet season would be
simply because the wet season has higher wind speeds values than the dry
season. Nonetheless, this was not the case, as can be seen in Figure 5d-f.
Our result may be related to other factors, such as radiative loss, thermal
gradient, among others.

Heights vs. seasons Heights vs. turbulence regimes  Turbulence regimes vs. seasons

(a) (b) (©
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Figure 5: Turbulence velocity scale (Vrig) and mean wind speed (V') as a function of
(a,d) heights vs. seasons, (b,e) heights vs. turbulence regimes and (c,f) turbulence regimes
vs. seasons during nighttime at the EEST, Manaus, Central Amazon. Legend: circles and

vertical bars indicate mean values and the 95% confidence intervals, respectively

3.2. Turbulent fluxes in the nocturnal boundary layer

We investigated the differences between the turbulent fluxes during the
occurrence of very stable and weakly stable regimes, and found an interesting
relationship between V' and the sensible heat (H ), and momentum (7) fluxes

at 35 m height during both seasons. Bins of V each 0.2 ms~! were used

21



396

397

398

399

400

401

402

404

405

406

407

408

410

411

412

to calculate the average values and standard deviations of the fluxes. H
values (Fig. 6a and Fig. 6b) changed in response to the turbulence shifting
from the weak to the strong in both seasons (Table 2). On average, the H
flux in the weakly stable regime corresponded to about 88% of the total H
observed in both seasons. Our findings corroborate those of previous research
conducted in Eastern Amazon (Dias-Junior et al., 2017b). Importantly, H
values were more intense during the dry season (p = 0.001). This result is
possibly associated to larger net radiative loss due to reduced cloud cover
and atmospheric column water vapor load (Collow and Miller, 2016), which

leads to less longwave radiation reaching the canopy.

Table 2: Mean values (£ 95% confidence interval) of sensible heat flux (H) and momentum

flux (7) for the dry and wet seasons at the EEST, Central Amazon, Brazil.

Turbulence regimes ~ H Dry H Wet 7 Dry (1072) 7 Wet (1072)

(Wm=2)  (Wm?) (Nm~—2) (Nm~—2?)
Very stable -1.8 £2.5  -1.3 £2.0 -0.3+£0.4 -0.5 £ 0.6
Weakly stable -134 4+ 17 -984+9.6 -2.3+ 3.0 -4.1+5.4

The 7 fluxes showed a similar behavior to that of H, in which the flux
in the weakly stable regime was larger than in the very stable regime (p <
0.001), and reached on average 89% of the total 7 flux in each season (Fig.
6c and Fig. 6d). Such variations may be related to atmospheric stability
conditions. The wet season is less stable (on average), that is, the strong
turbulence events (i.e. weakly stable regime) occurs more frequently and,

consequently, the momentum fluxes are greater. Overall, the weakly stable
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a3 regime contributed more significantly to sensible heat and momentum fluxes

ae than the very stable regime (Table 2), in both seasons.
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Figure 6: Mean and standard deviation of sensible heat flux (H) and momentum flux
(1) as a function of the wind speed (V') at 35 m during nighttime at the EEST, Manaus,
Central Amazon. The left and right panels indicate the dry and wet season, respectively.

Green and blue circles indicate the very stable and weakly stable regimes, respectively.

3.3. Relationship between deep convection and nocturnal turbulence regimes

During the night of 06 August 2014 and 12 April 2014, gust fronts from
downdrafts reached the tower around 2110 LST (dry season) and 2325 LST
(wet season), respectively (Figure 7). These events were evidenced from

observations of (i) decreasing 7' (around 2 °C at both seasons) and (ii) si-
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multaneous increasing O3 of approximately 12 ppb (dry) and 15 ppb (wet).
The pre-gust measurements of V' (=~ 2 ms™') were similar in both nights
(Fig. 7c and Fig. 7g). However, V reached maximums of 7.5 (dry) and
15 ms~! (wet) during the observed downdrafts. At this time, the standard
deviation of wind vertical velocity (o) increased substantially (Fig. 7d and
Fig. 7h). As the surface cools and uncouples the boundary layer from the
above troposphere, the near-surface O3 values are low (3-5 ppb). This pat-
tern allows for a clear recognition of night downdrafts transporting air with
higher ozone and lower temperature to the surface. We observed this pattern
on other nights and identified 16 downdrafts (eight different nights in each
season) over the studied period. Overall, these events occurred between 2000
LST and 2300 LST. Finally, the GOES-13 imagery indicates the existence
of cloudiness at the times of the events (Figure 8) and also on the other 16
nights that we studied here.

These results support previous studies, such as that by Betts et al. (2002)
who found that nighttime convective downdrafts coupled the surface to the
lower troposphere and transported down air with larger O3 and lower equiv-
alent potential temperature. Dias-Junior et al. (2017a) also reported that
the downdrafts produce O3 enhancement events and an increase in V' val-
ues, in addition to the occurrence of air divergence during the horizontal
propagation of density currents.

We observed that all downdrafts happened during or after the transition
to the weakly stable regime (Figure 9). This pattern evidenced that down-
drafts may influence the turbulence characteristics near the surface since they

are associated with a weakly stable regime (strong turbulence). However,
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Figure 7: Times series of key variables used to identify downdrafts at the EEST, Central
Amazon, Brazil. The upper and bottom panels show the downdrafts from 06 August
2014 and 12 April 2014, respectively. Legend: virtual temperature (T"), ozone (Os), hor-
izontal wind speed (V) and standard deviation of wind vertical velocity (o). Solid and
dashed lines indicate the mean and maximum values, respectively. Vertical red-dotted

lines indicate the starting time of downdrafts.

weakly stable regime was not represented completely by these events, which
suggest that the strong turbulence may be associated with the occurrence
of other phenomena. Similar results were previously reported for Central
Amazon by Bezerra et al. (2021), who observed that downdrafts generated

by a squall line occurred only during the strong turbulence regime.

3.4. Extreme winds as a mechanism of tree mortality

During the weakly stable regime associated with nocturnal downdraft

events, the speeds and thus destructive potential of winds varied between
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Figure 8: GOES 13 imagery for (a) 07 August 2014 at 0100 UTC and (b) 13 April 2014 at
0300 UTC when downdrafts reached the micrometeorology tower at the EEST (red dot),

Central Amazon, Brazil.

seasons. The greatest wind speeds were identified during the wet season
(V,= 14.96 ms™'). This value was approximately four times higher than on
nights without downdrafts, and exceed the CWS of three out of the studied
trees by Peterson et al. (2019). In contrast, maximum wind speeds in the
nocturnal period of the dry season (V,= 7.57 ms™!) did not exceed the CWS
of the studied trees.

Here we did not assess the direct effect of high wind-speeds on trees,
but rather evaluated the destructive potential of these based on observa-
tional data acquired at the same study site. Importantly, the occurrence of
excessive wind speeds does not necessarily result in trees damage and mortal-
ity. Further studies are needed to understand the link between wind speeds,
canopy structure and tree motion in these diverse forests. Still, the strong
dissipation of air to layers below the forest canopy (presented in Section 4)

are rarely observed in the absence of downdrafts. Therefore, the wind gusts
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Figure 9: Turbulence velocity scale (Vrxg) as a function of the mean wind speed (V)
measured at 48 m in the (a) dry and (b) wet season during nighttime at the EEST,
Manaus, Central Amazon. The dots correspond to mean values calculated over 5-min
periods. Thick circles indicate the range of occurrence of the downdrafts. Vertical black-
dashed lines mark the threshold wind speed (V) at which the very stable changed to

weakly stable regime.

described in our study not only reached extreme speeds but also penetrated
the forest canopy, and had the potential to cause damage and mortality of
trees of different sizes, both directly and indirectly.

The mean V, values varied significantly between the analyzed time-intervals
(p <0.001, Fig. 10a). As expected, the values were higher for the 30 seconds
interval (5.97 £ 2.85 ms™!, mean + 95% confidence interval). For the 1 min
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and 5 min intervals, V, was 5.35 £ 2.68 ms~! and 3.63 £ 2.45 ms~!, respec-
tively. Results from subsequent ANOVA showed that the interaction between
seasons and time intervals was significant (p < 0.001, Fig. 10b). Post-hoc
Tukey tests showed that observed variations in V, were not significantly dif-
ferent between seasons at both 1 min (p = 0.057) and 5 min (p = 1.000)
intervals. Nonetheless, V, varied as a function of seasonality for our shorter
time interval (i.e. 30 seconds). These result shows that for extreme wind
gusts that may last a few seconds such as those causing tree damage and
mortality in the Amazon, our 30 second interval is likely too large and may

have underestimated maximum V, values.
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Figure 10: Observed wind speed (V) as a function of the (a) three time intervals and (b)
seasons vs. time intervals at the EEST, Manaus, Central Amazon. Legend: circles and

vertical bars indicate mean values and the 95% confidence intervals, respectively.

