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Abstract. The Amazon rainforest is a vital component of the global climate system, influencing the hydro-
logical cycle and tropical circulation. However, understanding and modeling the evolution of convection in this
region remain a scientific challenge. Here, we assess the environmental conditions associated with shallow, con-
gestus, and isolated deep convection days during the wet season (December to April), employing measurements
from the Green Ocean Amazon 2014–2015 (GoAmazon2014/5) experiment and large-scale wind fields from
the constrained variational analysis. Composites of deep days show moister than average conditions below 3 km
early in the morning. Analyzing the water budget at the surface through observations only, we estimated the
water vapor convergence term as a residual of the water balance closure. Convergence remains nearly zero dur-
ing the deep days until early afternoon (13:00 LST), when it becomes a dominant factor in the water budget. At
14:00 LST, the deep days experience a robust upward large-scale vertical velocity, especially above 4 km, which
supports the shallow-to-deep convective transition occurring around 16:00–17:00 LST. In contrast, shallow and
congestus days exhibit drier pre-convective conditions, along with diurnal water vapor divergence and large-scale
subsidence that extend from the surface to the lower free troposphere. Moreover, afternoon precipitation exhibits
the strongest linear correlation (0.6) with large-scale vertical velocity, nearly double the magnitude observed for
other environmental factors, even moisture, at different levels and periods of the day. Precipitation also exhibits
a moderate increase with low-level wind shear, while upper-level shear has a relatively minor negative impact on
convection.

1 Introduction

In the tropics, deep convection dominates the weather and
climate. The formation of cumulus clouds and their evolu-
tion into cumulonimbus and often into mesoscale convective
systems (MCSs) covers a wide range of spatial and tempo-
ral scales. Similarly, complex physical processes from cloud
microphysics to gravity wave generation are intrinsically tied
to deep convection (Mapes et al., 2006; Mapes and Neale,
2011; Jewtoukoff et al., 2013; Gupta et al., 2023). Repre-

senting these convective cloud processes in general circula-
tion models (GCMs) is recognized as a source of bias and
uncertainty (Sherwood et al., 2014; Stevens and Bony, 2013;
Itterly et al., 2018; Maher et al., 2018; Freitas et al., 2020).
In particular, the shallow-to-deep (STD) convective transi-
tion, whose physical mechanisms are still debated (Kuang
and Bretherton, 2006; Khairoutdinov and Randall, 2006; Wu
et al., 2009; Waite and Khouider, 2010; Schlemmer and Ho-
henegger, 2015; Morrison et al., 2022; Barber et al., 2022),
has long been problematic for convective parameterizations
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(Betts, 2002; Betts and Jakob, 2002; Bechtold et al., 2004;
Grabowski et al., 2006).

To evaluate model performance and to limit the uncer-
tainty associated with the representation of deep convection
that is either parameterized or resolved at the cloud scale,
metrics derived from observations are required (Adams et al.,
2013, 2017; Schiro et al., 2018; Barber et al., 2022). How-
ever, within the deep tropics, data are typically lacking at
the resolution needed to evaluate parameterized convection
in both GCMs and cloud-resolving models (CRMs), as well
as to investigate the physical processes that drive mesoscale
convective evolution. Intensive field campaigns such as the
Green Ocean Amazon 2014–2015 (GoAmazon2014/5) ex-
periment (Martin et al., 2016, 2017) have provided com-
prehensive measurements from the surface to the clouds, fi-
nally providing critical measurements of microphysical-scale
to large-scale thermodynamic properties critical for study-
ing convection (Giangrande et al., 2016, 2017, 2020; Barber
et al., 2022).

Convective processes in the Amazon manifest themselves
in two primary precipitation modes: isolated convection,
which peaks in the late afternoon (around 16:00–17:00 LST),
and organized convection associated with MCSs, which often
peaks during the night into the early morning hours around
03:00–04:00 LST. This distinct cycle is pronounced in the
southern (Tota et al., 2000; Machado, 2002; Silva Dias, 2002)
and central (Greco et al., 1990; Adams et al., 2013; Ghate and
Kollias, 2016; Giangrande et al., 2020) regions. In particu-
lar, isolated convection is tied to the diurnal cycle of ther-
modynamic and dynamical properties (Ghate and Kollias,
2016; Itterly et al., 2018; Zhuang et al., 2017; Tian et al.,
2021). For example, using 3.5 years of water vapor fields
from the Amazon Dense Global Navigation Satellite Sys-
tem (GNSS) Meteorological Network, Adams et al. (2013)
observed a 4 h timescale of robust water vapor convergence
associated with the STD transition regardless of convective
strength, seasonal variations, or whether convection occurs
during day or night. For the vertical moisture distribution,
Ghate and Kollias (2016) noted that precipitating days in
the dry season start the diurnal cycle by exhibiting a moister
layer around 2–5 km. However, this contrasts with later stud-
ies, which observed that deep convection days are associated
with a moister layer from the surface to the middle levels
(∼ 5 km) (Zhuang et al., 2017; Tian et al., 2021).

Itterly et al. (2016) highlighted that convection in the Ama-
zon region has a greater sensitivity to column water vapor,
while convective available potential energy (CAPE) turns out
to be an inadequate indicator of convection intensity. Further
support for these findings comes from the work of Schiro
et al. (2016, 2018), who demonstrated the necessity of in-
corporating deep-inflow mixing to accurately represent the
entrainment of dry air in the parcel, which is essential for
assessing the sensitivity of convection to instability. Itterly
et al. (2018) reaffirmed the importance of the vertical distri-
bution of humidity for the evolution of convection, but they

showed that the relationship between convection and humid-
ity is represented very differently in reanalysis data products.
Previous studies have not provided conclusive evidence for
the importance of vertical wind shear. For example, Zhuang
et al. (2017) proposed that stronger lower- and upper-level
bulk wind shear predominantly supports the STD transition
but specifically during the dry season (June–September). In
contrast, Chakraborty et al. (2018) proposed that increased
low-level shear could hinder deep convection, particularly
from August to November, especially if it leads to greater
entrainment of dry air.

Although the above studies have used a combination of
observational and reanalysis data to investigate different as-
pects of convection, they have not reached a consensus on
which variables are most strongly associated with convective
triggering or intensity in tropical regions. Here, we investi-
gate the STD transition, employing data from the GoAma-
zon2014/5 rainy season observations. We analyze the diur-
nal cycle of days designated as shallow, congestus, and deep
convection in terms of moisture, instability, and large-scale
wind properties to assess the correlations of isolated convec-
tion in the Amazon with different environmental factors. In
addition, we assess the correlation between conditionally av-
eraged precipitation and these environmental factors to fur-
ther determine their influence on convective intensity.

