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1 Introduction

As a key component of the atmospheric system, convective cloud processes and their representations over tropical regions
introduce large uncertainty in numerical weather and climate model predictions (Betts and Jakob, 2002; Dai, 2006). To
global climate model (GCMs) scales, we can point some unresolved or incorrect issues observed on modelled data over the
tropics: a) the incorrect phasing of the precipitation diurnal cycle over land that favours models triggering precipitation too
early in the day (Gentine et al., 2013); b) the position and often doubling of the Intertropical Convergence Zone (Hwang and
Frierson, 2013); and c) the underestimation of rainfall over the Amazon forest (Huntingford et al., 2004). The tropical
diurnal precipitation cycle representation has been studied for decades, using numerical models (Bechtold et al., 2004; Sato
et al., 2009; Stratton and Stirling, 2012) and observational techniques (ltterly et al., 2016; Machado et al., 2002; Oliveira et
al., 2016).

Given its unique tropical location, propensity for deep convection, and potential influence on the global circulation, several
scientific campaigns have focused on convective cloud, aerosol transportation, and land-atmosphere interactions studies over
the Amazon forest during the last 20 years (Machado et al., 2014; Martin et al., 2016; Silva Dias et al., 2002; Wendisch et
al., 2016). Specific to Amazon basin convective studies, model treatments for shallow convection and the transition to deep
convection have been identified as possible challenges to the correct representation of the diurnal cycle in GCMs

(Khairoutdinov and Randall, 2006). Since convection is parameterized in GCMs and convection may range from smaller to



10

15

20

25

30

larger than the typical GCM grid resolution, the differences in the convective scale driven by large-scale circulation should
then be taken into account in convection parametrization schemes and satellite-based rainfall retrievals (Rickenbach et al.,
2002). This suggests that the differences between the organized, or larger areal coverage convective regimes and localized
isolated convection, needs to be better understood for correct representation of convective processes from cloud-resolving
models (CRM) to GCM parametrization scalings.

Improving and validating GCM convective parameterizations is challenging owing to an absence of direct, process-scale
observations (e.g., updraft dynamics, particle size distributions) inside deep convective clouds that operate over a similar
range of scales. Traditionally, convective dynamics have been informed by instrumented aircraft (Byers and Braham, 1949;
LeMone and Zipser, 1980; Rosenfeld et al., 2006), but strong vertical air motions and practical flight operations
considerations limits direct aircraft measurements in the more intense convective clouds. Recently, remote-sensing
alternatives such as scanning, and zenith-pointing radar retrievals have been advanced to offset these observational
deficiencies (Giangrande et al., 2013). Profiling radars have been shown to be an alternative for extended deployments and
statistical deeper convective studies, providing reliable and high (temporal, vertical) resolution for vertical air motion
retrievals (Heymsfield et al., 2010).

Recently, the GoAmazon2014/5 campaign (Martin et al., 2016) concluded a two-year deployment over Manaus and its
surroundings, including an advanced complement of cloud and precipitation profiling instruments. This unique deployment
offers several opportunities to investigate cloud lifecycle and environmental conditions sampled before and concurrent to
cloud development, as well as the associated precipitation properties.

This study explores the controls on the diurnal rainfall in the Amazon basin. To accomplish this, we introduce unique
atmospheric characteristics available during GoAmazon2014/5 observed before the diurnal cycle of convective precipitation
(nocturnal periods before precipitating and non-precipitating days) to monitor potential differences in those controls,
subsequent diurnal precipitation properties, and changes between seasonal regimes (dry and wet season). This is
accomplished from a scale analysis standpoint, comparing the influence of the local cloud coverage and PBL characteristics
versus the influence of the mesoscale convection pattern. The identification of such features and their contrasts between

seasons allows us to better predict rainfall occurrence and develop better convective parameterizations for GCMs.

2 Data

The GoAmazon field campaign was conducted in 2014 and 2015. The main site (codename T3) was located in Manacapuru,
state of Amazonas (latitude: -3.213, longitude: -60.598), roughly 80 km west of Manaus. Several instruments were deployed
to T3 as part of the U.S. Department of Energy Atmospheric Radiation Measurement Program (ARM) Climate Research
Facility (Ackerman and Stokes, 2003) Mobile Facility 1 (AMF1). Additional details on the ARM-T3 deployment and dataset

collection is provided in (Giangrande et al., 2017).
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A primary ARM data source used in this study is the Active Remote Sensing of Clouds (ARSCLs) Value-Added Product
(VAP). This data product combines measurements from a ceilometer, a micro pulse lidar, and a vertically pointing W-Band
(94 GHz) radar (Clothiaux et al., 2000). We use the cloud mask available in the ARSCL to derive cloud mean occurrences.
The values were calculated averaging occurrences observed by height over our periods of observation and transitions modes.
Also, from ARM is the ECOR - eddy correlation flux measurement system, used to derive the turbulent kinetic energy; the
SEBS - Surface Energy Balance System, used to compute the soil temperature means; the radiosondes launched 4 times a
day (0, 6, 12, and 18 GMT) used to compute CAPE and CIN; and a ceilometer used to derive the Planetary Boundary Layer
(PBL) height.