Although daytime patterns were not a focal aspect in our study, wind
speed reached the highest values (up to 22 ms™!) during this period, in the

dry season. In contrast to the relatively low destructive potential of nocturnal
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winds, this value could topple 73% of trees previously investigated in our
study site (Ribeiro et al., 2016; Peterson et al., 2019). These observations
reinforce the importance of extreme wind as a major natural mechanism of
tree damage and mortality in these forests (Nelson, 1994; Chambers et al.,
2009, 2013; Negrén-Juarez et al., 2017, 2018; Marra et al., 2018).

In fact, a higher destructive potential of diurnal winds may be expected,
since in moist environments such as the Amazon forest, surface warming pro-
motes upward movements that increase the low-level moisture convergence
and intensify convection. Moreover, the results from the nighttime period
provide evidence on the importance of downdrafts on the propagation of

extreme winds downward below the canopy.

4. Discussion

Coupling between the canopy and the atmosphere occurs when turbu-
lence provides continuous mixing. At nighttime, however, the mixing can
be inhibited by the presence of a stable layer. Therefore, two contrasting
regimes are observed. In the weakly stable regime, the wind speed provides
heat fluxes that are large enough to continuously transfer the energy lost
by radiation back to the surface. In the very stable regime, heat fluxes are
not transferred continuously to the surface, leading to strong temperature
drops. This allows for the establishment of an enhanced thermal gradient,
which further inhibits mixing. Thus, the coupling between the forest and the
atmosphere is favored by the continuous turbulence observed in the weakly
stable regime.

We evaluated the degree of coupling in two ways. First, a comparison of
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0, on above (48 m) and sub-canopy heights following Thomas et al. (2013).
Figure 11 shows the comparison between such variables but it is not easy
to visualize the trends with only plotting the data points. Thus, we added
a Locally Weighted Regression (LOWESS) to the graph (solid line). Here
we focus on 4 forest understory heights (1.5 m, 7.0 m, 18.4 m and 31.6
m) and on datasets with and without downdrafts. During weak winds (i.e.
without downdrafts), the turbulence strength at 1.5 m and 7.0 m was largely
independent of that observed above canopy. After 18 m height, the o,sub
was linearly correlated with o,top (Fig. 11c) indicating the occurrence of a
coupled canopy condition. On the other hand, the extreme winds associated
with downdrafts were propagated into the canopy at all heights, and the
threshold of o,top (i.e., when the correlation became linear) increased as
flow above the canopy reached the ground.

Second, in order to quantify the coupling between the canopy and the
atmosphere we calculated the temperature gradient (A7) between 51 m and
35 m height, in the dry and wet seasons. The dependence of AT on V
(Fig. 12) shows the differences of coupling and subsequent mixing for the
two regimes. A large thermal gradient occurs under the lowest wind speeds.
This was observed when AT averaged 0.58 °C and 0.25 °C' during the dry
and wet seasons, respectively.

In the dry and wet seasons, AT peaked at V;, and reached 0.73 °C' and
0.25 °C, respectively. Similar AT maxima at the transition between regimes
was observed by Acevedo et al. (2016) for the FLOSS II dataset. These
authors argue that this pattern was associated with an enhanced heat-flux

convergence at similar ranges of wind speed reported by Acevedo et al. (2021)
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Figure 11: Standard deviation of wind vertical velocity (o) between the forest understory
(sub) and above-canopy (top at 48 m) heights. The dots correspond to periods of 5 min
data. Dataset in which downdrafts occurred (Top panels). Dataset without the occurrence
of downdrafts (Bottom panels). The columns a, b, ¢ and d indicated the investigated sub-

canopy heights.

for the CASES-99 dataset. Smaller gradients typical of mixed conditions
occur when wind speeds are higher.

The relationship between turbulence and net radiation is a reliable cri-
terium for distinguishing regimes. When the radiative loss is high, wind
speeds tend to grow proportionally to allow compensative heat-fluxes (Acevedo
et al., 2021). It is known that cloud cover plays an important role in Ry.

Von Randow et al. (2004) showed that in the southern Amazon, reduced

31



542

543

544

545

546

547

548

549

550

551

. Dry season ] . Wet season

1 ! !
09.3) i 0.9.0) i
60'8 : i 60.8 :
° 07 ! .07 I
S 061 : S 06 :
[ap) | o |
| 05 ! -1 05- !
Eo4 I S04 I
B ! 0 I
= 03 | 03 |
<1 0.2 : - <102 :
0.1 i 0.1 i

0 S 0 S

0 1 2 3 4 5 o 1 2 3 4 5
V at 48m (m s7!) V at 48m (m s7!)

Figure 12: Differences of mean virtual temperature between 51 m and 35 m height as a
function of the mean wind speed (V') at 48 m in the dry (a) and wet (b) season at the
EEST, Manaus, Central Amazon. Dashed lines indicate the threshold wind speed (V) at

which very stable changed to weakly stable regime.

cloud cover in the dry season results in increased radiative loss. The oppo-
site occurs in the wet season. In this context, we have assessed the frequency
distribution of Ry (30-min averages) for our studied period (from 8pm to
bam) and only for the nights in which downdrafts occurred (2h before and
after respective events). In the dry season, the two lowest values of Ry (high-
est radiative loss) were observed between -40 and -60 W m ™2 (Fig. 13a). This
variation indicates that there were relatively fewer clouds over the site. By
contrast, Ry was more uniform during the wet season, with values ranging
from -10 to -50 W m~2 (Fig. 13b). Radiative loss was also higher in the

2-hour interval before and after downdrafts observed in the dry season (Fig.
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Figure 13: Distribution of the net radiation (R,,) for all studied days (top panels) and for
those on which downdraft were identified (bottom panels) in the dry (red bars) and wet

(blue bars) season during the nighttime.

13¢,d).

This R,, pattern is related to the change in cloud cover and moisture
loads at each season (Collow and Miller, 2016). Above the Amazon forest,
single-cell clouds are frequent in the dry season. This contrasts mesoscale
convective-systems (multiple cell) that are more frequent during the wet sea-
son (Gerken et al., 2016). Multiple cells and water vapor can trap some of
the outgoing infrared radiation emitted by the Earth and radiate it back
downward, which can reduce the radiative loss at the surface. This explains
why the transition between regimes occurs at higher wind speed V}, in the
dry season. During this period, the shallower cloud cover and the lower wa-

ter vapor load of the atmospheric column allows for a larger loss of radiation
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than that observed in the wet period.

Both single and multiple cells are known to produce downdrafts (Gerken
et al., 2016; Dias-Junior et al., 2017b). Furthermore, we showed in this study
that downdrafts are one of the main causes of transition from turbulence
regimes above the Amazon forest (Fig. 9). We investigated the profile of
four turbulent parameters during a night-time downdraft (July 24, 2014).
H values, which were initially close to zero, turned strongly negative when
the downdraft reached the tower at around 11 pm local time (Fig. 14a).
Similarly, there was an increase in parameters associated with the intensity
of turbulence, such as o, T K F and friction velocity (u,) (Figures 14b, ¢ and
d, respectively). Furthermore, this strong dissipation of air to strata/layers
below the forest canopy are rarely observed in the absence of downdrafts.
The air layer from the soil surface is largely decoupled from layers above the
canopy (Thomas et al., 2013; Freundorfer et al., 2019; Cava et al., 2022).
Santana et al. (2018) provided evidence that atmospheric eddies generated
above the canopy can hardly penetrate the region below 0.5 h (h is the canopy
top). This pattern was reported for different sites in the Amazon. However,
observations (Bezerra et al., 2021) and numerical simulations (Serra-Neto
et al., 2021) showed that under strong wind conditions, turbulence below the
forest canopy was intensified and the scalar mixing more efficient.

The penetration of wind gusts inside the canopy increases the probability
of tree damage and mortality. However, since the peak velocities may be
underestimated when using single tower-measurements and we did not have
data on risk of tree mortality, further studies are needed to describe the

return frequency of such gusts and the relationship between speed and the
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Figure 14: Vertical profile of: a) sensible heat flux (Wm~2), b) standard deviation of
vertical wind (ms~1!), ¢) Turbulent Kinetic Energy (m?s~2) and d) friction velocity (ms~1)

at the night of July 24, 2014.

disturbance severity.