This paper is organized as follows: Sect. 2 presents an
overview of the GoAmazon2014/5 data, followed by the
derivation of the water budget and the procedures for con-
vective regime classification. A comparison of cloud and pre-
cipitation properties among the shallow, congestus, and deep
days is given in Sect. 3. Section 4 describes the diurnal cycle
of the cloud regimes, while Sect. 5 presents the analysis of
conditionally averaged precipitation based on different envi-
ronmental controls. A discussion is provided in Sect. 6, and
the conclusions are given in Sect. 7.

2 Data and methods

From January 2014 to December 2015, the GoAma-
zon2014/5 (Martin et al., 2016, 2017) experiment conducted
the first long-term measurements of aerosols, clouds, and at-
mospheric thermodynamics in the central Amazon region.
Nine ground sites and two aircraft were used to examine the
environment in and around Manaus, a city that borders the
Rio Negro and is surrounded by tropical rainforest. A de-
tailed description of all sites can be found in Martin et al.
(2016). This study focuses on the region around the most
instrumented site, T3, located 70 km downwind of Manaus
in Manacapuru (3.21° S, 60.60° W), where the ARM (Atmo-
spheric Radiation Measurement) Mobile Aerosol Observing
System (MAOS) and the ARM Mobile Facility 1 (AMF1)
were deployed.

Atmos. Chem. Phys., 24, 8529–8548, 2024 https://doi.org/10.5194/acp-24-8529-2024



L. A. M. Viscardi et al.: Environmental controls on isolated convection 8531

2.1 Experimental and large-scale data

To begin our convective regime classification, described in
the next section, we employed a cloud mask based on time–
height profiles of the cloud location derived from the merged
RWP-WACR-ARSCL cloud mask dataset, which combines
the Radar Wind Profiler (RWP) data with the original W-
band Cloud Radar (WACR) Active Remote Sensing of Cloud
(ARSCL) value-added product (VAP), both located at T3
(Giangrande et al., 2017; Feng and Giangrande, 2018). This
cloud mask identifies seven types of clouds, three of which
correspond to convective clouds: shallow cumulus, with a
base and cloud top below 3 km; congestus, with a base be-
low 3 km and a top between 3–8 km; and deep convection,
with a base below 3 km and a top > 8 km. From the cloud
mask, available every 30 s, we also compute the cloud fre-
quency profile in 12 min windows to match the S-band radar
data described in the following.

The Amazon Protection System in Brazil (Sistema de
Proteção da Amazônia, SIPAM) located at the T1 site
(3.15° S, 59.99° W) operates an S-band (10 cm) Doppler
single-polarization scanning radar south of downtown Man-
aus. We used the 12 min gridded reflectivity product with
a horizontal resolution of 2 km and a vertical resolution of
500 m (Schumacher and Funk, 2018a). The S-band domain
covers an area with a radius of 202 km. We use reflectiv-
ity profiles to assess rain coverage in our analysis domain,
100× 100 km2 centered at the T3 site, calculated using a
reflectivity threshold of 20 dBZ as in Zhuang et al. (2017).
The surface precipitation rate is derived from the reflectiv-
ity of a constant altitude plan position indicator (CAPPI) at
2.5 km, calibrated with surface measurements from a Joss–
Waldvogel disdrometer at the T3 site during the wet season
of early 2014 (Schumacher and Funk, 2018b). In examining
conditionally averaged precipitation (Sect. 5), the precipita-
tion rate is averaged over the analysis domain along with an
additional time average from 14:00 to 20:00 LST.

Figure 1 shows the map of S-band precipitation aver-
aged over the wet season (December to April), 2014–2015.
The precipitation statistics indicate that some radar beams
are partially blocked. We used a threshold of 4 mm d−1 to
roughly identify these problematic regions. Beam blockage
affects only 7 out of 2601 pixels in our analysis domain, cor-
responding to only 0.3 %, with no relevant sensitivity to the
chosen threshold. Although this contribution is negligible,
we removed these blocked pixels from our analysis.

In addition to rain cover, the analysis of cloud and precip-
itation properties (Sect. 3) also uses the Aerosol Observing
System Surface Meteorology (AOSMET) measured by the
acoustic gauge of a Vaisala WXT520 station (ARM, 2013). A
12 min average is also applied to match the cloud frequency
and S-band radar data.

The balloon-borne sounding system (SONDE) provides
the vertical profiles of thermodynamic properties four times
per day at 02:00, 08:00, 14:00, and 20:00 local standard

Figure 1. Map of precipitation rate at 2.5 km in height aver-
aged over the wet season (December to April), 2014–2015. The
square box represents the analysis domain covering an area of
100× 100 km2 centered at the T3 site. The dotted circle (radius of
202 km) centered over the T1 site indicates the domain covered by
S-band radar measurements.

time (LST; ARM, 2014f) during the wet season (December–
April). For consistency, we analyze the atmospheric pro-
file (potential temperature and humidity) only for soundings
that extend from the surface to at least 8 km, and we lin-
early interpolate the profiles to a fixed 50 m vertical grid.
The planetary boundary layer (PBL) height is derived from
the profile of the bulk Richardson number using a critical
threshold of 0.25 (ARM, 2014e). We also calculate addi-
tional variables from the thermodynamic profiles. The to-
tal column water vapor (CWV) is determined by integrating
the water vapor mixing ratio from the surface to 350 hPa.
For consistency, here we only analyze soundings that ex-
tend from the surface to at least 350 hPa (approximately
8.5 km). Similarly, the partially integrated CWV is calculated
for the layers 1000–850 hPa (∼ 0–1.5 km; CWVlower), 850–
700 hPa (∼ 1.5–3 km; CWVmid), and 700–350 hPa (∼ 3–
8 km; CWVupper), which are representative of the convec-
tive boundary layer, lower free troposphere, and upper lev-
els, respectively. Convective inhibition (CIN) and CAPE are
also calculated. For these, a hypothetical air parcel is lifted
dry adiabatically to the lifting condensation level (LCL) then
pseudo-adiabatically from there. A mixed-layer parcel im-
mediately above the surface, extending to a depth of 100 hPa,
is used as the initial state for the parcel’s ascent (Stull, 2017).

We used a combination of instruments to characterize the
surface water budget. The latent heat flux is taken from the
ARM best-estimate dataset (ARM, 2014a) based on observa-
tions from the Eddy Correlation Flux Measurement System
(ECOR) (ARM, 2014b). Instead of using the S-band radar
precipitation, the water balance analysis utilizes a combina-
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tion of rain-gauge source measurements to provide a more
robust estimation of the mean surface precipitation and its
uncertainties. Specifically, we use the surface AOSMET pre-
cipitation (ARM, 2013), a tipping bucket (ARM, 2014g), and
a laser disdrometer (ARM, 2014c). Here, CWV and liquid
water path (LWP) are taken from the microwave radiometer
(MWR; ARM, 2014d). Similarly to Schiro et al. (2016), we
exclude data in cases where the brightness temperature sur-
passes 100 K and when water accumulates on the MWR lens
surface during rainy periods. Hourly averages are applied for
the data utilized in the water budget analysis, and the mathe-
matical derivation is provided in the next section.

