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Abstract

High-frequency measurements obtained at two micrometeorological towers are
investigated for a rare northward surging gust front that impacted the Amazon
Tall Tower Observatory (ATTO), in central Amazon. The gust front originated
from a decaying mesoscale convective system (MCS) during the morning hours
of 27 December 2021 near Manaus, Amazonas state, northern Brazil, and
surged north-eastward towards the ATTO site. Large temperature drops and
vigorous, persistent winds were observed at the towers which lasted for over
4 h despite the gust front being detached from its parent, decaying MCS. More
importantly, the gust front was responsible for drastic increases of CO, concen-
trations throughout the tower depths, which suggests that the gust front winds
horizontally advected CO,-rich air from a source upstream from the ATTO site.
The CO,-rich outflow is hypothesized to originate from downward transport
and/or biomass burning from forest fires in southeastern Amazon, both ideas
that are supported by large increases of aerosol concentrations measured at
ATTO following the gust front passage. Our results stress the need for further
investigations addressing the role played by mesoscale convective circulations
in the redistribution of trace gases and aerosols in the Amazon.
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1 | INTRODUCTION

Convective storms can engender large and sudden varia-
tions in the evolution of the kinematic, thermodynamic
and chemical structure of the planetary boundary layer
(PBL) (Betts et al., 2002; Dias-Junior et al., 2017,
Fitzjarrald et al., 1990; Gerken et al., 2016; Mendonca
et al., 2023; Oliveira et al., 2020; Xie et al., 2022). Upon
reaching maturity, convective storms produce downdrafts
via latent cooling from evaporation of rain and melting of
graupel/hail as well as aerodynamic drag from falling
hydrometeors (Fournier & Haerter, 2019;
Wakimoto, 1982). The negatively buoyant downdrafts
reach the PBL and spread horizontally, producing an
extensive area of precipitation-cooled air denominated
cold pool. The leading edge of horizontally spreading cold
pool is named gust front and is marked by sharp gradi-
ents of temperature, wind speed, wind direction, pressure
(Wakimoto, 1982) and even concentration of certain
atmospheric constituents (Gerken et al., 2016). Observa-
tions of gust fronts and attendant cold pools at high tem-
poral frequency and vertical resolution are key to
determine the mechanisms by which they affect the
exchanges of mass, momentum and energy in the PBL
(D'Oliveira et al., 2022; Fitzjarrald et al., 1990; Gerken
et al., 2016; Mendonca et al., 2023; Oliveira et al., 2020;
Xie et al., 2022).

In the Amazon rainforest, convective storms are
nearly ubiquitous and, consequently, contribute to the
frequent occurrence of downdrafts, gust fronts and cold
pools (Betts et al., 2002). Often, storms in the Amazon
congeal into large mesoscale convective systems (MCSs)
that are responsible for as much as 50%-70% of rainfall in
the Amazon basin (Rehbein et al., 2019). The occurrence
of MCSs in the Amazon is frequently associated with the
formation of squall lines when storms become organised
into a linear arrangement composed of a leading line of
convective precipitation, followed by a trailing zone of
stratiform precipitation (Cohen et al., 1995; Garstang
et al., 1994; Greco et al., 1994; Houze et al., 1990; Houze
Jr, 2004; Pereira Filho et al., 2002). The typical and well-
studied Amazonian squall line forms on the coast of the
Amazon basin, travels southwestward embedded in the
northeasterly flow (Bezerra et al., 2021; Cohen
et al., 1995; Garstang et al., 1994; Greco et al., 1994; Melo
et al., 2019) and is characterized by a large MCS as seen
in satellite imagery with very cold cloud-top temperatures
(Machado et al., 1998; Rehbein et al., 2019). Although the

majority of squall lines traverse the Amazon basin from
the northeast, some squall lines can display a strong
southerly component and typically move from the south-
west (Alcantara et al., 2011; Alonso & Saraiva, 2005).
Negron-Juarez et al. (2017) have shown that, despite less
frequent than northeasterly squall lines, southerly squall
lines are more frequent than previously thought and are
responsible for a considerable number of windthrow
events. Still, the number of studies addressing southerly
squall lines/MCSs in the Amazon remains small relative
to northeasterly squall lines (Melo et al., 2019; Negron-
Juarez et al., 2017).