Our study has limitations which shall be addressed in future research.
First, the patterns we described for central Amazon may not occur in other
regions with different vegetation structure. This highlights the need of stud-
ies based on extended datasets from other regions and for heights above 48 m.
Second, when analyzing fast-response data from a single tower, the down-

drafts may be not fully captured, and their magnitude and duration may
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be underestimated. Last, the link between wind speed, canopy structure
and tree motion in these diverse forests is currently unknown. Nonetheless,
our study stress the importance of datasets including a range of heights and
seasons for detecting processes and mechanisms regulating turbulence and
wind-tree interactions in dense tropical forests. A better understanding of
these interactions is key for the parameterization of more robust and realis-
tic in numerical models. In addition, our findings provided insights into the

importance of wind gusts to the ecology and dynamics of Amazon forest.

5. Conclusions

This study provides three novel contributions. The first is the identifi-
cation of different turbulence regimes and their patterns in terms of season-
ality and proximity to the forest canopy in the nocturnal RSL. The second
is the assessment of the effects of near surface wind gusts (propagated from
downdrafts) on the organization of turbulence regimes. Finally, it provides
evidences on the occurrance of extreme wind gusts associated with convec-
tive downdrafts, with potential do promote damage and mortality of canopy
trees. These aspects highlight the strong interactions between atmospheric
and biospheric processes and mechanisms regulating forest structure and dy-
namics.

Two turbulence regimes were identified: the very stable (weak turbulence)
and weakly stable regime (strong turbulence). The wind speed threshold
that mark the transition between the regimes increases nonlinearly with the
distance from the ground under non-vegetated surfaces (Sun et al., 2012;

Acevedo et al., 2021). Our study provides evidence that such pattern also
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occurs in closed canopy forests. In addition, new knowledge was obtained:

i) The average wind speed threshold for turbulence regime varies season-
ally, and was relatively larger in the dry season at all heights as a consequence
of a higher radiative loss from the surface during this period. Furthermore,
the change of turbulence regime was influenced by the structure and rough-
ness of the forest. This pattern was highlighted by relatively lower thresholds
of wind speed compared to previous studies at mid-latitudes, and can be ex-
plained by the greater turbulent mixing above rough surfaces for a given
mean wind speed.

ii) Near-surface wind gusts (convective downdrafts) occurred only during
the weakly stable regime and were one of the main drivers of the observed
turbulence regimes transition. Nevertheless, not all weakly stable regime
were associated to such events.

iii) Full coupling state of wind flow among layers above and within the
canopy occur during downdrafts. At nights without extreme winds, coupling
along the canopy profile occurred only above 18 m height.

iv) The destructive potential of winds propagated during downdrafts was
approximately four times higher than on nights without downdrafts in the
wet season. By contrast, the wind speeds during daytime downdrafts were
more intense in the dry season (not reported). These gusts would be suf-
ficient to topple 73% of the previously investigated trees at our study site,
which emphasize the importance of wind disturbances on controlling forest

structure and diversity in central Amazon.
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Abstract

We investigated the influence of seasonality and proximity to the for-
est canopy on nocturnal turbulence regimes in the roughness sublayer of
a Central Amazon forest. Since convective systems of different scales are
common in this region, we also analyzed the effect of extreme wind gusts
(propagated from convective downdrafts) on the organization of the turbu-
lence regimes, and their potential to cause the mortality of canopy trees.
Our data include high-frequency winds, temperature and ozone concentra-

tion at different heights during the dry and wet seasons of 2014. In addi-
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tion, we used critical wind-speed data derived from a tree-winching experi-
ment and a modeling study conducted in the same study site. Two differ-
ent turbulence regimes were identified at three heights above the canopy:
a weakly stable (WS) and a very stable regime (VS). The threshold wind
speeds that mark the transition between turbulence regimes were larger dur-
ing the dry season and increased as a function of the height above the canopy.
The turbulent fluxes of sensible heat and momentum during the WS ac-
counted for 88% of the entire nighttime flux. Downdrafts occurred only in

the WS and favored a fully coupled state of wind flow along the canopy

profile. The destructive potential of winds was four times higher than on

nights without downdrafts.  Weinvestigated—the—influenee—ofseasenality
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1. Introduction

A growing number of observational and modeling studies show that the
Amazen world’s forests plays a key role in regional-and- global climate (Malhi
et al., 2002; Bonan, 2008; Alves et al., 2016) and emphasize its importance
to the water, radiation and surface-energy balance. All these are affected
by exchanges of mass (water vapor, carbon dioxide, methane, ozone, and
a variety of gases and particles), heat (sensible and latent) and momentum
between the forest and the atmosphere (Von Randow et al., 2004; Thomas
and Foken, 2007; Knohl and Baldocchi, 2008; Gerken et al., 2016, among
others). This near-surface boundary layer that is dynamically influenced by
vegetation is called the roughness sublayer (RSL). Particularly at night, the
transport efficiency decreases above the forest, which inhibits its penetration
into the canopy (Cava et al., 2022) and leads to a decoupling between the sub-
and upper canopy flows (Thomas et al., 2013; Freundorfer et al., 2019; Cava
et al., 2022)
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Assessments of turbulent flow are challenging in the NBE nocturnal RSL,
particularly during the occurrence of intense downdrafts that-eausesienificant

widespread—tree-mortality= that typically originate within a convective sys-

tem (e.g. squall lines, super-cell and single-cell thunderstorms). Intense

downdrafts can develop when cooled air from evaporating precipitation sinks
rapidly towards the ground. Such events transport relatively cooler and drier
air from the troposphere to the lower levels leading to changes in the thermo-
dynamic and kinematic properties of the near-surface air mass (Wakimoto,
2015). These downdrafts can extend to the surface in the form of sudden
variations in the values of the wind, pressure, turbulent fluxes and a drop
in equivalent potential temperature (Garstang and Fitzjarrald, 1999; Betts
et al., 2002; Dias-Junior et al., 2017a; Melo et al., 2019; D’Oliveira et al.,
2022). Such phenomena can gain an interesting physical interpretation when
they—are the turbulence is classified into distinct turbulent nocturnal regimes.
In mid-latitude regions for example, Mahrt (1998) categorized turbulence as
“weakly stable” and “very stable” to differentiate the conditions of sustained
and non-sustained turbulence, respectively. Sun et al. (2012) classified the
turbulence regimes as either weak or strong, according to the relationship
between Turbulent Kinetic Energy (TKE) and wind speeds. Subsequently,

such terms have been widely used to refer to the regimes.
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The weakly stable regime follows Monin-Obukhov similarity theory, which
is used in most atmospheric models for expressing the surface layer. On the
other hand, the same is not true in the very stable regime (Mahrt, 1998,
2014). In general, numerical schemes such as those used in numerical weather
prediction and atmospheric models reproduce the occurrence of both NBE
nocturnal turbulence regimes, but conditions that mark the transition be-
tween them depend on the parameterizations used to represent the eddy dif-
fusivity (Costa et al., 2020). The transition between regimes is not universal,
varying from one site to another. Such differences may be associated with
local factors, for example by increased cloudiness (Acevedo and Fitzjarrald,
2003), surface roughness (Mahrt et al., 2013) and net nocturnal radiative loss
(Sun et al., 2020; Acevedo et al., 2021).

Recent studies (Santos et al., 2016; Cava et al., 2022) have evidenced
that the nature of the nocturnal-scalar exchange between the canopy and the
overlying atmosphere is contrastingly dependent on the turbulence regime.
While the weakly stable regime is dominated by turbulence, under very stable
conditions a relatively larger fraction of the exchange is produced by non-
turbulence motion with long time scales. This fact is particularly important
for quantifying these fluxes since under very stable conditions the typical
eddy-covariance methods might not properly capture the total exchange.
Therefore, when assessing exchange patterns it is important to consider the
following: Is the exchange seasonally dependent? If so, what seasonal pro-
cesses affect the regimes? Is the nocturnal turbulence regime influenced by
the frequency of convective downdrafts, which can affect the total canopy-

atmosphere exchange of scalars? Therefore, experimental results obtained
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at different sites, such as in dense tropical forests, are essential to better

understand the biosphere-atmosphere interaction and to improve existing

knowledge on the nocturnal boundary layer. previde-a—betterunderstanding

n  and-better-parameterization-ot-the NBI—
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From another perspective, in regions often covered by intense convective
systems and convective cloud clusters, such as the Amazon region (Betts
et al., 2002, 2003; Machado et al., 2002, 2004), the downdrafts may propa-
gate strong downward wind gusts with high velocities (Fujita, 1985; Nelson,
1994; Garstang et al., 1998; Negron-Judrez et al., 2010, 2017, 2018). When
they reaches the surface, strong wind outflow with horizontal dimensions is
propagated (Fujita, 1985; Garstang et al., 1998). These wind gusts can cause
widespread tree damage and mortality through snapping and/or uprooting.
These modes of tree mortality occur when the mechanical load caused by

wind exceeds the resistance of the trunk or the root-soil anchorage (Nelson,

1994; Marra et al., 2014; Ribeiro et al., 2016).
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The severity of damage/mortality caused by extreme wind events influ-

ences biomass balance and the functional composition of terra-firme forests
in Central and Northwestern Amazon (Urquiza Munoz et al., 2021; Negron-
Judrez et al., 2018; Marra et al., 2018, 2014). While some of the carbon
contained in dead or damaged trees is decomposed and incorporated into
the soil rather than directly emitted into the atmosphere (dos Santos et al.,
2016), dead trees represent future CO, emissions (Chambers et al., 2004) and
potentially methane (C'Hy), which contributes to global warming. Using field
data (Ribeiro et al., 2016) combined with static and dynamic biomechanical
models, Peterson et al. (2019) estimated that wind speeds > 10.75 ms™!
are critical and can snap or uproot trees in terra-firme forests of Central
Amazon.