Large-scale wind properties and bulk vertical wind shear
are analyzed by way of constrained variational analysis
(VARANAL) data developed for the GoAmazon2014/5 ex-
periment (Tang et al., 2016). This large-scale forcing dataset
is derived from the European Centre for Medium-Range
Weather Forecasts (ECMWF) analysis that is further con-
strained by S-band radar precipitation, surface fluxes, and
Geostationary Operational Environmental Satellite (GOES-
13) radiances. The VARANAL large-scale fields represent
an average across an analysis domain centered at the S-band
radar location, with a radius of 110 km.

Finally, a table summarizing the data is also provided in
the Appendix (Table A1).

2.2 Derivation of the water budget

The integral form of the continuity equation for the total wa-
ter rt can be written as

∂

∂t

pbottom∫
ptop

rt
dp
g
+∇ ·

pbottom∫
ptop

rtV
dp
g
= E−P , (1)

where p is pressure, g is gravity acceleration, V is the hor-
izontal wind vector, and E and P correspond to the water
mass fluxes associated with surface evaporation and precip-
itation. The total water rt is the sum of the three different
phased-based mixing ratios, i.e., water vapor (rv), liquid (rl),
and ice (ri). The second integral is the water mass flux di-
vergence, which is mostly associated with the divergence of
water vapor.

For the sake of this analysis, we neglect ice and express all
terms in units of mm h−1. As we show later (Sect. 4.3), the re-
sults indicate a minor contribution of the liquid water term to
the water budget, which supports ignoring the ice water term.
Note that ice water paths are not necessarily smaller than the
liquid water paths; however, they still encompass values of
comparable orders of magnitude. Thus, the equation can be
rewritten in a simplified form,

∂

∂t
CWV+

∂

∂t
LWP−EVAP+PREC= CONV , (2)

where EVAP corresponds to the evaporation rate, PREC
corresponds to the precipitation rate, and CONV represents

the water vapor convergence. Note that we intentionally re-
arranged the order of the equation to emphasize terms based
on placing GoAmazon2014/5 observations on the left-hand
side and placing the residuals, which can only be estimated,
on the right-hand side. For this analysis, we consider only the
hourly average of observed variables. Specifically, CWV and
LWP are based on the MWR. ECOR latent heat flux data are
utilized for estimating the evaporation term. Precipitation is
obtained utilizing different sources, namely, aerosol observ-
ing system data, the tipping bucket, and the laser disdrometer
(Sect. 2.1). We determine the mean of these sources and
calculate the standard deviation from this sample mean.
The water vapor convergence term is estimated using the
mean composites for ∂tCWV (notation ∂t = ∂/∂t is used for
convenience), ∂tLWP, EVAP, and PREC. The standard de-
viation of mean convergence is estimated from the standard
deviation of the mean ∂tCWV, ∂tLWP, EVAP, and PREC, i.e.,√
σm(∂tCWV)2+ σm(∂tLWP)2+ σm(EVAP)2+ σm(PREC)2.

Although this formula involves implicit assumptions, such as
a lack of correlation among the variables in the square root,
the uncertainty in the water budget is primarily attributed to
∂tCWV (see Fig. 9). Consequently, the uncertainty in the
convergence term can also be roughly approximated by this
term, with other terms contributing minimally.

Note that we only employed local surface measurements
and applied hourly averages for the water budget datasets.
Hence, the water balance is consistent over a temporal scale
of an hour and a spatial scale on the order of meters. How-
ever, surface fluxes depend primarily on surface properties,
which are approximately uniform around the experimental
site, at least up to a distance of a few kilometers. Measure-
ments of precipitation, CWV, and LWP are influenced by the
cloud cover around the instrumentation location. Given that
shallow-to-deep convection typically spans a spatial scale of
approximately 1–10 km, our analysis is likely to generalize
well across a spatiotemporal scale of 1 h and a few kilome-
ters.

2.3 Convective regime classification

We define the wet season as the period from December
to April, following previous studies in the central Amazon
(Machado et al., 2004; Marengo et al., 2013). To contrast
the different atmospheric conditions that lead to different
convective regimes, we apply a classification criterion that
identifies shallow, congestus, or deep days. Given our in-
terest in convection that develops in response to the diur-
nal cycle, days with propagating mesoscale convective sys-
tems (MCSs) were excluded from our analysis. This regime
classification follows the criteria proposed by Zhuang et al.
(2017) and Tian et al. (2021). We first consider the diurnal
period between 10:00–20:00 LST. Then, we define three cat-
egories of convective regimes: shallow cumulus, congestus,
and deep, based on the maximum development of convective
clouds during the diurnal cycle. The cloud mask from the
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RWP-WACR-ARSCL is used to identify cloud development
throughout each day. In addition, we also employ rain cover-
age data from the S-band radar to estimate the vertical cloud
development based on the echo cloud top. The rain coverage
is calculated as the fraction of reflectivity pixels > 20 dBZ,
regardless of whether the phase is ice or liquid (see Sect. 2.1).
The echo top is defined as the highest level where rain cov-
erage is greater than 2 %. The quantitative criteria are listed
below.

i. Shallow convective days (ShCu). (1) The cloud mask
does not show any congestus or deep clouds during the
diurnal cycle (10:00–20:00 LST). (2) Rain cover above
3 km in altitude must be < 2 % in the analysis domain
(100× 100 km2, centered at T3).

ii. Congestus convective days (Cong). (1) The cloud mask
indicates congestus clouds during the diurnal cycle, but
none of them develop into deep clouds. (2) Rain cover
above 8 km (between 3 to 8 km) in altitude must be
< 2 % (> 2 %) in the analysis domain.

iii. Deep convective days (Deep). (1) The cloud mask indi-
cates deep convection during the diurnal cycle. (2) Rain
cover is above 8 km> 2 % in the analysis domain.

iv. Early-morning perturbation. For the 06:00–10:00 LST
period, we require that no congestus or deep clouds be
observed.

v. Local convection. No convective system with a contigu-
ous area of precipitation> 10 000 km2 reaches the anal-
ysis domain between 06:00 and 20:00 LST.

Figures 2 and 3 illustrate the diurnal evolution of the oc-
currence of the different cloud types and rain coverage for
the three regimes. The classification essentially depends on
the cloud evolution during the diurnal cycle. The threshold
of 2 % used to calculate rain cover is based on Zhuang et al.
(2017), who manually tested several parameters. Their re-
sults indicated that shallow rain cover never exceeds 2 %, a
criterion we adopted in our definition of minimum rain cover
for identifying congestus or deep clouds. The exclusion of
any relevant early-morning disturbance (06:00–10:00 LST)
associated with important pre-convective activity guarantees
that nighttime MCSs do not cause significant precondition-
ing.