Strong MCSs and local convective storms have been
shown to drastically modify the thermodynamic, kine-
matic and chemical properties of the PBL (Betts
et al., 2002; Fitzjarrald et al., 1990; Gerken et al., 2016;
Mendonga et al., 2023; Oliveira et al., 2020). Convective
downdrafts can enhance the mixing of air within the
forest with the overlying lower PBL, sometimes even
penetrating towards the forest floor and fostering evacu-
ation of substances usually trapped near the forest floor.
Fitzjarrald et al. (1990). Oliveira et al. (2020) investi-
gated the evolution of turbulence quantities from tall
tower micrometeorological observations in four storm
events observed during an intensive operating period
(IOP) at the Amazon Tall Tower Observatory (ATTO),
and found the gust fronts and cold pools can substan-
tially augment the sensible and latent heat fluxes
because the cold pool drastically cools and dries the
undisturbed (pre-storm) PBL and enhances the winds
and the turbulence locally. In a recent study, Mendonca
et al. (2023) found that night-time convective down-
drafts can fully couple the air flow in the forest air with
the overlying PBL in weakly stable regimes. Moreover,
some studies have shown that deep convective down-
drafts are able to advect ozone-rich air towards the sur-
face and induce peaks in its concentration immediately
after gust front passage at a given location (Betts
et al., 2002; Dias-Junior et al.,, 2017; D'Oliveira
et al., 2022; Gerken et al., 2016). Of particular relevance
is the study of D'Oliveira et al. (2022), who showed via
cloud-resolving numerical simulations of storms in the
Amazon that convective downdrafts are less efficient in
‘cleaning’ the atmosphere of trace gases such as carbon
monoxide in situations with abundant fire emissions.
More recently, da Silva et al. (2023) have shown that
squall line events can engender carbon dioxide (CO,)
enhancements in the Amazon with lifespans within 1-
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3 h; the mechanisms that cause such peaks, however,
warrant further investigation.

On 27 December 2021, an MCS moved north through
the eastern portion of the Amazonas state, northern
Brazil, and produced a large and strong gust front. As the
MCS decayed during daytime hours, its gust front contin-
ued to surge northward and passed the ATTO site, caus-
ing large changes in the evolution of thermodynamic,
kinematic and chemical properties of the PBL that per-
sisted for several hours. This case is particularly interest-
ing given that the gust front moved north-northeast as in
some less frequent windthrow events, but persisted well
after the dissipation of the parent MCS. More impor-
tantly, this convective system was responsible for signifi-
cantly enhancing CO, concentrations that were well
observed by high-frequency measurements at ATTO. This
aspect is of chief concern given the key role played by
CO, as a greenhouse gas in the global carbon, radiation
and heat budgets. Understanding the mechanisms that
redistribute CO, in the atmosphere is crucial for an accu-
rate depiction of the terrestrial carbon sink (Keenan &
Williams, 2018), especially when the mechanisms include
mesoscale phenomena (Fujita, 1981) such as convective
storms, low-level jets and gravity waves (Corréa
et al,, 2021), whose roles in redistributing CO, have
received less attention compared to phenomena on larger
(synoptic) scales or smaller (turbulence) scales. There-
fore, in this study, we analyse this event to determine the
main characteristics of the gust front and its attendant
cold pool and to evaluate how they are related to the CO,
concentration increases observed at ATTO. Emphasis is
given to the time-height evolution of thermodynamic,
kinematic and CO, structures of the gust front in the
lower PBL and the possible causes of the CO,-rich
air mass.

The paper is organised as follows. Section 2 describes
the micrometeorological measurements at ATTO and the
meteorological data employed in the analysis. Section 3
presents the results, including a detailed assessment of
the evolution of the gust front and its relationship with
the CO,-rich air mass. A summary and conclusions are
provided in Section 4.

2 | DATA AND METHODS

2.1 | Micrometeorological
measurements at the Amazon Tall Tower
Observatory site

We use micrometeorological data collected at the ATTO
site (Dias et al., 2023) to study a gust front that occurred
on 27 December 2021 in this region. The ATTO site is