Current knowledge about the effects of wind disturbances in the Ama-
zon forest derives from studies that have quantified the spatial extent of
these events using satellite imagery, in particular Landsat (Nelson, 1994;
Negron-Judrez et al., 2010; Chambers et al., 2013; Espirito-Santo et al., 2014),
or from post-perturbation forest inventories to assess associated tree dam-
age/mortality and their effects on forest structure and diversity in subsequent
years to decades (Marra et al., 2014, 2018; Schwartz et al., 2017; Silvério et al.,
2019; Urquiza Munioz et al., 2021). The estimated time to recover 90% of
pre-disturbance biomass is up to 40 years (Marra et al., 2018) in the Central

Amazon and 30 years in the northwestern Amazon (Urquiza Munoz et al.,

2021).
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The goal of our study was to identify the existence of different noctur-
nal turbulence regimes above a terra-firme forest in the Central Amazon
and their possible association with seasonality and proximity to the forest
canopy. Furthermore, to assess the effect of extreme winds associated with
convective downdrafts on the organization of turbulence regimes in the noc-
turnal beundary—tayer RSL and the potential of observed winds to cause
damage/mortality of canopy trees. We recognize that damaging winds and
downdrafts in this region are also associated with convective storms and with
fronts that can pass during the day, but that is beyond the scope of the cur-
rent analysis. To our knowledge, this is the first assessment of the influence
of extreme winds on turbulence regimes and of the potential of associated
wind to promote tree damage/mortality. Apart from a better understanding
of the Amazonbeundarylayerstrueture-and processes of turbulent exchange
between the biosphere and the atmosphere, especially in rainforests with
dense canopies, our study provides insights into the vulnerability of Amazon
forests to ongoing shifts on the intensity and frequency of convective storms

resulting from climate change (Feng et al., 2023).

2. Material and methods

2.1. Study site and data acquisition

Our data were collected at the Estacao Fxperimental de Silvicultura Trop-
ical (EEST, also known as ZF2), Central Amazon, Brazil (Figure 1). The
EEST is located about 60 km northwest of Manaus (2° 36" S, 60° 12" W,
130 m a.s.l.) (Aratjo et al., 2002) and is predominantly covered by old-
growth terra-firme forest with closed canopy (e.g. 593 + 28 trees ha™!),
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dense understory and high tree-species diversity (Braga, 1979; Marra et al.,
2014). Trees are relatively tall and slender (Oliveira et al., 2008; Ribeiro
et al., 2016). The proportion of trees reaching the canopy increased with

diameter at breast height (DBH): from 21% for trees 10-20 cm DBH, and

57% for 20-30 cm DBH, up to 100% for trees above 70 cm DBH (Araujo
et al., 2020).
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Figure 1: Study area at the Estacdo FErperimental de Silvicultura Tropical (EEST) near

Manaus, Brazil, and micrometeorological tower and sensors. (Top panel) Map of Brazil
showing the study region. (Bottom left) A panoramic view of the forest and the employed
3D-sonic anemometer. (Bottom center left) Micrometeorological tower. (Bottom center

right) Net radiometer. (Bottom right) Ozone analyzers.

The topography at the study area comprises a mosaic of plateaus, slopes

9
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and valleys with elevation differences of about 50 m. The vegetation cover
on the plateau and slope areas is composed by forest with height varying

between 30 to 40 m, maximum surface area density of 0.35 m?*m 3.

In
valley areas, the vegetation is smaller with heights from 15 to 25 m, but
with significant surface area density more than the 0.35 m?>m=3 (Téta et al.,
2012). The average values of leaf area index for the local vegetation was 6.1
m*m~? (Marques Filho et al., 2005).

Oxisols rich in kaolinite clay dominate plateaus and the upper portions
of slopes. The soils on slope bottoms and valleys are sandy and mixed with
organic matter (Spodosol) (Telles et al., 2003). The mean annual tempera-
ture is 27 °C and mean annual rainfall was about 2365 mm for the period
between 1971 and 2000, with a distinct dry season between July and Septem-
ber (rainfall < 100 mm month™') (Negron-Judrez et al., 2017).

Our data were collected using sensors installed on a micrometeorological
tower of 54 m height. We used the sonic virtual temperature (7") and wind
components (u,v and w) measured at 10 different heights (i.e. 1.5, 7.0,
13.5, 18.4, 22.1, 24.5, 31.6, 34.9, 40.4 and 48.2 m above ground) by 3D-sonic
anemometers (model CSAT3, Campbell Scientific Inc., Logan, UT, USA) at
a rate of 20 Hz. For analyzing the vertical temperature gradient, we used
thermo-hygrometer data from sensors (HMP45AC, Vaisala) installed at 35.5
m and 51 m height. These data were available at a 30 min resolution. Net
radiation (Ry) was measured with a net-radiometer (model CNR1, Kipp &
Zonen, Delft, Netherlands) installed at 39 m height. We used data from April
2014 to January 2015 collected entheseope- in the course of the Green Ocean

Amazon Experiment (GoAmazon). For more details about instruments and

10
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respective measurements, see Fuentes et al. (2016).

Ozone concentration (O3) was measured continuously at 40 m height
at a frequency of 1 Hz using an ultraviolet light absorbed gas analyzer
(model 49i, Thermo Fisher Scientific Inc., Waltham, MA). For more de-
tails on ozone measurements see Gerken et al. (2016). Convective cloud
coverage over the study site was assessed with GOES-13 (Geostationary Op-
erational Environmental Satellites) satellite imagery data available at the
Brazilian National Institute for Space Research (INPE) database (http:
//satelite.cptec.inpe.br/acervo/, accessed on 30 May 2021).

Our data were analyzed for two time periods: (i) 55 days in the wet sea-
son (from April to May) and (ii) 36 days during the dry season (from July to
September). To avoid transitional periods, we used data from 2000 to 0500
local standard time (LST). ferNBE. The dry and wet seasons were character-
ized based on the seasonality of precipitation using the Global precipitation
Mission (GPM) level-3 product (mm h™!'). Estimates were carried out us-
ing data downloaded from the website of National Aeronautics and Space
Administration (NASA) (https://giovanni.gsfc.nasa.gov, accessed on
28 october 2020) for the period between 1st April and 31st December 2014.
Overall, we used a product of the Integrated Multi-satellitEl Retrievals for
GPM (IMERG) at a spatial resolution of 0.1° x 0.1° and at temporal resolu-
tion of 1 month (Final Run IMERGM v06). The IMERG algorithm combines
information from the GPM satellite constellation and precipitation gauges.
The system “final run” uses monthly gauge data to create research-level
products.

Local estimates of critical wind-speed (CWS) were compiled from Peter-
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son et al. (2019). According to these authors, the CWS is the wind speed
necessary to generate a turning moment at the base of the trunk greater
than or equal to the turning moment that results in tree failure. CWS were
modeled based on critical turning moments measured locally in a winching
experiment that included 60 trees from different species and varying sizes
(Ribeiro et al., 2016). We considered CWS values estimated from a dy-
namic model (i.e. profile method) assuming that tree mortality associated
with convective systems can create canopy gaps that contribute to increasing
turbulence and wind propagation into the forest. In this model, tree spac-
ing/density, leaf-area index and wind profiles are updated progressively after
each tree failure (Peterson et al., 2019). The reported CWS ranged from
10.75 ms~! to 34.5 ms~1.

Before analyzing the micrometeorological, meteorological and profile data,
we conducted the following quality control: (i) testing for record complete-
ness and checking for the presence of error flags as proposed by Zahn et al.
(2016) and (ii) detection of spikes and dropouts with eventual removal of

corrupted /damaged data as suggested by Vickers and Mahrt (1997).