The number of days categorized according to the above
criteria for the wet season (blue) and dry season (red) is
shown in Fig. 4. Deep convection appears to be the dom-
inant category in both seasons, although the propagating-
convection category occurs more frequently during the wet
season. Specifically, we identified 16 d for the ShCu regime,
27 d for the Cong regime, 60 d for the Deep regime, and 111 d
for non-local (organized) deep convection. Given our focus
on the local shallow-to-deep transition mechanism during the
wet season, the results presented in the next section refer only
to those 103 d.

3 Cloud and precipitation properties

The composite diurnal cycles of the vertical cloud frequency
profiles, local surface precipitation rate, and rain coverage for
the different convective regimes are shown in Fig. 5. For all
convective regimes, daytime convection is usually preceded
by some nighttime cloud cover at all levels.

The ShCu regime has a more scattered cloud frequency
during the daytime. Low-level clouds dominate the diur-
nal cycle, with a peak reaching 54 % at 1.43 km around
13:00 LST. After 17:00 LST, cirrus clouds also contribute
to the cloud frequency composite, likely transported from
afar. The local surface precipitation rate remains below
0.13 mm h−1 throughout the diurnal cycle, while the rain
cover has only a minor contribution of approximately 1 %
at the end of the day.

The Cong regime also shows a higher cloud frequency be-
low 3 km during the diurnal cycle. The maximum cloud cover
is 50 % at 1.04 km around 12:00 LST, earlier and lower than
that observed for the ShCu regime. Between 3 and 8 km, the
cloud frequency composite has values below 5 %. Surface
precipitation occurs around 12:00 LST, corresponding tem-
porally to the period of maximum cloud cover. Nonetheless,
the magnitude remains modest, with precipitation values at
less than 0.75 mm h−1 throughout the diurnal cycle. Contrary
to the local cloud frequency assessed at the T3 site, the do-
main rain coverage exhibits a distinct pattern at the middle
levels, indicating values of 1 %–2 %. After the diurnal cycle,
the rain coverage composite indicates that congestus clouds
may evolve into a deeper phase. We identified seven cases
(26 %) in which congestus days fulfilled the Deep criteria
(echo top above 8 km) after the diurnal cycle.

The Deep regime reveals a more coherent cloud frequency
profile associated with more extensive and longer-lived con-
vective clouds during daylight hours. The maximum Deep
cloud frequency is also associated with shallow clouds: 49 %
at 0.92 km around 11:30 LST. As we discuss next, this is as-
sociated with the boundary layer height and the lifting con-
densation level both being lower in the Deep regime. As
the day progresses, the Deep cloud frequency also increases
throughout the troposphere, with the cloud top reaching up to
16 km. After cumulonimbus dissipation (around 18:00 LST),
its anvil structure remains and may become a cirrus cloud
that may contribute to the cloud cover of the next day. Sur-
face precipitation typically occurs around noon and in the af-
ternoon as clouds develop. Notably, substantial rain coverage
emerges between 16:00 and 17:00 LST, with a maximum sur-
face precipitation of 3.72 mm h−1 peaking at 16:24 LST. This
occurrence is consistent with the late afternoon STD transi-
tion in the Amazonian wet season.
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Figure 2. Cloud mask (a, c, e) and rain coverage (b, d, f) for examples of days classified as shallow (ShCu; a–b), congestus (Cong; c–d),
and deep (Deep; e–f).

Figure 3. Convective systems. (a) Scattered local system. (b) Non-local propagating system. The dashed black box illustrates the region
with a contiguous area of precipitation (> 20 dBZ) not fulfilling the local convection requirement.

4 Environmental conditions

In this section, we specifically evaluate the environmental
conditions associated with the STD convective transition. We
analyze the local atmospheric conditions, convective prop-
erties, surface water balance, and large-scale wind proper-
ties associated with shallow, congestus, and deep convective

days. To account for the small sample size associated with the
classification of the convective regime (Fig. 4), we employed
the bootstrap method, utilizing 50 000 samples to estimate
the mean and standard deviation for each composite. These
are represented by the line and error bars in each figure in
this section.
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Figure 4. Number of days classified in each convective regime dur-
ing the wet (December–April) and the dry (June–August) seasons
from 2014 to 2015. Propagating (prop) days refer to non-local deep
convection, with the early-morning perturbation condition being ig-
nored.

4.1 Atmospheric conditions

Figure 6 shows the average vertical profiles of potential tem-
perature (Fig. 6a), θ , and water vapor mixing ratio (Fig. 6b),
rv, for each convective regime at 08:00 LST. The differences
between the Deep and the other convective regimes, 1θ and
1rv, are shown in panels (c)–(d).

The potential temperature differences between the convec-
tive regimes are frequently less than 0.5 K below the 8 km
level, suggesting that there is no relevant relationship be-
tween daytime cloud development and the morning temper-
ature profile. The Deep regime experiences higher moisture
content, especially below 3 km. The most remarkable differ-
ence occurs around the 2 km level, with 1rv reaching 1.30
and 0.74 g kg−1 for Deep−ShCu and Deep−Cong, respec-
tively. Above 3 km, the differences in moisture profile for all
regimes are minimal.

These results suggest that the importance of early morn-
ing excess humidity to the STD transition in the Amazon is
primarily limited to the lower levels, a finding supported by
Zhuang et al. (2017) and Tian et al. (2021). However, it dif-
fers from Ghate and Kollias (2016), who noted an excess of
humidity solely above 2 km during precipitating days in the
dry season. Moreover, these results contrast with studies over
tropical oceans, where free-tropospheric humidity has been
shown to play a more significant role in convective activity,
while boundary layer humidity demonstrates minor variabil-
ity (Bretherton et al., 2004; Holloway and Neelin, 2009).

The column water vapor (CWV) for each radiosonde time
is presented in Fig. 7a, while panels (b)–(d) show the par-
tial contribution from lower, middle, and upper levels (see
Sect. 2.1). The ShCu regime shows smaller CWV throughout
the day. The difference between Deep and ShCu ranges from

2.3 mm at night to 5.1 mm at 14:00 LST. The differences in
CWV between the Cong and Deep regimes are minimal from
nighttime to early morning, while their difference is at a max-
imum at 14:00 LST, when it reaches 2.1 mm.

CWVlower increases from 08:00 to 14:00 LST for all con-
vective regimes. This increase is possibly due to evapotran-
spiration, which appears to be the dominant moisture fac-
tor during this period (water budget analysis, Sect. 4.3). A
similar, albeit less pronounced, diurnal moistening is also
observed in CWVmid for all regimes. However, the upper-
level CWV is essentially constant for the Deep regime in the
08:00–14:00 LST period, while the ShCu and Cong regimes
show a decrease of 0.80 and 1.02 mm, respectively. This in-
dicates that the ShCu and Cong regimes might be associated
with large-scale subsidence (see Sect. 4.4), which would ex-
plain the drying of the middle levels. Moreover, we note
that Deep days show a significant increase in CWVupper
from 14:00 to 20:00 LST, with a simultaneous decrease in
CWVlower. This is likely due to a combination of water
vapor convergence (Sect. 4.3) preceding the late afternoon
STD transition and the vertical transport of moisture by deep
clouds.