Science and Technology for Weather and Climate

located in a small plateau surrounded by non-flooded
upland forest with an average height of 37 m above
ground level (a.gl; hereafter, all heights are a.gl.)
(Oliveira et al., 2018). The leaf area density profile can be
found in figure 2b of Gomes Alves et al. (2023). Data
from two towers of ATTO separated by approximately
650 m were evaluated: the 81-m Instant tower located at
2°08.64" S, 58°59.99' W and the 325-m Tall tower located
at 2°08.75' S, 58°00.33' W, equipped with thermohygrom-
eters and sonic anemometers designed to measure meteo-
rological quantities to better understand the complex
interactions between the Amazon forest and the atmo-
sphere. 3D wind measurements were obtained from sonic
anemometers (CSAT3B, Campbell Scientific, Inc.) and
CO, and water vapour concentrations were measured by
a closed-path gas analyser (7200 RS by LI-COR Inc.). We
analysed sonic anemometer data from the 5, 25, 50, 75,
82.5, 196.5 and 316.5 m levels and gas analyser measure-
ments at 5, 75, 82.5, 196.5 and 316.5 m, with the 5, 25,
50 m levels located at the Instant tower and the 75, 82.5,
196.5 and 316.5 m levels at the Tall tower. A visual qual-
ity control procedure for the Instant tower 25-m and
50-m inlets displayed unrealistic and likely erroneous
values of CO, and water vapour concentrations for this
period with respect to their typical profiles at ATTO. To
avoid the possible inclusion of erroneous data, we
decided to exclude these heights from our analyses. In
addition, comparison of the LICOR-7200 CO, concentra-
tions to allocated calibrated CO, concentrations in the
subsequent year (April 2022) showed a constant offset of
~25 ppm, meaning that the displayed CO, concentra-
tions in this study are ~25 ppm below the actual concen-
trations. The reported CO, concentrations are not
corrected for this offset. Both the anemometers and gas
analysers operate at a 10 Hz frequency. Data from
humidity-temperature sensors (I-Series, Galltec + Mela)
placed at the 1.5, 26, 36, 55, 73 and 81 m levels of the
Instant tower were inspected together with data from a
pressure sensor to obtain a more accurate and detailed
evolution of the gust front. Horizontal wind from a 2D
Wind-Sonic ultrasonic anemometer (Gill Instruments
Ltd., UK) at the 73 m level of the Instant tower was eval-
uated because it provided more continuous and reliable
time series of horizontal wind speed and direction during
the gust front/cold pool than the 3D anemometers near
this level, whose measurements were unreliable due to
precipitation. For estimating precipitation intensity, we
relied on measurements from an automated tipping
bucket rain gauge (ARG100, EMLtd.) available at 81 m.

It is well known that during precipitation, sonic ane-
mometers may drastically lose accuracy and result in low
quality, unreliable 3D wind and temperature measure-
ments (Friehe, 1976; Mauder & Zeeman, 2018; Zhang
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et al., 2016). Due to the occurrence of precipitation dur-
ing and after the gust front investigated herein, eddy
covariance flux data is unreliable and unfortunately pre-
cluded a detailed evaluation of the turbulent fluxes dur-
ing the gust front and cold pool event. Still, the sonic
anemometer data was useful to provide a general picture
of the time-height evolution of the horizontal wind speed
during the gust front. In processing the sonic anemome-
ter data, we removed the spikes and used 1-min average
intervals to remove high-frequency oscillations but also
to retain some degree of fine-scale detail that may be rele-
vant to the time-height evolution of the gust front.

Finally, we investigated the potential role played by
biomass burning as the cause of CO,-rich air transported
by the gust front. For this purpose, we assessed the total
aerosol particle number concentration (N) measured by
the condensation particle counter (CPC) at 60 and 325 m
inlets at the Instant tower and Tall tower, respectively
(Franco et al., 2021; Holanda et al., 2023).

Throughout the article times are Universal Time
Coordinated (UTC); for reference, local standard time is
UTC - 4. Sunrise and sunset times in central Amazon on
27 December 2021 were 0952 and 2210 UTC,
respectively.

2.2 | Meteorological and environmental
datasets

Analyses of the mesoscale structure of the gust front were
conducted using the visible and enhanced infrared chan-
nels of the Geostationary Operational Environmental Sat-
ellite 16 (GOES-16) and Doppler radar imagery around
the time of the event. The S-band radar is located in
Manaus, in the state of Amazonas (3°09'0 S, 59°59'0 W),
and is operated by the Brazilian Air Force's Department
of Airspace Control (SIPAM/DECEA; acronym in Portu-
guese). The main features of the radar include its single
polarization, beamwidth of 1.8° and 250-km range in
short pulse mode. In volume-scan mode, the radar
obtains a full set of plan-position indicators (PPIs) at
15 elevations at 10-min intervals. To evaluate the struc-
ture of the MCS and its gust front, we used constant PPIs
obtained from the maximum values of reflectivity
(MAXCAPPI) obtained in the atmospheric column by the
Manaus radar (available at https://www.redemet.aer.mil.
br/).

In order to investigate the possibility of forest fires
influencing the properties of the gust front/cold pool air
mass, we analysed forest fire data from the public inter-
face BDQueimadas (Setzer et al., 2019) maintained by the
Brazilian National Institute of Space Research (INPE;
acronym in Portuguese) (available at http://terrabrasilis.

dpi.inpe.br/queimadas/bdqueimadas). BDQueimadas
comprises a large database of the geographical distribu-
tion of forest fire foci detected by a set of onboard satellite
sensors. We evaluated the distribution of forest fire foci
from 26 through 27 December 2021 overlaid on visible
imagery provided by Visible Infrared Imaging Radiome-
ter Suite (VIIRS) aboard the National Oceanic and Atmo-
spheric Administration satellite 20 (NOAA-20) available
at BDQueimadas. VIIRS obtains visible and infrared
imagery with 22 imaging and radiometric bands covering
wavelengths from 0.41 to 12.5 pm.