2.2. Turbulence regimes and fluz estimates

In this study we examine the turbulence regimes at three heights. The
first one was defined as near as possible to the top of the forest canopy (i.e.
~ 35 m; Fuentes et al. (2016)), and the other two at the maximum heights
where the sensors were installed on the tower (40 and 48 m, respectively).
We focused only on the nighttime period (i.e., nocturnal boundary layer)
because the diurnal relationship between wind speed and turbulence rarely

deviates from linearity (not shown here), since typical daytime conditions at
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27 our study site are close to neutrality. Sinee-the-physieal-processes-asseciated

233 We used two methods for identifying the nocturnal turbulence regimes.

2« The method proposed by Sun et al. (2012, 2016) considers the possibility of
25 external agents (e.g. convective clouds) acting on the atmospheric boundary
26 layer and disturbing its turbulent fields (Garstang et al., 1998; Garstang
o and Fitzjarrald, 1999; Betts et al., 2002; Dias-Junior et al., 2017a). Sun’s
23 method accounts for the average relationship between the turbulent velocity
20 scale (Vrgp) and the mean horizontal wind speed (V). Where Vigp =
w VTKE =[0.5(0,2+0,24+0,%)]"? and V = Vu2 + v2, in which u, v and w are
2 zonal, meridional and vertical wind components, o represents the standard
a2 deviation of each variable and TKE represents the Turbulent Kinetic Energy.
23 Sun’s method identifies the wind speed threshold value (V) from the slope
24 change of a straight line around which the data are clustered. For this, we
a5 performed a segmented linear regression and selected the Vi, with the best
s coefficient of determination (R*). In this case, turbulence is compared at a
27 given level with the wind speed at that level.

248 The second method, reported by Acevedo et al. (2016) is based on the
20 sign inversion of the vertical gradient of Vrgxp (AVrkg). This procedure
»0 accounts for the relationship between Vrgp and V, but in contrast to Sun’s

s method, turbulence is examined at all levels in terms of the wind speeds at
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a fixed reference level. When classified by the V at a reference level, the
wind speed crossover threshold (Vr) lies where the average AVrgkp reverses
sign for the entire tower layer. This change occurs because in very stable
regime the Vrgp increase with height and the importance of low-frequency
(sub mesoscale fluctuations) phenomena at higher levels contributes to this
pattern. In weakly stable regime, on the other hand, the classical pattern of
decreasing turbulence with height is dominant. Therefore, the parameters V;,
and Vr are the wind speed values that determine the change from very stable
(decoupled boundary layer) to weakly stable regime (the classical boundary
layer coupled to the surface). Here, we assumed AVygp as the difference
between 48 m and 35 m.

Fluxes were estimated by the Eddy Covariance method. We calculated
the turbulent fluxes of sensible heat as H = pc,f/w’ and momentum as 7 =
p(ww” +0w™)V2, where p is the density of air (assumed to be 1.225 kgm~?)
and c, is the specific heat of air at a constant pressure. The variables 6’ and
w', represent the fluctuations of virtual temperature (°C) and vertical wind
speed (ms™1), respectively. As suggested by Sun et al. (2002) and Vickers
et al. (2010), we used mean values over 5 min intervals for all the different
statistical moments of the turbulence.

To investigate statistical differences between the very stable and weakly
stable regimes, we first used the Mann Whitney U-test considering the iden-
tified regimes as grouping variables. Therefore, six tests were performed, one
at each height (48 m, 40 m and 35 m) and for the dry and wet seasons.
In a second analysis, we applied a factorial analysis of variance (ANOVA)

followed by Tukey tests to assess the effects of the interaction between the

14



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

203

294

295

296

297

298

299

300

301

seasons, heights and turbulence regimes on observed patterns of atmospheric
turbulence. Here we use Vyxp as dependent variable. For all tests we con-
sidered a significance level of 5% and used the software Matlab and Jamovi
for data processing and analysis.

In this work Vrgpr was only used in the analysis of the transition of
turbulence regimes, but not as an indicator of the tree damage/mortality.
To assess the potential of extreme wind gusts as a mechanism of tree dam-
age/mortality, we compared the CWS data available for our study site and
the maximum wind speed observed within our study period, as detailed in

section 2.4.

2.3. Identification of convective cloud downdrafts

Previous studies have demonstrated that convective downdrafts transport
air with high Oj concentrations and lower 7' (cold pool) rapidly from the
lower-middle troposphere to the surface (Betts et al., 2002; Gerken et al.,
2016; Dias-Junior et al., 2017a; Bezerra et al., 2021).

It is known that in environments with high moisture and strong con-
vection such as in the Amazon, the equivalent potential temperature (6,) is
also important under unstable atmospheric conditions. Since 6, changes as a
function of moisture (through mixing ratio) and temperature, the downward
transport of cold and dry air leads to an important decrease of 6, (Garstang
and Fitzjarrald, 1999; Betts et al., 2002). However, moisture data were not
available for our study site. Alternatively, we used virtual temperatures.

The identification of convective cloud downdrafts in our study was per-
formed using a two-step procedure. We first analyzed the time series of

horizontal wind speed, air temperature and surface concentration of O3 to
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investigate atmospheric dynamics and the occurrence of gust fronts associ-
ated with convective clouds. For this analysis, we averaged data at 48 m (V
and 7') and 40 m (O3) height for 5-minute intervals. The data series were
mapped by an algorithm that identifies a subtle increase of O3 concentra-
tions of at least 3 parts per billion (ppb), and a simultaneous decrease of T'
values of 2 °C within a 1h time window of respective events (Gerken et al.,
2016; Dias-Junior et al., 2017a). During these events, the highest horizontal
wind speed registered within one second interval and the five minutes average
comprising such an interval were retained. False detections were manually
identified and removed. In the next step, GOES-13 imagery were visually
inspected for the presence of convective clouds over the study site. Here,
we only considered images acquired on days for which abrupt changes in
weather variables were detected as described in the previous step. We ana-
lyzed the effect of downdrafts associated with turbulence regimes by checking
the relationship between Vg g and V. Here, we assumed the minimum and
maximum V' values to determine the start and end time of respective wind

gusts.

2.4. FExtreme winds as a mechanism of tree mortality

To assess the potential of extreme wind gusts as a mechanism of tree dam-
age/mortality, we compared the CWS data and the maximum wind speed
(V,) measured by our anemometers. The V, is the maximum horizontal wind
speeds (or extremes winds) measured at 5 min time-intervals at 48 m height.
These data were analyzed for the different seasons (dry and wet).

Since downdrafts can last from few seconds to (rarely) minutes, we calcu-

lated V, at two other time intervals: 1-minute and 30-seconds windows. To
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check if V, differs with the size of time-intervals, we compared computed val-
ues (response variable) using ANOVA of repeated measures. Subsequently,
we executed an ANOVA to verify potential variations of V, as a function of

seasonality.

3. Results

3.1. Turbulence regimes in the nocturnal boundary layer

We found a positive relationship between Vg and V' for both dry and
wet seasons, and a clear distinction between the two turbulence regimes (Fig-
ure 2). For events classified as weak turbulence (very stable regime), Vrgg
increased less than V' as indicated by a relatively smaller slope. As V reached
a threshold value (V7,), turbulence changed from weak to strong (weakly sta-
ble regime) as indicated by a relatively larger increase of Vg g as a function
of V' and larger slope. V increased nonlinearly with the distance from the
forest canopy in both seasons. The observed values of V;, at 35 m and 48 m

1 (wet), respectively.

were near 0.7 and 2.3 ms™! (dry) and 0.5 and 1.9 ms~
These results are in agreement with previous studies that found that V;, in-
creases nearly logarithmically with height (Sun et al., 2012; Acevedo et al.,
2016).

Although the observed increase of V;, with height supports previous re-
search on non-vegetated surfaces, the thresholds identified at 35 m in our
study site were significantly smaller than those observed at a pasture area at
the Federal University of Santa Maria (in south Brazil) (V, of 3.0 ms™! at
30 m height) (Acevedo et al., 2021) and at project FLOSS II (Fluxes over

Snow Surfaces) conducted in Colorado (US) (V7 of 5.3 ms™! at 30 m height)
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Figure 2: Relationship between turbulence velocity scale (Vrig) and mean wind speed
(V) at different heights in the (a) dry and (b) wet season during the nighttime at the
EEST, Manaus, Central Amazon. Triangles indicate the threshold wind speed (Vi) at
which the very stable changed to weakly stable regime.