4.2 Convective properties

Figure 8 shows the PBL height, the mixed-layer convective
inhibition (MLCIN), and mixed-layer convective available
potential energy (MLCAPE). The PBL height among the
convective regimes differs the most at 14:00 LST, when the
convective boundary layer roughly coincides with the LCL
or cloud base height (not shown), being about 500 m lower
for the Deep (1535 m) than for the ShCu (1998 m) regime.
The most developed convective regimes show a combination
of higher MLCAPE and lower MLCIN in the early morn-
ing, providing more buoyancy and a lower barrier for con-
vection to develop. At 14:00 LST, MLCAPE for the Deep
regime (1074 J kg−1) and Cong regime (986 J kg−1) signifi-
cantly exceeds the value for the ShCu regime (558 J kg−1).
The change in MLCAPE from afternoon to early evening
(MLCAPE(20:00 LST)−MLCAPE(14:00 LST)) is negative
for the Deep regime (−138 J kg−1) and positive for the Cong
(139 J kg−1) and ShCu (644 J kg−1) regimes. As expected,
convection in more advanced stages consumes MLCAPE
more effectively, reducing atmospheric instability.

4.3 Surface water balance

To understand how the differences in the surface fluxes
change CWV, affecting the STD transition and the accumu-
lated surface precipitation, we analyzed the surface water
balance (see Sect. 2.2).

The water balance results are shown in Fig. 9, with panels
(a)–(c) showing the hourly average rate values (mm d−1) and
panels (d)–(f) showing the corresponding accumulated val-
ues (mm). The separate precipitation and convergence asso-
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Figure 5. (a, c, e) Cloud frequency (cloud counting fraction in %, color map) as a function of height calculated over a 12 min window based
on the cloud mask and surface precipitation rate (mm h−1, red line) measured locally by the aerosol observing system at the T3 site. (b, d,
f) Rain cover (%) over the analysis domain (100× 100 km2, centered at T3) based on the S-band radar. The mean composites distinguish
days classified as shallow (a–b; N = 16), congestus (c–d; N = 27), and deep (e–f; N = 60) during the wet season.

Figure 6. Atmospheric conditions. (a) Potential temperature (K) and (b) water vapor mixing ratio (g kg−1) from 08:00 LST radiosonde
observations. The corresponding convective regime differences (Deep−ShCu and Deep−Cong) for potential temperature (1θ ; c) and
mixing ratio (1rv; d) are also included. The error bars in (c) and (d) are obtained from the bootstrap standard error in the convective regimes,
i.e.,

√
SE(Deep)2+SE(ShCu or Cong)2.

ciated with each rain gauge used to estimate the mean surface
precipitation and the uncertainty in the water budget results
are provided in Fig. A1 in the Appendix. First, we notice
that the ∂tLWP appears negligible, and it does not contribute
significantly to the water budget. The daytime of ShCu and
Cong days shows mostly water vapor divergence. This is pri-
marily due to more significant negative changes in ∂tCWV

and low precipitation rates, as evaporation shows smaller
differences among the convective regimes, and changes in
∂tLWP exert a minor influence on the water budget. On the
other hand, the Deep regime exhibits relatively neutral condi-
tions from night to early afternoon. However, the water bud-
get closure requires convergence in the period from 14:00
to 18:00 LST. This coincides with the STD transition and is
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Figure 7. Column water vapor (CWV; mm) at the radiosonde launch times (02:00, 08:00, 14:00, and 20:00 LST). (a) Total CWV and its
partial contribution to the (b) 1000–850 hPa, (c) 850–700 hPa, and (d) 700–350 hPa layers.

Figure 8. (a) Planetary boundary layer (PBL) height (m), (b) 100 hPa mixed-layer convective inhibition (MLCIN; in J kg−1), and (c) 100 hPa
mixed-layer convective available potential energy (MLCAPE; in J kg−1) at the radiosonde launch times (02:00, 08:00, 14:00, and 20:00 LST).

thus primarily attributed to strong water vapor convergence
preceding the late afternoon STD transition (Adams et al.,
2013, 2017). At the end of the day, the ShCu regime is esti-
mated to lose 3.4 mm of water vapor due to divergence, while
the Cong regime loses 0.9 mm. In contrast, the Deep regime
gains 5.2 mm of water vapor due to convergence.

For ShCu days, relatively high surface evaporation and the
absence of precipitation require a strong divergence for wa-
ter balance closure. The Cong regime shows a significant
divergence but is relatively weaker compared to the ShCu
regime, as their surface evaporation fluxes are relatively sim-
ilar, and congestus precipitation exhibits modest values. For
ShCu days, the ∂tCWV tends to be small and negative from
nighttime to early morning. Then, it increases and balances
around noon. By the end of the day, the accumulation of wa-
ter vapor (Fig. 9d) in the column is negligible. This term
is also nearly zero during Cong days. Conversely, the con-
vergence of vapor and evaporation exceeds the precipitation
term on Deep days, resulting in a net accumulation of 1.8 mm
of column water vapor, which might act as positive feedback

for the continuation of nocturnal deep convection into the
following day after Deep regime conditions. This particular
finding had not been previously addressed in studies utilizing
the GoAmazon2014/5 observations.

4.4 Large-scale wind properties

Figure 10 displays the wind speed at 08:00, 11:00, and
14:00 LST for all convective regimes. The wind profiles for
all regimes peak between the 900 and 800 hPa layer, charac-
teristic of the low-level jet also reported by Anselmo et al.
(2020), which they observed 10 %–40 % of the time dur-
ing GoAmazon2014/5 between March and May 2014–2015.
During the morning, the ShCu regime reveals a lower and
slightly stronger jet. However, the PBL grows during the
day to a height of 1–2 km (see Fig. 8), reaching higher al-
titudes for ShCu days, and the mixing of free-tropospheric
and PBL momentum potentially reduces the wind speed. As
a result, the lower jet in the ShCu regime is likely influenced
more by the PBL growth compared to other regimes. Thus,
at 14:00 LST, the ShCu regime reveals a less prominent low-

https://doi.org/10.5194/acp-24-8529-2024 Atmos. Chem. Phys., 24, 8529–8548, 2024



8538 L. A. M. Viscardi et al.: Environmental controls on isolated convection

Figure 9. Surface water balance for the (a, d) ShCu regime, (b, e) Cong regime, and (c, f) Deep regime. Panels (a–c) represent the rates
of change (mm d−1) for water vapor convergence (CONV), evaporation (EVAP), precipitation (PREC), and the time derivatives of column
water vapor (∂tCWV, where ∂t = ∂/∂t ) and the liquid water path (∂tLWP). Panels (d–f) display the accumulated water amount for each term
in the water budget during the day (mm). Note that CWV and LWP changes rely on microwave radiometer observations, evaporation on eddy
correlation flux measurements, and precipitation on estimations utilizing different sources, namely the aerosol observing system surface data,
a tipping bucket, and a laser disdrometer. The water vapor convergence term is estimated as a residual in the water budget equation (Eq. 2).

level wind peak but at a slightly higher altitude compared
to Deep days. For the middle and upper levels between the
600 and 350 hPa layers, the ShCu regime shows an additional
upper-level maxima, while the Cong and Deep regimes ex-
hibit weaker and comparable wind speeds, respectively.