Rainfall observation is provided by an automatic weather station and using a radar to check for rainfall in the vicinities. The
SIPAM S-Band (2.2 GHz) radar is a single polarization, doppler weather radar performing a volume scan each 12 minutes,
with a 2° beam width and radial resolution of 500 m. The SIPAM radar is located in Manaus and has a 240 km radius range.
For additional analysis, the GOES 10.4 pm brightness temperature data acquired over a 10° x 10° box centred on T3 was
used to verify the occurrence of cold cloud tops that would indicate the presence of precipitating clouds around the studied
region. GOES data is received and processed operationally by CPTEC/INPE since 1997 (Costa et al., 2018).

3 Methodology

The purpose for this study is to identify which controls from the previous day (e.g., nocturnal periods from the days
preceding precipitation) are the better predictors for diurnal precipitation on the following days. To accomplish this, we first
define a previous day 'nocturnal period' as the period between 0000 GMT and 1200 GMT (2000 LT to 0800 LT), and the
subsequent 'diurnal period' as the period between 1200 GMT and 0000 GMT (0800 LT to 2000 LT) on the adjacent day.
From those definitions, we then categorized Amazon observations into two classes: a) days having no rain during the
nocturnal period and no rain during the subsequent diurnal period; and b) days having no rain during the nocturnal period,
but having rain observed during the subsequent diurnal period. We refer to these transitions as NR-NR (no rain to no rain)
and NR-RR (no rain to rain), compromising a 24-hour period. Note that days having rain within the nocturnal period are
removed from this analysis. Our intention is to identify possible controls during nocturnal periods that may trigger
precipitation in the next diurnal period. A visual depiction of this methodology is described in Figure 1.

We used a local weather station and a 1 km-horizontally gridded, 3 km-level CAPPI derived from the SIPAM S-Band radar
to define precipitation events. A 50 x 50 km area centred at the GoAmazon2014/5 main facility (an area similar to a GCM
grid space) was delineated (include a figure about the region?), and the reflectivity values greater than 25 dBZ were counted.
If more than 10% of the area presents reflectivity levels above the 25 dBZ threshold, we mark that event as rain. Moreover,
if the weather station reported a rainfall accumulation greater than 1mm during an hour, that event is also marked as rain. As
we want to verify the nightly controls over the diurnal precipitation, events with rain during the 20LT to 08LT time window

were discarded from our dataset.
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Given that we want to verify the differences between regimes, we defined the wet season as the period between January and
April and the dry season between June and September (needs to include references about the wet and dry season start). We
used both years of data (2014 and 2015) in our analysis.

We extend our examination to the characteristics of the PBL and atmospheric profiles during the day using in-situ data. The
mesoscale characteristics and cloud coverage were examined using infrared GOES data observed over a 10° x 10° box
centred at T3, from 20 LT to 08 LT.

4 Results

We start our investigation of the atmospheric conditions with the cloud observations acquired during the non-raining
nocturnal period, using two different conditions: no-rain or rain observed during the subsequent diurnal period (from 08 to
20 LT), as explained in Figure 1. We compiled 51 NR-NR cases and 113 NR-RR cases during the wet season, and 148 NR-
NR cases and 64 NR-RR cases during the dry season. For a better exhibition of the convection onset during the morning we
extended the displayed period up to 12 LT. Cloud development is strongly attached to moisture availability and vertical
motion. We propose that during the wet season, when high levels of moisture are observed the cloud development is a direct
effect of the vertical movement. The dry season controls and hypothesis will be discussed later. We present the results in
Figure 2, breaking our results by season (wet on the left panel and dry on the right) and transition. We focus our analysis in
the lower part of the atmosphere (below the freezing level, which is found around 4.5 km as stated by the radiosonde data).
This is due to limitation of the instrumentation, which provides better retrievals in the liquid phase, and because we expect
only shallow clouds during non-raining nights (residual cirrus from the previous day cumulus clouds could also be expected,
but we are not focusing on them in this analysis). We also present the absolute cloud occurrence difference between the
modes on the bottom panel. Null (zero percent) cloud differences are marked in white.