In addition, we analysed the upper-air sounding
released at 1200 UTC on 27 December 2021 at the
Manaus airport (SBMN) (available at https://weather.
uwyo.edu/upperair/sounding.html) to estimate source
layers of the air in the cold pool observed at the ATTO
towers. This was accomplished by comparing equivalent
potential temperature (6,) observations at the ATTO
towers in the cold pool to the 0, profile from SBMN. This
qualitative analysis is based on previous studies that have
estimated air parcel source heights of convective outflow
by assuming conservation of €, in moist adiabatic descent
of convective downdrafts (Betts et al., 2002) and compar-
ing the observed 6, deficits in cold pools to nearby upper-
air profiles of 6, to determine the layers where the low-6,
air likely originated.

3 | RESULTS

3.1 | Characteristics of the gust front on
the mesoscale and at ATTO

An overall assessment of the evolution of the MCS and
its gust front is provided in Figure 1. Figure la-c shows
GOES-16 enhanced infrared brightness temperature (T5)
at 1200, 1500 and 1800 UTC focused on northern South
America to highlight the main areas with active deep
convection. At 1200 UTC (Figure 1a), the deepest convec-
tive storms were located in northern South America and
the most prominent MCS was located along the border
between southeastern Amazonas and southwestern Para
states. This MCS developed during the evening of the pre-
vious day in an area of strong convective activity in
southwestern Para state (not shown). In the morning, the
MCS was still vigorous as noted by its cloud top Ty rang-
ing from —90°C to —80°C (Figure 1a) and by its relatively
well-defined leading line, trailing stratiform structure
(Hougze et al., 1990; Houze Jr, 2004) with high reflectivity
(>50 dBZ) along the leading line as observed by the
Manaus radar (Figure 1d). By 1500 UTC, the leading edge
of the MCS had moved ~100km north-eastward
(~140 km northward) and its intensity decreased
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FIGURE 1

(a-c) GOES-16 cloud-top brightness temperature (T;°C) over northern South America. (d-f) MAXCAPPI reflectivity from

the Manaus Doppler radar zoomed-in view around the area where the gust front surged northward. The magenta square denotes the
location of the Manaus radar and the black triangle denotes the ATTO site. In (e), the dark blue dashed line delineates the approximate

location of the surging gust front.

drastically, with its area of T < —80°C reduced to small
pockets (Figure 1b) and its reflectivity structure restricted
to stratiform precipitation (i.e., reflectivities in the 20-45
dBZ range) (Figure le). It is seen in Figure le that the
northern portion of the precipitation shield (denoted by a
blue dashed line) of the MCS began to surge northward.
At 1800 UTC, the MCS slightly decreased in size and con-
tinued to weaken as noted by the much smaller area with
Tp < —80°C and the general reduced area with
Tp < —55°C (Figure 1c), the latter being a threshold that
is often used to detect convectively active regions of
MCSs (Machado et al., 1998). The gust front surged far-
ther north/north-eastward and detached from the resid-
ual stratiform precipitation shield of the MCS by this
time, which is highlighted in Figure 1f as a fine line of
weak reflectivities (~20-30 dBZ) several Kkilometres
ahead of the strongest core of the decaying MCS. Based
on the Manaus radar observations, the average speed of
the gust front towards the northeast was crudely esti-
mated around 35-40km h™' (9.1-11.1m s '). This
estimated speed is within the range of gust front propaga-
tion speeds found in previous research based on Doppler
radar observations (Mahoney, 1988) and numerical simu-
lations based on density current dynamics (Hutson
et al., 2019). The overall MCS characteristics described
above are consistent with previously documented MCSs

in the Amazon basin, which tend to develop most fre-
quently during late afternoon and evening hours and dis-
sipate during the morning and early afternoon hours of
the next day (Bezerra et al., 2021; Machado et al., 2014;
Melo et al., 2019). In addition, the structure and evolu-
tion of the MCS based on radar data is in agreement with
southerly squall line events documented by Negrén-
Juarez et al. (2017), who showed that such events typi-
cally occur from November to January.