A hodograph at 14:00 LST is displayed in Fig. 11. The
wind turns clockwise with increasing height: northeasterly
winds dominate in the boundary layer, approximately be-
low 800 hPa, while easterly winds dominate in the ∼ 700–
500 hPa layer. The most notable difference in wind direction
occurs in the upper troposphere above 400 hPa. On the Deep
days in particular, the wind stops veering, demonstrating a
consistent southeasterly direction. Since the wind profiles at
lower and middle levels are comparable among the convec-
tive regimes, the veering of the wind alone only hints at a
possible control mechanism for the development from the
congestus to the deep phase.

Figure 12 contains the large-scale vertical velocity (ω in
hPa h−1) from the variational analysis at 08:00, 11:00, and
14:00 LST. In the early morning, the Deep regime shows
moderate upward large-scale vertical velocity below 700 hPa,
relatively greater than the velocities associated with the ShCu
and Cong regimes. Above 700 hPa, ω becomes positive (sub-
sidence) and exhibits comparable values among the convec-
tive regimes. Around noon (11:00 LST), the Deep regime
is dominated by upward large-scale vertical velocity below
600 hPa, while the ShCu and Cong regimes exhibit simi-
lar ω profiles, with subsidence dominating above the sur-
face. In the afternoon, significant differences are observed
between the convective regimes. The Deep regime is dom-
inated by upward large-scale vertical velocity, especially
above the 800 hPa level. The ShCu and Cong regimes exhibit
important subsidence in the lower levels, particularly below
700 hPa, with ShCu subsidence assuming higher magnitudes.

Atmos. Chem. Phys., 24, 8529–8548, 2024 https://doi.org/10.5194/acp-24-8529-2024



L. A. M. Viscardi et al.: Environmental controls on isolated convection 8539

Figure 10. Large-scale horizontal wind speed (m s−1) at (a) 08:00 local standard time (LST), (b) 11:00 LST, and (c) 14:00 LST for the
ShCu, Cong, and Deep regimes.

Figure 11. Hodograph representing the u (m s−1) and v (m s−1) large-scale wind components as a function of pressure at 14:00 LST for the
(a) ShCu regime, (b) Cong regime, and (c) Deep regime.

Tian et al. (2021) also reported a significant disparity in the
large-scale vertical velocity between Deep and ShCu days,
especially in the afternoon and early evening.

To evaluate the vertical wind shear, we used the bulk wind
shear, which is defined as the magnitude of the vector differ-
ence in the wind at two levels. Figure 13 shows the vertical
bulk wind shear for the layers 0–2, 0–4, and 0–6 km. Ad-
ditionally, the bulk shear from the level of maximum wind
speed below 4 km and the associated pressure level are pro-
vided in Fig. A2. The 0–2 km layer exhibits a greater depen-
dence on the diurnal cycle, with the Deep days (followed by
Cong days) showing the most substantial wind shear at any
time. Moreover, the Deep regime shows the largest difference
between the maximum wind speed below 4 km and the sur-
face wind. These results suggest that low-level vertical wind
shear is related to convection development. For the 0–4 km
layer, the wind shear is more similar between the convective
regimes. For the 0–6 km layer, the Cong and Deep regimes

exhibit similar patterns, while ShCu days are characterized
by larger wind shear values and greater variability.

5 Conditionally averaged precipitation

In this section, the conditionally averaged precipitation is
evaluated as a function of the main variables presumed to
control the STD transition. From the previous section, we ob-
served that convective development is primarily associated
with humidity at lower levels in the early morning, while
in the afternoon, it is more strongly related to upper-level
moisture, instability, large-scale vertical velocity, and verti-
cal wind shear.

Here, we explore the precipitation response to mois-
ture using low-level and lower-free-troposphere CWV at
08:00 LST, upper-level CWV at 14:00 LST, MLCAPE at
14:00 LST, mean vertical velocity in the 1000–700 and 700–
300 hPa layers at 14:00 LST, and bulk shear magnitude for
the 0–2 and 0–6 km layers at 14:00 LST as surrogates for
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Figure 12. Large-scale vertical velocity (ω in hPa h−1) at (a) 08:00 LST, (b) 11:00 LST, and (c) 14:00 LST for the ShCu, Cong, and Deep
regimes.

Figure 13. Vertical bulk wind shear (m s−1) for the layers (a) 0–2 km (surface–790 hPa), (b) 0–4 km (surface–615 hPa), and (c) 0–6 km
(surface–465 hPa).

vertical wind shear. Precipitation from S-band radar is av-
eraged over the analysis domain (100× 100 km2 centered at
T3) and from 14:00 to 20:00 LST. The conditionally aver-
aged precipitation corresponds to the average precipitation
observed within distinct bins for each variable, which were
defined as 1 mm for CWV, 2.5 J g−1 (2500 J kg−1) for ML-
CAPE, 1 hPa h−1 for vertical velocity, and 2 m s−1 for bulk
shear magnitude. In this analysis, it is important to highlight
that we group the ShCu, Cong, and Deep regimes together
and consider them collectively as local convective days.

Figure 14 consists of the conditionally averaged precipita-
tion analysis. Large-scale afternoon vertical velocity exhibits
the strongest correlation with precipitation: −0.596 in the
700–300 hPa layer and −0.570 in the 1000–700 hPa layer.
Above 3 km (700–300 hPa), precipitation increases signif-
icantly, from nearly zero to approximately 0.8 mm h−1 as
vertical motion rises from nearly zero to about −9 hPa h−1.
These correspond to the heaviest conditionally averaged pre-

cipitation rates. Interestingly, vertical wind shear, especially
the low-level (0–2 km) bulk shear magnitude, exhibits the
second-strongest correlation with precipitation, although it
has a modest value (0.348).

The lower-free-troposphere CWV at 08:00 LST demon-
strates a similar correlation (0.311) with precipitation. The
correlations for low-level CWV at 08:00 LST (0.274) and
upper-level CWV at 14:00 LST (0.254) are also comparable.
Vertical wind shear at higher levels (0–6 km layer) exhibits
a weak negative correlation (−0.099) with precipitation. On
the other hand, bulk shear in the 0–4 km layer (0.016) and
MLCAPE (0.055) exhibit the smallest correlation values,
which increase only weakly with precipitation. These results
suggest that CAPE is not a good indicator of precipitation in
the Amazon, which is consistent with the findings of Itterly
et al. (2016) and Schiro et al. (2018). Thus, days starting with
excess water vapor in the lowest 3 km of the troposphere and
exhibiting relatively stronger large-scale vertical velocity and
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low-level wind shear in the afternoon have the highest proba-
bility of developing deep afternoon convection accompanied
by heavy precipitation.