(Acevedo et al., 2016). Such differences show that the structure and rough-

ness of dense forests influence the change of the turbulence regime. Similar

level-withrespeetto-d- For a proper comparison we considered the observa-

tion level with respect to the zero plane displacement height (d). We used
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d=31.5 m based on estimates provided by Viswanadham et al. (1990) and
Chor et al. (2017) for central Amazon, in which d=0.88h and d=0.9h, re-
spectively, where h is the canopy height (35 m at our study site). Doing
that, the V7, values found at 35 m (z-d = 3.5 m) in both seasons are smaller
than the value of 2.04 ms™! found at 2 m in FLOSS II (Acevedo et al., 2016)
and that of 1.5 ms™! found at 1.5 m in the CASES-99 (experiment carried
out in southeast Kansas, US) (Sun et al., 2012). Similarly, the V}, found for
both seasons at the EEST at 48 m (z-d=16.5 m) are smaller than those at
15 m in FLOSS (5.04 ms™!') and at 10 m in CASES-99 (4.5 ms™!'). The V,,
found at 48 m at EEST site in the wet season is also smaller than the value
reported by Acevedo et al. (2021) at 14 m in Santa Maria (2.2 ms— ). Still,
this value is close to that we found during the dry season at the EEST. In
general, the V values between turbulence regimes was smaller at the EEST
site than that reported in previous studies at similar heights, even when the
zero-plane displacement height is taken into account. This relates to V;, being
generally smaller above rough surfaces compared to smooth surfaces (Mahrt
et al., 2013; Vignon et al., 2017; Guerra et al., 2018), a simple consequence
of turbulent mixing being larger above a rough surface than above a smooth
one at a same mean wind speed.

From the nighttime turbulence regimes identified at 48 m height, around
77% (dry) and 65% (wet) of them were associated with very stable regime.
In contrast, weakly stable regime corresponded to 23% (dry) and 35% (wet)
of the events. Furthermore, Vi was larger during the dry season than in
the wet season at the three investigated heights (Figure 2 and Table 1).
This result is in agreement with Acevedo et al. (2021), who showed that
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Vp increases linearly with net radiative loss at the surface at three mid-
latitude sites. According to these authors, the fully turbulence regime occurs
when the mean wind speed is large enough to support heat fluxes capable of
transferring back to the surface part of the energy lost radiatively. Therefore,
such a minimum heat flux and corresponding minimum wind speeds must be
larger when the net radiative loss is also larger. The relationship between V7,

and Ry is further discussed in Section 4.

Table 1: Wind speed threshold (V7) at studied heights for the dry and wet seasons at the
EEST, Manaus, Central Amazon.
Season Vg at 48m (ms™!) Vp at 40m (ms™t) Vi at 35m (ms™!)

Dry 2.3 1.35 0.7
Wet 1.9 0.95 0.5

We also identified the transition between regimes as a function of V' at 35
m, for which the AV g reverses sign for both dry and wet seasons (Acevedo
et al., 2021). Figure 3 show that the Vikp increased with height for weak
winds in both seasons. When V at 35 m exceeds a sharp threshold, this
pattern is reversed, so that Vygpr decreases with height under sufficiently
strong winds. Such a threshold was approximately 0.65 ms ! and 0.50 ms !
for the dry and wet seasons, respectively. However, when the same analysis
is performed in terms of V" at 48 m (Figure 4), there was no gradient reversal
and Vrg g decreased with height for all observed wind speeds.

These findings suggest that the relationship between V' and Vyxp at the
different heights is not trivial and may be associated with the occurrence of

phenomena such as low-level jets and density currents (Greco et al., 1992;
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Figure 3: Turbulence velocity scale (Vrxg) as a function of the mean wind speed (V) at
35 m during the nighttime at the EEST, Manaus, Central Amazon. The solid lines are
Vrike at different heights in the (a) dry and (b) wet season. Black vertical dashed line
indicates when Vi g reverses its sign and exceeds the crossover threshold (V) at which

the very stable changed to weakly stable regime

Dias-Junior et al., 2017b; Corréa et al., 2021). When the wind speeds are
weak at higher levels, the wind profile is often distorted and maximum values
can occur near the surface (Acevedo et al., 2016).

The Vi values identified by the vertical gradient method at 35 m height
during the dry (0.65 ms™!) and wet (0.50 ms™!) seasons were similar to the
V1, values obtained with Sun’s method. This result corroborates the existence

of nighttime turbulence regimes at the EEST during the two seasons. As the
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Figure 4: Turbulence velocity scale (Vrxg) as a function of the mean wind speed (V) at
48 m during the nighttime at the EEST, Manaus, Central Amazon. The solid lines are
Vri e at different heights in the (a) dry and (b) wet season

values of Vr and V;, were similar, hereafter we used the values of V;, as an
indication for changes of turbulence regimes, since it was possible to identify
it at all heights investigated here.

Our results evidenced the existence of different nocturnal turbulence
regimes in the terra-firme Amazon forests. Moreover, they indicated that
turbulence intensity decreased with the proximity to the canopy (Figure 5a).
VrkEe during weakly stable regime was larger than in the very stable regime
(Figure 5b). Overall, the wet season had larger values of Vrxp than the dry

season (Figure 5¢).
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These larger values of Vg in the wet season are likely associated with
a lower wind speed threshold between regimes in the wet season (Figure 2).
Since the threshold is smaller, it is plausible considering that it is easier to
overcome this threshold and establish “large” Vrgp in this case. Another
reason that could result in larger values of Vg g in the wet season would be
simply because the wet season has higher wind speeds values than the dry
season. Nonetheless, this was not the case, as can be seen in Figure 5d-f.
Our result may be related to other factors, such as radiative loss, thermal

gradient, among others.

Heights vs. seasons Heights vs. turbulence regimes  Turbulence regimes vs. seasons
(a) (b) (c)
—~03 0.3 0.3
I
£ —e—Very stable
:;[i

o
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—o—Wet
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—o—Wet
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\
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Figure 5: Turbulence velocity scale (Vrig) and mean wind speed (V) as a function of
(a,d) heights vs. seasons, (b,e) heights vs. turbulence regimes and (c,f) turbulence regimes
vs. seasons during nighttime at the EEST, Manaus, Central Amazon. Legend: circles and

vertical bars indicate mean values and the 95% confidence intervals, respectively
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3.2. Turbulent fluxes in the nocturnal boundary layer

We investigated the differences between the turbulent fluxes during the
occurrence of very stable and weakly stable regimes, and found an interesting
relationship between V' and the sensible heat (H), and momentum (7) fluxes
at 35 m height during both seasons. Bins of V each 0.2 ms™! were used
to calculate the average values and standard deviations of the fluxes. H
values (Fig. 6a and Fig. 6b) changed in response to the turbulence shifting
from the weak to the strong in both seasons (Table 2). On average, the H
flux in the weakly stable regime corresponded to about 88% of the total H
observed in both seasons. Our findings corroborate those of previous research
conducted in Eastern Amazon (Dias-Junior et al., 2017b). Importantly, H
values were more intense during the dry season (p = 0.001). This result is
possibly associated to larger net radiative loss due to reduced cloud cover
and atmospheric column water vapor load (Collow and Miller, 2016), which

leads to less longwave radiation reaching the canopy.

Table 2: Mean values (£ 95% confidence interval) of sensible heat flux (H) and momentum

flux (7) for the dry and wet seasons at the EEST, Central Amazon, Brazil.

Turbulence regimes ~ H Dry H Wet 7 Dry (1072) 7 Wet (1072)

(Wm=2)  (Wm™?) (Nm™2) (Nm™2)
Very stable -1.8 425  -1.3 £2.0 -0.3+£0.4 -0.5 £ 0.6
Weakly stable -134 4+ 17 -984+9.6 -2.3+ 3.0 -4.1+5.4

The 7 fluxes showed a similar behavior to that of H, in which the flux

in the weakly stable regime was larger than in the very stable regime (p <
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0.001), and reached on average 89% of the total 7 flux in each season (Fig.
6¢ and Fig. 6d). Such variations may be related to atmospheric stability
conditions. The wet season is less stable (on average), that is, the strong
turbulence events (i.e. weakly stable regime) occurs more frequently and,
consequently, the momentum fluxes are greater. Overall, the weakly stable
regime contributed more significantly to sensible heat and momentum fluxes

than the very stable regime (Table 2), in both seasons.

Dry season Wet season
100 o
—~ g0 |? oo
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Figure 6: Mean and standard deviation of sensible heat flux (H) and momentum flux
(1) as a function of the wind speed (V) at 35 m during nighttime at the EEST, Manaus,
Central Amazon. The left and right panels indicate the dry and wet season, respectively.