The evolution of 1-min averaged thermodynamic and
kinematic quantities measured at the 81-m Instant tower
presented in Figure 2 shows that the gust front arrived at
the ATTO site around 1600 UTC on 27 December 2021.
Before the gust front arrived, the horizontal winds at
73 m (Figure 2a) were predominantly from the northeast
(~30°) and calm (~2 m s~ '), which is typical of the Ama-
zon low-level wind regime (Santana et al., 2018). With
the arrival of the gust front, the horizontal wind shifted
to southwesterlies in consistency to the gust front propa-
gation direction and strengthened to a peak wind speeds
within 7-12 m s™' at the gust front, although the winds
were stronger aloft, as will be discussed in Section 3.2.
The most notable feature of the gust front was the dra-
matic drop in temperature measured by the thermohyg-
rometer at 81 m (Figure 2b); air temperature dropped
approximately 6.5 K from an average 300.5 K in less than
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Horizontal wind speed and wind direction evolution at ATTO on 27 December 2021 FIGURE 2 l—min—averaged
=— Hori tal wind d at 73 . . .
14{(a) ‘mjnvaw::;ir::; :t - : 350 thermodynamic and kinematic fields
highlighting the gust front passage and
12 300 cold pool establishment at the 81-m
— Instant tower of ATTO. (a) Air
w
£10 250 temperature (black line; K) and
§ = equivalent potential temperature (6,,
S . :
g 8 2005 purple line; K) at 81-m and rainfall rate
E £ (golden line; mm). (b) Horizontal wind
g 6 1502 speed (m s™') and wind direction (°)
S =
ES at 73 m.
[}
) 100
2 50
0 0
1500 1600 1700 1800 1900 2000 2100
Time (UTC)
Temperature, equivalent potential temperature, and rainfall evolution at ATTO on 27 December 2021
== Temperature at 81 m
L) o.aaim 14
Rainfall 360
1.2
355
300
1.0
o —
° 350 €
2 g sk
g 298 S E
g' 345 %
@ 0.6
296 340
0.4
M 335 |5
294 S e "'W‘"’W
1500 1600 1700 1800 1900 2000 2100 330 0.0

Time (UTC)

5 min while 6, decreased 15-20 K from 360 K to 340-
345 K. Such large drops in temperature point to a robust
gust front and an attendant strong cold pool that propa-
gates forward as a density current driven by cold, dry air
from higher levels (Dias-Junior et al, 2017
Wakimoto, 1982).

In the cold pool, the wind speed remained enhanced
by about 2 m s~ relative to the pre-gust-front values and
the wind direction remained from the southwest more
than 4 h after the gust front passage (Figure 2a); simi-
larly, the temperature remained well below the pre-
gust-front conditions (Figure 2b). The tendency for the
air mass to recover from the cold pool to pre-gust-front
conditions is slow for the wind speed, which tends to
weaken 0.5 m s ' per hour and slightly reduce its west-
erly component; the tendency is similar for temperature,
which tends to slightly increase at a rate of 0.125 K per
hour. The slow air mass recovery is another indication of
a large and strong cold pool (surmounted by cloud cover)
that is able to persist at a given location for a long period.

Given that the gust front occurred during the mid-
afternoon hours and was strong enough to persist for sev-
eral hours, air mass recovery near and after sunset is, of
course, not expected given the cessation of radiative heat-
ing and the inversion of the sensible heat flux at sunset.
The detached nature of the gust front can also be
noted in Figure 2b in terms of 1-min rainfall rates. Upon
arrival of the gust front at ATTO and in the subsequent
30 min, rainfall rates were generally within 0.8-1.3 mm,
which are not particularly high. In the cold pool in the
next 1 h (until 1730 UTC), rainfall was slight around 0.2-
0.5mm and became even weaker or absent for the
remainder of the cold pool. The lack of heavy precipita-
tion associated with this gust front and cold pool system
is a consequence of the gust front surging ahead of the
decaying MCS as shown in Figure 1d-f. As the MCS
decayed near the Manaus region within 100-150 km
southwest of ATTO, its gust front continued to surge
northward due to its strong buoyancy deficits in the cold
pool (Figure 2b) without a leading line, trailing stratiform
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Time-height evolution of V4, q,, T, and CO, and the total aerosol
particle number concentration (N) at 60 m and 325 m -- 27 December 2021
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FIGURE 3 Time-height evolution of 1-min-averaged (a) horizontal wind speed (V},; m s™*), (b) water vapour mixing ratio (g,; g kg "),
(c) temperature (T; K), and (d) CO, concentration (ppm). Time-height plots (a—d) span the depth of the Tall tower (325 m) while (c) is
restricted to the time-height evolution of temperature measurements from the thermohygrometers at the Instant tower (81 m). In addition,
(e) shows the evolution of particle aerosol concentration (N; cm ™) measured at the 60 and 325 m levels of the Tall tower. The white/grey

lines in (a-d) indicates the mean height of the canopy (37 m).

structure of a mature squall line and was only able to
develop weak showers along the gust front. It should be
mentioned that, despite relatively weak rainfall, the rain-
fall rate shown in Figure 2b was sufficient to render the
high-frequency (flux) measurements unreliable at most
levels of the ATTO tower and precluded detailed analysis
of turbulent fluxes during this event. This effect may have
been reinforced by the enhanced gust front winds
impinging at the sensors.

3.2 | Time-height evolution of wind
speed, humidity, temperature and CO,
concentration during the gust front

Now that the main structural features of the gust
front and attendant cold pool have been discussed, we

take a closer look into the time-height evolution of the
horizontal wind speed (V},), water vapour mixing ratio
(q), temperature (T) and CO, concentration at the Tall
and Instant towers of ATTO (Figure 3). Through this
analysis we can highlight additional relevant and inter-
esting features caused by the 27 December 2021 surging
gust front and unravel their likely causes.