6 Discussion

The previous section presented the wet-season composites
of ShCu, Cong, and local Deep convection days for both
environmental and cloud properties measured during the
GoAmazon2014/5 campaign. Cumulonimbus clouds can ex-
tend up to 16 km in altitude, and precipitation peaks around
16:00–17:00 LST, associated with the STD transition. This
is consistent with previous studies in the southern Amazon.
For example, Tota et al. (2000) and Machado (2002) an-
alyzed data from the Wet Season Atmospheric Mesoscale
Campaign (WETAMC) from January to February 1999 and
reported two main precipitation modes: isolated convection,
which peaks in the afternoon around 16:00 LST, and orga-
nized convection associated with mesoscale convective sys-
tems, with a maximum during the night around 04:00 LST.
The diurnal peak associated with deep convection has also
been documented more recently in Ghate and Kollias (2016)
and Tian et al. (2021), who also used the GoAmazon2014/5
observations but did not focus on the wet season as in our
study.

Our results show that deep days are associated with
moister conditions in the early morning but only in the lower
troposphere, particularly below 3 km. This contrasts with the
results from Itterly et al. (2016). They also noted signif-
icant differences between morning atmospheric conditions
and convective intensity but indicated that humidity in the
upper troposphere also exhibits a strong relationship to con-
vective intensity. The work by Ghate and Kollias (2016) fo-
cused on GoAmazon2014/5 observations during the dry sea-
son and observed the presence of an early morning moist
layer (but elevated) between 2 and 5 km. In contrast, Zhuang
et al. (2017) and Tian et al. (2021) found that days with
deep convection exhibited increased moisture levels extend-
ing from the surface to the middle levels, regardless of the
season. The discrepancies in the anomaly of the early morn-
ing moisture layer with convective intensity among these
studies are likely attributed to the data and procedures used
to identify convective days. Only Ghate and Kollias (2016),
Zhuang et al. (2017), and Tian et al. (2021) specifically uti-
lized the GoAmazon2014/5 observations. While Ghate and
Kollias (2016) differentiated between days with no precipita-
tion (cumulus days) and those with surface precipitation rates
exceeding 0.05 mm h−1 (precipitating days), both Zhuang
et al. (2017) and Tian et al. (2021) relied on cloud bound-
aries, albeit with different definitions for identifying con-
vective cloud regimes. Furthermore, all these studies relied
on visual inspection to identify and eliminate cases linked
to MCSs. Here, we have specifically developed a consistent
systematic criterion (item v, Sect. 2.3) based on the contigu-

ous area of the S-band radar precipitation to identify these
days and remove them from our analysis. These differences
in methods contribute to differences in the selection of con-
vective days. Particularly in Ghate and Kollias (2016), iden-
tification of convective days based on a single surface precip-
itation threshold might not distinguish the varying levels of
convective intensity observed in the Amazon. Additionally,
relying solely on site measurements ignores the surrounding
areas, which could be important for gaining a broader per-
spective on the convective intensity of a given day. This could
explain why only Ghate and Kollias (2016) observed a moist
layer extending from 2 km rather than from the surface.

Based on the water vapor convergence derived from the
surface water balance, we observed that during ShCu and
Cong days, there is a predominant water vapor divergence.
In contrast, the Deep regime days are neutral until early af-
ternoon and show a significant water vapor convergence be-
tween 14:00 and 18:00 LST, coinciding with the STD transi-
tion. This aligns well with the convergence timescale preced-
ing the STD transition reported by Adams et al. (2013), based
solely on CWV observations. More recently, Zhuang et al.
(2017) assessed the accumulated water for the convergence
term through diagnostic data derived from ECMWF model
runs designed for the GoAmazon2014/5 experiment. During
the wet season, they found neutral divergence during shallow
days, while water vapor increased roughly linearly through-
out the deep convective days. Although Zhuang et al. (2017)
and our findings indicate the dominance of water vapor con-
vergence on Deep days, the behavior differs significantly in
our analysis, as we observed a relevant divergence during the
daytime of ShCu days, and the convergence dominates Deep
days only in the afternoon. These differences suggest that
the ECMWF model runs may not have accurately captured
the diurnal cycle of convection, misrepresenting advection
and convergence. This is a well-known problem of models
that rely on convective parameterizations (Betts, 2002; Betts
and Jakob, 2002; Grabowski et al., 2006) and that is why
the variational analysis dataset assimilated the S-band radar
precipitation and surface fluxes from the GoAmazon2014/5
experiment (Tang et al., 2016).

We observed that mixed-layer CAPE is lower on ShCu
days and higher on Deep days, with the difference increasing
from nighttime (02:00 LST) to early afternoon (14:00 LST).
However, when the conditionally averaged precipitation is
considered, we found that MLCAPE is only weakly corre-
lated with afternoon precipitation. Itterly et al. (2016) also
found that CAPE is an unreliable indicator of convective
activity in the Amazon. Moreover, Schiro et al. (2018) in-
vestigated the relationship between buoyancy and precipita-
tion and showed that CAPE is weakly related to precipitation
when deep-inflow mixing that represents the entrainment of
dry air in the parcel is not included.

For the large-scale wind, we observed that precipitation
increases significantly with afternoon upward vertical veloc-
ity, especially above 3 km, and moderately with increasing
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Figure 14. Conditionally averaged precipitation (mm h−1) to (a) low-level column water vapor (CWV; in mm) at 08:00 LST, (b) lower-free-
troposphere CWV at 08:00 LST, and (c) upper-level CWV at 14:00 LST. The (d) 100 hPa mixed-layer convective available potential energy
(MLCAPE; in J g−1) at 14:00 LST. Mean large-scale vertical velocity (ω; in hPa h−1) in the (e) 1000–700 hPa and (f) 700–300 hPa layers at
14:00 LST and bulk wind shear magnitude (m s−1) in the (g) 0–2 km layer and (h) 0–6 km layer at 14:00 LST. Precipitation corresponds to
the mean S-band radar precipitation from 14:00 to 20:00 LST. The bins for averaging each variable are indicated by horizontal bars, which
represent 1 mm for CWV, 2.5 J g−1 (2500 J kg−1) for MLCAPE, 1 hPa h−1 for vertical velocity, and 2 m s−1 for wind shear. The conditional
averaging analysis is conducted for local convective days (ShCu, Cong, and Deep regimes) indicated by green square markers. Additionally,
linear least-squares regressions and Pearson correlations are included for each analysis.