Green and blue circles indicate the very stable and weakly stable regimes, respectively.
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3.3. Relationship between deep convection and nocturnal turbulence regimes

During the night of 06 August 2014 and 12 April 2014, gust fronts from
downdrafts reached the tower around 2110 LST (dry season) and 2325 LST
(wet season), respectively (Figure 7). These events were evidenced from
observations of (i) decreasing T' (around 2 °C at both seasons) and (ii) si-
multaneous increasing O3 of approximately 12 ppb (dry) and 15 ppb (wet).
The pre-gust measurements of V' (=~ 2 ms™!) were similar in both nights
(Fig. 7c and Fig. 7g). However, V reached maximums of 7.5 (dry) and 15
ms~! (wet) during the observed downdrafts. At this time, the standard devi-
ation of wind vertical velocity (o,,) increased substantially (Fig. 7d and Fig.
7h). As the surface cools and uncouples the boundary layer from the above
troposphere, the near-surface O3 values are low (3-5 ppb). This pattern al-
lows for a clear recognition of night downdrafts transporting air with higher

ozone and lower temperature to the surface. Sinee-thesurface-eoolsthe NBE

downdrafts—are-mere—easitlyreecognized—at—night— We observed this pattern
on other nights and identified 16 downdrafts (eight different nights in each

season) over the studied period. Overall, these events occurred between 2000
LST and 2300 LST. Finally, the GOES-13 imagery indicates the existence
of cloudiness at the times of the events (Figure 8) and also on the other 16
nights that we studied here.

These results support previous studies, such as that by Betts et al. (2002)
who found that nighttime convective downdrafts coupled the surface to the
lower troposphere and transported down air with larger O3 and lower equiv-

alent potential temperature. Dias-Jinior et al. (2017a) also reported that
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Figure 7: Times series of key variables used to identify downdrafts at the EEST, Central
Amazon, Brazil. The upper and bottom panels show the downdrafts from 06 August
2014 and 12 April 2014, respectively. Legend: virtual temperature (T"), ozone (Os), hor-
izontal wind speed (V) and standard deviation of wind vertical velocity (o). Solid and
dashed lines indicate the mean and maximum values, respectively. Vertical red-dotted

lines indicate the starting time of downdrafts.

the downdrafts produce O3 enhancement events and an increase in V' val-
ues, in addition to the occurrence of air divergence during the horizontal
propagation of density currents.

We observed that all downdrafts happened during or after the transition
to the weakly stable regime (Figure 9). This pattern evidenced that down-
drafts may influence the turbulence characteristics near the surface since they
are associated with a weakly stable regime (strong turbulence). However,
weakly stable regime was not represented completely by these events, which

suggest that the strong turbulence may be associated with the occurrence
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Figure 8: GOES 13 imagery for (a) 07 August 2014 at 0100 UTC and (b) 13 April 2014 at
0300 UTC when downdrafts reached the micrometeorology tower at the EEST (red dot),

Central Amazon, Brazil.

of other phenomena. Similar results were previously reported for Central
Amazon by Bezerra et al. (2021), who observed that downdrafts generated

by a squall line occurred only during the strong turbulence regime.

3.4. Extreme winds as a mechanism of tree mortality

During the weakly stable regime associated with nocturnal downdraft
events, the speeds and thus destructive potential of winds varied between
seasons. The greatest wind speeds were identified during the wet season
(V,= 14.96 ms™'). This value was approximately four times higher than on
nights without downdrafts, and exceed the CWS of three out of the studied
trees by Peterson et al. (2019). In contrast, maximum wind speeds in the
nocturnal period of the dry season (V,= 7.57 ms™!) did not exceed the CWS
of the studied trees.

Here we did not assess the direct effect of high wind-speeds on trees,

28



499

500

501

502

503

504

Dry season Wet season
1.2 ' ' ' 1.8 ' ' ' '
a) b)
1.6 1 -
1 4 -
1.4 1 -
‘g 0.8 - '§ 1.2 1 -
& 061 <
ks B 0.8 1 -
2 g
£ 0.4 - - § i
0.2 - -
0L

V at 48m (ms ')

Figure 9: Turbulence velocity scale (Vrxg) as a function of the mean wind speed (V)
measured at 48 m in the (a) dry and (b) wet season during nighttime at the EEST,
Manaus, Central Amazon. The dots correspond to mean values calculated over 5-min
periods. Thick circles indicate the range of occurrence of the downdrafts. Vertical black-
dashed lines mark the threshold wind speed (V) at which the very stable changed to

weakly stable regime.

but rather evaluated the destructive potential of these based on observa-
tional data acquired at the same study site. Importantly, the occurrence of
excessive wind speeds does not necessarily result in trees damage and mortal-
ity. Further studies are needed to understand the link between wind speeds,
canopy structure and tree motion in these diverse forests. Still, the strong

dissipation of air to layers below the forest canopy (presented in Section 4)
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are rarely observed in the absence of downdrafts. Therefore, the wind gusts
described in our study not only reached extreme speeds but also penetrated
the forest canopy, and had the potential to cause damage and mortality of
trees of different sizes, both directly and indirectly.

The mean V, values varied significantly between the analyzed time-intervals
(p <0.001, Fig. 10a). As expected, the values were higher for the 30 seconds
interval (5.97 £ 2.85 ms™!, mean &+ 95% confidence interval). For the 1 min
and 5 min intervals, V, was 5.35 £ 2.68 ms~! and 3.63 £ 2.45 ms~!, respec-
tively. Results from subsequent ANOVA showed that the interaction between
seasons and time intervals was significant (p < 0.001, Fig. 10b). Post-hoc
Tukey tests showed that observed variations in V, were not significantly dif-
ferent between seasons at both 1 min (p = 0.057) and 5 min (p = 1.000)
intervals. Nonetheless, V, varied as a function of seasonality for our shorter
time interval (i.e. 30 seconds). These result shows that for extreme wind
gusts that may last a few seconds such as those causing tree damage and
mortality in the Amazon, our 30 second interval is likely too large and may
have underestimated maximum V, values.

Although daytime patterns were not a focal aspect in our study, wind
speed reached the highest values (up to 22 ms™!) during this period, in the
dry season. In contrast to the relatively low destructive potential of nocturnal
winds, this value could topple 73% of trees previously investigated in our
study site (Ribeiro et al., 2016; Peterson et al., 2019). These observations
reinforce the importance of extreme wind as a major natural mechanism of
tree damage and mortality in these forests (Nelson, 1994; Chambers et al.,

2009, 2013; Negrén-Juarez et al., 2017, 2018; Marra et al., 2018).
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Figure 10: Observed wind speed (V) as a function of the (a) three time intervals and (b)
seasons vs. time intervals at the EEST, Manaus, Central Amazon. Legend: circles and

vertical bars indicate mean values and the 95% confidence intervals, respectively.

In fact, a higher destructive potential of diurnal winds may be expected,
since in moist environments such as the Amazon forest, surface warming pro-
motes upward movements that increase the low-level moisture convergence
and intensify convection. Moreover, the results from the nighttime period
provide evidence on the importance of downdrafts on the propagation of

extreme winds downward below the canopy.

4. Discussion

Coupling between the canopy and the atmosphere occurs when turbu-
lence provides continuous mixing. At nighttime, however, the mixing can
be inhibited by the presence of a stable layer. Therefore, two contrasting
regimes are observed. In the weakly stable regime, the wind speed provides

heat fluxes that are large enough to continuously transfer the energy lost
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by radiation back to the surface. In the very stable regime, heat fluxes are
not transferred continuously to the surface, leading to strong temperature
drops. This allows for the establishment of an enhanced thermal gradient,
which further inhibits mixing. Thus, the coupling between the forest and the
atmosphere is favored by the continuous turbulence observed in the weakly
stable regime.

We evaluated the degree of coupling in two ways. First, a comparison of
0, on above (48 m) and sub-canopy heights following Thomas et al. (2013).
Figure 11 shows the comparison between such variables but it is not easy
to visualize the trends with only plotting the data points. Thus, we added
a Locally Weighted Regression (LOWESS) to the graph (solid line). Here
we focus on 4 forest understory heights (1.5 m, 7.0 m, 18.4 m and 31.6
m) and on datasets with and without downdrafts. During weak winds (i.e.
without downdrafts), the turbulence strength at 1.5 m and 7.0 m was largely
independent of that observed above canopy. After 18 m height, the o,sub
was linearly correlated with o,top (Fig. 11c) indicating the occurrence of a
coupled canopy condition. On the other hand, the extreme winds associated
with downdrafts were propagated into the canopy at all heights, and the
threshold of o,top (i.e., when the correlation became linear) increased as
flow above the canopy reached the ground.