First, we investigate the time-height evolution of the
V., based on sonic anemometer data (Figure 3a).
The data-void regions in Figure 3a denote periods where
the sonic anemometers did not operate properly likely
due to rainfall, as discussed in Sections 2.1 and 3.1.
Despite the data gaps, the arrival of the gust front at
ATTO is evident in Figure 3a when V), increases above
8 ms ! at all tower levels from 25 through 316.5 m. At
the nose of the gust front around 196.5 m, V), was stron-
ger ~16 m s~ ', which suggests a jet-like feature that is
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typical of gust fronts (Dias-Junior et al., 2017). Figure 3a
further highlights the persistence of the cold pool at
ATTO and shows that V, values in excess of 12 m s~}
persisted at least until 1800 UTC above 150 m and
V,>4ms ' above the canopy (on average 37 m) until
2000 UTC, despite being very intermittent. Oliveira et al.
(2020) have discussed the role played by the strong gust
front and cold pool winds in enhancing turbulence and
mixing based on eddy covariance flux measurements
above and within the forest. Unfortunately, the previ-
ously mentioned issues in the high-frequency sonic ane-
mometer measurements precluded a reliable analysis of
the eddy covariance fluxes during the event, so an assess-
ment similar to that of Oliveira et al. (2020) was not
possible.

Figure 3b,c shows that g, and T decreased nearly
simultaneously through the Instant and Tall towers upon
the arrival of the gust front, except for the layer within
the canopy where the effects of the gust front lagged
those aloft, although such lag is small (<5 min) (also
notice the different height scales in Figure 3b,c). On one
hand, this behaviour is somewhat expected since the
dense forest tends to delay and damp to some extent
the penetration of convective outflow through the canopy
(Oliveira et al., 2020); on the other hand, the small lag
time corroborates the strength of the gust front and its
capacity to disturb the air mass inside the forest
(Fitzjarrald et al., 1990). Above 82.5 m, q, decreased from
17.5 gkg ' to 13.5 g kg~ while within the forest (i.e., at
the 5 m level) it decreased from 19 gkg ' to 15 g kg .
In spite of the differences among measurement levels,
the drying in the cold pool is consistent with the water
vapour deficits caused in tropical deep convective down-
drafts [e.g., the 3-4gkg ' reported by Johnson &
Nicholls, 1983]. Figure 3c also illustrates that, in spite of
the penetration of cold outflow air towards the forest
lower levels, the overall structure of the semi-permanent
stable layer below the canopy persists.

The cooling and drying presented in Figure 3b,c are
consistent with the 15-20 K drop in 6, deficits in the cold
pool discussed in Figure 2b. A closer inspection of the 6,
deficits can indicate the source height of the air compos-
ing the cold pool by comparing them to the 6, profile
obtained from 1200 UTC on 27 December 2021 sounding
at the Manaus airport (SBMN). Before analysing the pro-
file, we must stress three potential issues that can affect
the interpretation of our results. First, the sounding was
taken 4 h before the arrival of the gust front at ATTO and
150 km away from the ATTO site. Thus, we assume the
large-scale environment downstream from the MCS is
relatively homogeneous and we assume semi-stationary
conditions above the PBL. Second, the SBMN sounding
was released just before the arrival of the mature MCS at

Manaus (Figure 1d—f), which may have resulted in some
degree of convective contamination. Third, we assume
relatively weak diabatic heating during the horizontal
parcel excursions from the base of the downdraft through
the gust front; this assumption is reasonable because the
thick cloud shield of the MCS persisted throughout
the day and damped radiative heating. Based on our
assessment of the sounding, we deem the 6, profile suffi-
ciently representative of the large-scale vertical distribu-
tion of 0, at least qualitatively, but we acknowledge that
the sounding does not represent a true proximity sound-
ing (Potvin et al., 2010). Keeping these caveats in mind,
we now analyse the vertical profile of ¢, at SBMN in
Figure 4. The 6, deficits in Figure 2b are consistent with
air parcels that have descended from two layers; a mid-
level layer from 2.4 to 5.3 km and an upper-level layer
from 7.4 to 9.1 km. Given that the profile was obtained
close to the MCS when it was mature, air from both
layers may have been part of the outflow observed at the
towers because at this stage the MCS was more likely to
produce large, deep and relatively undiluted downdrafts.
Yet, using a similar methodology, Betts et al. (2002) have
found that downdrafts in the Amazon rainforest tend to
form just above cloud base in consistency with the mid-
level layer found in this study, a result that is supported
by previous research (Betts, 1976). Hence, it seems plausi-
ble that the air parcels composing the cold pool in this
study originated predominantly from the mid-level layer.
We now turn our attention to the time-height evolu-
tion of the CO, concentration in the gust front and cold
pool (Figure 3d). The arrival of the gust front at the
ATTO towers is marked by a sudden increase in CO, con-
centration at all levels. CO, concentrations, which were
already high within and just above the forest canopy
before the gust front, rapidly increased and deepened
after the gust front passage with values as high as 395-
415 ppm which were originally confined to the lowest
data level (5 m) reaching as high as 82.5 m from 1600 to
1800 UTC. Above the 82.5 m, CO, concentrations also
increased notably, rising 5-15ppm from the pre-
gust-front values of around 370-380 ppm. As with the
time-height evolution of V), and q, that also changed
nearly simultaneously over most tower levels, it is clear
that horizontal advection of CO, from a region of high
CO, concentration upstream occurred and was caused by
the gust front. Before addressing the potential cause of
the CO,-rich air mass, it is interesting to note that the
pre-gust-front elevated CO, concentrations within
the forest canopy relative to the above canopy values
stand in contrast with typical profiles of CO, in the Ama-
zon forest which increase with heights due to photosyn-
thesis in the forest (Wofsy et al., 1988). The high in-
canopy CO, values observed in Figure 3d may be a result
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of thick cloud cover from the decaying MCS cirrus shield
preceding the gust front. The thick cloud cover acted to
reduce the amount of incoming shortwave radiation and
photosynthesis rates within and near forest canopy, con-
sequently and drastically reducing the sequestration of
CO, by the forest before the gust front.