low-level wind shear (0–2 km). At upper levels, vertical wind
shear has a negative impact on convection, although its corre-
lation with precipitation is relatively weak compared to low-
level shear. Using GoAmazon2014/5 observations, Zhuang
et al. (2017) reported a similar pattern of bulk wind shear
during the wet season. They suggested that strong wind shear
would favor convection. However, during the wet and transi-
tion seasons, Deep days are associated with weaker upper-
level shear. Thus, they suggested that wind shear may have
no impact or could even hinder convection. Here, our results
support strong wind shear at lower levels favoring convec-
tion, while weaker shear at upper levels plays a minor role
in convection. Therefore, low-level wind shear may facili-
tate the development of convection during the wet season.
On the other hand, Chakraborty et al. (2018) suggested that
shallow convection is associated with stronger low-level and
weaker upper-level shear intensity during the transition sea-
son, which is the opposite of what was shown by Zhuang

et al. (2017) and observed in our study focused on the wet
season. This difference could be attributed to variations in the
data employed, procedures for identifying convective clouds,
and Chakraborty et al. (2018) not evaluating the diurnal cy-
cle. Instead, they considered radiosonde wind measurements
within 2 h before the development of shallow convection in
scenarios where it did or did not evolve into deep convection.
On the other hand, Zhuang et al. (2017) used radar wind pro-
filer data to specifically assess low-level wind shear. More-
over, our findings generally agree with Tian et al. (2021), in
that mid-tropospheric vertical wind shear could significantly
suppress the vertical development of convection, although to
a lesser extent compared to low-level wind shear.

7 Conclusions

We analyzed measurements from the GoAmazon2014/5 field
campaign in the central Amazon with the goal of assessing
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possible controlling mechanisms of the shallow-to-deep con-
vective transition. We classified wet-season days into shallow
(ShCu), congestus (Cong), and Deep regimes, purposely ex-
cluding mesoscale systems to focus on locally driven deep
convection. Unlike previous studies, we used an objective
and reproducible method to identify and exclude days dom-
inated by organized convection. Additionally, the bootstrap
resampling method was employed in analyzing the environ-
mental controls of each convective regime, permitting a ro-
bust assessment of the statistical significance of the results
despite the relatively small sample size. The Deep regime is
characterized by moister early-morning conditions extending
from the surface to the lower free troposphere. This agrees
with some previous studies (Zhuang et al., 2017; Tian et al.,
2021) but differs from others (Ghate and Kollias, 2016). We
also found that ShCu and Cong days are characterized by wa-
ter vapor divergence, while Deep days start neutrally (from
08:00 to 13:00 LST) and develop strong water vapor conver-
gence in the afternoon (from 13:00 to 17:00 LST), the peaks
of which coincide with the STD transition (Adams et al.,
2013). This is the first analysis of the moisture convergence
using GoAmazon2014/5 observations, as previous studies re-
lied on models that use parameterized convection (Zhuang
et al., 2017).

In contrast to several previous studies that emphasized the
role of humidity in convective activity in the Amazon region
(Itterly et al., 2016; Ghate and Kollias, 2016; Schiro et al.,
2016), our results indicate that precipitation may exhibit an
even stronger correlation with large-scale vertical velocity
than with the moisture content at any level or at any time
of the day. Nevertheless, it should be noted that vertical ve-
locity is challenging to assess through observations. Further-
more, we have found that precipitation increases with low-
level wind shear, displaying a correlation comparable to that
observed for moisture content. This correlation has not been
evaluated by previous works, which even diverged in their
interpretation of the role of wind shear in the STD transition
(e.g., Zhuang et al., 2017, and Chakraborty et al., 2018).

Finally, our results suggest that pre-convective humidity in
the lower troposphere and diurnal large-scale vertical veloc-
ity, water vapor convergence, and low-level wind shear rep-
resent the primary environmental factors influencing convec-
tive intensity. This indicates that dynamic factors may play
a more prominent role in convection during the Amazon wet
season than during other times. To further disentangle the
roles of these environmental controls, we recommend con-
ducting numerical experiments using cloud-resolving mod-
els that could, for instance, examine the sensitivity of the
STD transition to changes in moisture or wind shear at dif-
ferent atmospheric levels. While numerous studies have ex-
plored these recent observations over the Amazon, only a few
have utilized high-resolution simulations to investigate the
environmental controls of convection (e.g., Cecchini et al.,
2022). The VARANAL large-scale dataset could be used to
force cloud-resolving models or even directly evaluate the
water budget (but note that it operates on a different spa-
tial and temporal scale than the one analyzed in this study).
Likewise, longer-term, high-density observational networks
in the Amazon, such as that of Adams et al. (2015), would be
of great value for constraining or evaluating numerical model
results.
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Appendix A: Additional material

Figure A1. Accumulated surface precipitation (mm) for the aerosol observing system surface data, the tipping bucket, and the laser disdrom-
eter is shown in panels (a–c). The corresponding convergence (mm) term for each instrument is displayed in panels (d–f). (a, d) ShCu, (b, e)
Cong, and (c, f) Deep regime results.

Figure A2. (a) Vertical bulk wind shear from the level of maximum wind speed below 4 km and (b) the associated pressure levels.
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Table A1. Data.

Name Description

Cloud mask
(Giangrande et al., 2017)

Combines multiple sources of cloud data to provide a high-resolution temporal (30 s) vertical profile
of cloud type, including shallow, congestus, and deep. Cloud frequency profile is also calculated as
the cloud counting fraction over 12 min.

S-band radar
(Schumacher and Funk, 2018a, b)

Volume data of reflectivity and derived precipitation rate at 2 km. Rain cover is calculated as the
fraction of reflectivity> 20 dBZ over a 100× 100 km2 analysis domain. These data have a temporal
resolution of 12 min, a horizontal resolution of 2 km, and a vertical resolution of 500 m.

Surface precipitation We employ three sources of surface precipitation data, namely, aerosol observing system surface
data, a tipping bucket, and a laser disdrometer. They have only a temporal dimension, for which we
use an average over 12 min or 1 h.

Atmospheric state Radiosonde data have a latency of 6 h (launches at 02:00, 08:00, 14:00, and 20:00 LST). We utilized
sounding profiles covering at least 8 km of the atmosphere. A derived planetary boundary layer
height is also used. Additional variables such as CWV, MLCAPE, and MLCIN are calculated.

Surface fluxes Hourly average data from the ARM best-estimate dataset based on observations from the eddy
correlation flux measurement. Surface evaporation is calculated and employed in the water budget
analysis.

Water content Hourly average data of CWV and LWP taken from the microwave radiometer are employed in the
water budget analysis.

Large-scale wind field Based on the variational analysis. It corresponds to a 3 h average and a domain average of∼ 100 km.

Data availability. The observational data used in this research
are publicly available at https://www.arm.gov/research/campaigns/
amf2014goamazon (last access: 19 November 2023; Giangrande
et al., 2017; Feng and Giangrande, 2018; Schumacher and Funk,
2018a, b; ARM, 2013, 2014a, c, d, e, f, g). The variational analysis
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