Second, in order to quantify the coupling between the canopy and the
atmosphere we calculated the temperature gradient (A7) between 51 m and
35 m height, in the dry and wet seasons. The dependence of AT on V
(Fig. 12) shows the differences of coupling and subsequent mixing for the

two regimes. A large thermal gradient occurs under the lowest wind speeds.
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Figure 11: Standard deviation of wind vertical velocity (o) between the forest understory
(sub) and above-canopy (top at 48 m) heights. The dots correspond to periods of 5 min
data. Dataset in which downdrafts occurred (Top panels). Dataset without the occurrence
of downdrafts (Bottom panels). The columns a, b, ¢ and d indicated the investigated sub-

canopy heights.

This was observed when AT averaged 0.58 °C' and 0.25 °C' during the dry
and wet seasons, respectively.

In the dry and wet seasons, AT peaked at V7 and reached 0.73 °C' and
0.25 °C, respectively. Similar AT maxima at the transition between regimes
was observed by Acevedo et al. (2016) for the FLOSS II dataset. These
authors argue that this pattern was associated with an enhanced heat-flux

convergence at similar ranges of wind speed reported by Acevedo et al. (2021)
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Figure 12: Differences of mean virtual temperature between 51 m and 35 m height as a
function of the mean wind speed (V') at 48 m in the dry (a) and wet (b) season at the
EEST, Manaus, Central Amazon. Dashed lines indicate the threshold wind speed (V) at

which very stable changed to weakly stable regime.

for the CASES-99 dataset. Smaller gradients typical of mixed conditions
occur when wind speeds are higher.

The relationship between turbulence and net radiation is a reliable cri-
terium for distinguishing regimes. When the radiative loss is high, wind
speeds tend to grow proportionally to allow compensative heat-fluxes (Acevedo
et al., 2021). It is known that cloud cover plays an important role in Ry.
Von Randow et al. (2004) showed that in the southern Amazon, reduced
cloud cover in the dry season results in increased radiative loss. The oppo-
site occurs in the wet season. In this context, we have assessed the frequency

distribution of Ry (30-min averages) for our studied period (from 8pm to

34



584

585

586

587

588

589

590

591

592

593

594

Dry season Wet season

150 150
2 a)| o b)
Q Q
£ 100 £ 100 |
=~ ~
~ =
S 50 S 501
Q Q
S S
0 . 0
90 -70 -50 -30 -100 90 -70 -50 -30 -100
18
3 S |d)
Q NS}
S $121
~ ~
~ =
S S
L 0.
90 -70 -50 -30 -100 90 -70 -50 -30 -100
R, (Wm™2) R, (Wm™?)

Figure 13: Distribution of the net radiation (R,,) for all studied days (top panels) and for
those on which downdraft were identified (bottom panels) in the dry (red bars) and wet

(blue bars) season during the nighttime.

bam) and only for the nights in which downdrafts occurred (2h before and
after respective events). In the dry season, the two lowest values of Ry (high-
est radiative loss) were observed between -40 and -60 W m 2 (Fig. 13a). This
variation indicates that there were relatively fewer clouds over the site. By
contrast, Ry was more uniform during the wet season, with values ranging
from -10 to -50 W m~2 (Fig. 13b). Radiative loss was also higher in the
2-hour interval before and after downdrafts observed in the dry season (Fig.
13¢,d).

This R,, pattern is related to the change in cloud cover and moisture
loads at each season (Collow and Miller, 2016). Above the Amazon forest,

single-cell clouds are frequent in the dry season. This contrasts mesoscale
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convective-systems (multiple cell) that are more frequent during the wet sea-
son (Gerken et al., 2016). Multiple cells and water vapor can trap some of
the outgoing infrared radiation emitted by the Earth and radiate it back
downward, which can reduce the radiative loss at the surface. This explains
why the transition between regimes occurs at higher wind speed V7, in the
dry season. During this period, the shallower cloud cover and the lower wa-
ter vapor load of the atmospheric column allows for a larger loss of radiation
than that observed in the wet period.

Both single and multiple cells are known to produce downdrafts (Gerken
et al., 2016; Dias-Junior et al., 2017b). Furthermore, we showed in this
study that downdrafts are one of the main causes of transition from turbu-
lence regimes above the Amazon forest (Fig. 9). We investigated the profile
of four turbulent parameters during a night-time downdraft (July 24, 2014).
H values, which were initially close to zero, turned strongly negative when
the downdraft reached the tower at around 11 pm local time (Fig. 14a).
Similarly, there was an increase in parameters associated with the intensity
of turbulence, such as o, T K E and friction velocity (u,) (Figures 14b, ¢ and
d, respectively). Furthermore, this strong dissipation of air to strata/layers
below the forest canopy are rarely observed in the absence of downdrafts. ¥
isknow—that The air layer from the soil surface te—8-5-h—{h-is—the—eanopy
tep} is largely decoupled from layers above the canopy (Thomas et al., 2013;
Freundorfer et al., 2019; Cava et al., 2022). Santana et al. (2018) provided
evidence that atmospheric eddies generated above the canopy can hardly
penetrate the region below 0.5 h (h is the canopy top). This pattern was

reported for different sites in the Amazon. However, observations (Bezerra
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0 et al., 2021) and numerical simulations (Serra-Neto et al., 2021) showed that

21 under strong wind conditions, turbulence below the forest canopy was inten-

s22 sified and the scalar mixing more efficient.
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Figure 14: Vertical profile of: a) sensible heat flux (Wm~=2), b) standard deviation of
vertical wind (ms~1!), ¢) Turbulent Kinetic Energy (m?s~2) and d) friction velocity (ms~1)

at the night of July 24, 2014.

The penetration of wind gusts inside the canopy increases the probability
of tree damage and mortality. However, since the peak velocities may be
underestimated when using single tower-measurements and we did not have

data on risk of tree mortality, further studies are needed to describe the
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return frequency of such gusts and the relationship between speed and the
disturbance severity.

Our study has limitations which shall be addressed in future research.
First, the patterns we described for central Amazon may not occur in other
regions with different vegetation structure. This highlights the need of stud-
ies based on extended datasets from other regions and for heights above 48 m.
Second, when analyzing fast-response data from a single tower, the down-
drafts may be not fully captured, and their magnitude and duration may
be underestimated. Last, the link between wind speed, canopy structure
and tree motion in these diverse forests is currently unknown. Nonetheless,
our study stress the importance of datasets including a range of heights and
seasons for detecting processes and mechanisms regulating turbulence and
wind-tree interactions in dense tropical forests. A better understanding of
these interactions is key for the parameterization of more robust and realis-
tic in numerical models. In addition, our findings provided insights into the

importance of wind gusts to the ecology and dynamics of Amazon forest.

5. Conclusions

This study provides three novel contributions. The first is the identifica-
tion of different turbulence regimes and their patterns in terms of seasonality
and proximity to the forest canopy in the NBE nocturnal RSL. The second
is the assessment of the effects of near surface wind gusts (propagated from
downdrafts) on the organization of turbulence regimes. Finally, it provides
evidences on the occurrance of extreme wind gusts associated with convec-

tive downdrafts, with potential do promote damage and mortality of canopy
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trees. These aspects highlight the strong interactions between atmospheric
and biospheric processes and mechanisms regulating forest structure and dy-
namics.

Two turbulence regimes were identified: the very stable (weak turbulence)
and weakly stable regime (strong turbulence). The wind speed threshold
that mark the transition between the regimes increases nonlinearly with the
distance from the ground under non-vegetated surfaces (Sun et al., 2012;
Acevedo et al., 2021). Our study provides evidence that such pattern also
occurs in closed canopy forests ef-eentrat-Ameazon . In addition, new knowl-
edge was obtained:

i) The average wind speed threshold for turbulence regime varies season-
ally, and was relatively larger in the dry season at all heights as a consequence
of a higher radiative loss from the surface during this period. Furthermore,
the change of turbulence regime was influenced by the structure and rough-
ness of the forest. This pattern was highlighted by relatively lower thresholds
of wind speed compared to previous studies at mid-latitudes, and can be ex-
plained by the greater turbulent mixing above rough surfaces for a given
mean wind speed.

ii) Near-surface wind gusts (convective downdrafts) occurred only during
the weakly stable regime and were one of the main drivers of the observed
turbulence regimes transition. Nevertheless, not all weakly stable regime
were associated to such events.

iii) Full coupling state of wind flow among layers above and within the
canopy occur during downdrafts. At nights without extreme winds, coupling

along the canopy profile occurred only above 18 m height.
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iv) The destructive potential of winds propagated during downdrafts was
approximately four times higher than on nights without downdrafts in the
wet season. By contrast, the wind speeds during daytime downdrafts were
more intense in the dry season (not reported). These gusts would be suf-
ficient to topple 73% of the previously investigated trees at our study site,
which emphasize the importance of wind disturbances on controlling forest

structure and diversity in central Amazon.
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