Finally, we attempt to determine the cause of the
CO,-rich air carried by the gust front towards the ATTO
site. It is well-established that storms in the Amazon can
locally increase concentrations of some chemical species
such as ozone by transporting ozone-rich air from the
upper troposphere and lower stratosphere to the surface
via deep downdrafts (Betts et al, 2002; Gerken
et al., 2016). Considering that typical profiles of CO,
above the Amazon forest show decreasing values of
CO, concentration with height because of photosynthe-
sis, especially in the absence of cloud cover (Bertani
et al., 2017; Graham et al., 2003; Green et al., 2020), one
may presume that the CO, jump presented in Figure 3d
occurred, at least partially, due this vertical advection
process. This reasoning is consistent with the @, analysis,
which showed potential air parcel sources heights from
low and upper levels (Figure 4) and is also consistent
with a peak in ozone observed during this event (not
shown). However, another possible and more remarkable
source for the CO,-rich air is the occurrence of biomass
burning upstream from the ATTO site (Jiang et al., 2021).
This hypothesis has support in Figure 5, which shows
satellite-detected fire foci from 26 to 27 December in the
Amazon and surrounding areas. Several fire foci can be
seen in Figure 5, but the most notable ones are located

1200 UTC 27 December 2021 profile of ©, at SBMN
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FIGURE 4 Vertical profile of 4, (K) at 1200 UTC on

27 December 2021 from the SBMN upper-air station (purple line).
The vertical shaded area delineates the layer within the 340-345 K
range discussed in the text.
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within 50-100 km south of the ATTO site and stretch
towards and south of Manaus. Given that the gust front
moved from the southwest (the area where the fires were
occurred) to the northeast towards the ATTO site
(Figures 1 and 2a), it is reasonable to presume that smoke
from biomass burning contributed significantly to the
high CO, concentration that was advected northward by
the gust front and observed at ATTO. This possibility is
substantiated by CPC measurements obtained at 60 and
325 m at the ATTO towers (Figure 3e), which show aero-
sol concentrations increasing abruptly around 1600 UTC
during the arrival of the gust front at ATTO. For this
event, unfortunately, carbon monoxide measurements,
which are often used to more clearly indicate biomass
burning (Dajti et al., 2024), were not available. Figure 3e
shows that the initial increase in aerosol concentration is
more noticeable at 60 m, increasing from pre-gust-front
concentrations of 210 to 550 cm >, later steadily increas-
ing to values in excess of 1000 cm ™3, At 325 m, the initial
increase to N around 400 cm * is delayed by 10 min from
the early peak observed at 60 m, but the same increasing
trend over time during the span of the cold pool exists,
since the two towers are located 650 m away from each
other. Large reductions in aerosol concentration occur
much later at 325 m and more slowly at 60 m as a result
of the onset of dissipation of the cold pool at ATTO.
Therefore, the behaviour of the aerosol measurements
provides evidence that the high CO, concentrations
observed at the ATTO site on 27 December 2021 may
have contributions from biomass burning, which were
later transported northward by the mesoscale flow of the
gust front. Further contributions to the CO, and aerosol
increases may have occurred due to storm processes other
than horizontal advection by the gust front. Such pro-
cesses include non-local mixing caused by vertical advec-
tion by convective downdrafts which often transport fine-
scale particles towards the surface (Franco et al., 2024;
Wang et al., 2016) and local mixing caused by the interac-
tion of gust front and the topography surrounding ATTO.

4 | CONCLUSIONS

This study investigated the occurrence of a strong, north-
ward surging gust front at ATTO on 27 December 2021.
This event was especially important because it was remi-
niscent of northward surging squall lines, which are rarer
than the typical northeasterly squall lines that impact
central Amazon. The gust front was produced by a decay-
ing mesoscale convective system that formed on the pre-
vious day and moved north along the Amazonas-Pard
state border and was responsible for abrupt changes in
the evolution of thermodynamic, kinematic and chemical

85UB017 SUOWIWIOD aA 11810 3 qeo! dde au Aq peusenob a.e saolie YO ‘SN JO SNl 1oy Akeid18UIIUQ A1 UO (SUORIPUOD-PUR-SLLIBYWI0D A8 I AReq| Ul [UO//STIY) SUOTPUOD PUe Swie | 8U) 89S *[Z0Z/TT/6T] Uo AkeiqiTauliuo A8]im ‘ABoj0o3 eoiweyD Zz€ Id Nl A 2000L BU/Z00T OT/I0p/W0d" A3 1M AeIq Ul |UO SIeWL//Sdny WOy papeoiumod ‘S ‘720z ‘080869 T



10 of 13 Meteorological Applications

REIS ET AL.

P
Science and Technology for Weather and Climate

FIGURE 5 NOAA-20 visible
imagery centered on the Amazon
region. Forest fire foci from 26 through
27 December 2021 detected by
environmental satellites and compiled
by BDQueimadas (INPE) are denoted by
the colored diamond symbols at the
bottom right portion of the figure. The
dark blue dashed line delineates the
approximate location of the surging gust
front. The light blue curved arrows
illustrate the inferred horizontal flow
behind the gust front.

Forest fires from.

properties of the lower boundary layer at the ATTO site.
The large temperature drop and strong winds at the tall
towers suggest that the gust front surged northward as a
result of density current dynamics, as expected from the-
ory and the lack of synoptic-scale forcing. The tempera-
ture and wind disturbances persisted for several hours at
the towers, emphasizing that the cold pool behind the
gust front was large and strong.

The strong cooling and drying observed at ATTO
resulted in 6, deficits of 15-20 K in the cold pool. A com-
parison of 9, computed from measurements at the Instant
tower with the 0, profile obtained at 1200 UTC on
27 December 2021 profile of 6, at Manaus suggests that
air parcels composing the cold pool at and behind the
gust front descended from mid-level altitudes (2.4-
5.3 km), which is consistent with past literature, although
the downdrafts could have originated, at least partially,
from layers as high as 6-9 km AGL.

The result of main relevance was the abrupt increase
of CO, concentration through the depth of the measure-
ments. Such increase was caused by horizontal advection
of CO, by the gust front from an area upstream of the
ATTO rich in CO,. Although some of the CO, could be
due to downward transport and horizontal transport of
CO,-rich air from above the photosynthetically active
portion of the forest, a more remarkable source for the
CO, is the occurrence of biomass burning upstream from

26-27 December202 1( 7 Am%m, ‘

Manaus Radar,

~

.
+| Legend: Forest fires focii
|+ AQUAMM 4 AQUAMT 4 GOESIE

MSE-03 METOP-8 + METOP-C
+ NOAA18 NOAA-18D NOAA-19
NPP-315D

+ TERRAM-M + TERRAM-T

ATTO detected by satellite on 26 and 27 December 2021.
This hypothesis is supported by condensation particle
counter measurements at the tall towers, which showed
jumps in aerosol concentrations concomitant with the
onset of the gust front, which also lasted during the life-
span of the cold pool at the ATTO site, although we note
that such jumps in aerosol concentrations can be caused
by downward advection of fine-scale particles in the cold
pool. Regardless, this result is key because it underscores
the role played by mesoscale convective flows in redistri-
buting CO, (as well as other trace gases) in the Amazon
forest and its consequences in modulating the carbon
cycle and greenhouse effect across distant parts of the for-
est on the order of 100-500 km. Such convectively
induced transport of trace gases across the Amazon may
be relatively common during the dry season when bio-
mass burning is more widespread despite reduced fre-
quency and coverage of deep convection. This topic
should be further investigated in future studies for larger
samples of storm cases, especially during the dry season
of the Amazon, when forest fires are more common.
Although much has been learned from the transport of
smoke from biomass burning on micro and macro (syn-
optic) scales, little research has been conducted to ana-
lyse the role played by convectively induced mesoscale
flows in that transport. In this sense, another avenue for
research could employ cloud-resolving numerical
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simulations of storms in the Amazon to address the
mechanisms by which the storms and associated outflow
transport and disperse trace gases from forest fires. By
employing such tools, one can track air parcel motions to
accurately determine outflow source regions and deter-
mine the budgets of trace gases as outflows redistribute
them across different portions of the Amazon forest.
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