Starting with the wet season results, we show that cloud occurrences above 15% are always observed from 22 LT to 06 LT
during the NR-NR transition (top left panel) at some height level. From 2 to 3 km values often exceed 25%, and there is
significant cloud coverage near the surface from 00 LT to 04 LT. As the sun rises (around 06 LT) until 07 LT some low-
level cloud activity is observed, surpassing 25% at some points. There is some intense, but shallow convection observed
after 10 LT, with cloud occurrences over 40%. During the raining mode (middle left panel) the overall cloud coverage is
lower, and until 06 LT cloud occurrences rarely exceeds 10% up to 2 km. From 02 LT to 06 LT the cloud coverage between
2 and 4 km presents the higher values observed until the start of convection, which is observed around 10 LT. The
convective activity presented at the sunrise is weaker than the NR-NR mode, but after 10 LT cloud occurrence exceeds 45%
and its 30% contour height reaches 3 km. Note that since we extend our period of study from 08 LT to 12 LT there will be
raining clouds contaminating these results after 08 LT, for all transition modes and seasons. The absolute difference (bottom

left panel) shows that from 22 LT to 04 LT the non-raining mode presents higher cloud occurrence throughout the whole
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column, with differences around 20%, which happens also frequently between 06 LT and 10 LT from the surface and 1.5 km
and from 3 to 4 km. After 10 LT the NR-RR mode shows the maximum negative cloud differences, reaching -25%.

We suggest that this higher cloud occurrence during the night would consume energy that might have been available for
convection during the next day, and cloud coverage during early mornings (with values over 30% observed between 05 and
08 LT near the surface) would prevent surface heating by blocking the incoming solar radiation. On the other hand, the
increase in the incidence of solar radiation during NR-RR modes generates surface heat that would favour convective
development, thus leading to precipitation. This behaviour was discussed from an energy budget standpoint in (Machado,
2000), where is shown that the surface loses more energy than receives in convective events, therefore there is less energy
available at surface after a cloudy period. This also may be an indication that precipitating convection during the wet season
are more prone to be triggered by local effects (such as surface heating) than large-scale flow. This physical cloud control
mechanism shows the main feature, during the wet season, that control rainfall in Amazonas. The improvement of shallow
convective parameterization is the key feature to have a better rainfall representation in continental tropical region.

The dry season (left panels) results show that this season presents almost no cloud activity during the nights — their contrast
with the higher cloud coverage observed during the wet season are clear. When breaking down the results by transitions, the
NR-NR mode hardly shows cloud occurrence values between over 5%. Only during the sunrise and after 10 LT that those
values reaches values over 15%. The NR-RR transition shows a more significant cloud coverage above 1 km and some
surface clouds after 08 LT, which during the NR-NR mode have occurrences below 5%. The calculated differences show
that the raining mode is predominantly cloudier than the NR-RR mode (most differences observed are negative), but these
differences are subtle in comparison with those observed during the wet season. After the onset of convection and
precipitation, around 10 LT, the behaviour of the observed wet and dry season differences is similar. As oppose to the wet
season, the dry season NR-RR mode is cloudier during most of the nocturnal period on all levels observed.

The cloud coverage has a direct impact over the soil temperature. During a cloudy night there is a net increase of the
longwave radiation at the surface, since clouds absorbs the upwelling radiation and reemits it (greenhouse effect). Figure 3
presents the evolution of the mean soil temperature during the night. The panel starts at 20 LT, when the temperature is 1 °C
lower on average during the wet season (solid lines) than on the dry season (dashed lines). The wet season NR-NR (black
lines) mode presents a slighter mean temperature in the beginning of the night, as expected from the radiative process
involved during a cloudier situation. The wet season NR-NR and NR-RR temperatures equalize around 04 LT, and from 06
LT, roughly the sunrise time, the raining mode soil temperature becomes a little warmer, since the lower cloud coverage
during the sunrise on the NR-RR mode allows more shortwave radiation to reach the soil. The dry season soil temperatures
present the same pattern between the NR-RR and NR-RR modes, with the NR-RR one being slightly warmer.

In Figure 4 we present the thermodynamic parameters CAPE (convective available potential energy) and CIN (convective
inhibition) using data derived from the nocturnal (20, 02, and 08 LT) radiosondes launched at T3. The boxplots were
constructed to display the minimum, lower quartile, median, upper quartile, and maximum values. The wet season CAPE
results (upper-left panel) display a reduction of the potential energy from 20 to 02 LT during the NR-NR transition (grey
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boxes), while the NR-RR mode results (blue boxes) are practically the same for these two measurements. This CAPE
reducing between the two first observations can be explained by the energy consumption by convection, since the cloudier
period is found between 22 and 02 LT during the NR-NR transition. The NR-NR 20 LT CAPE is the highest one, leading to
an increase of the cloud coverage, which consumes the energy, thus decreasing the CAPE in the next sounding. Between 02
and 08 LT there is an increase of the CAPE for both NR-NR and NR-RR modes during the wet season, probably due to the
surface heating and the increase of the surface temperature after the sunrise. CAPE values are higher for the NR-RR mode
during the 02 and 08 LT soundings. During the 20 LT one, the non-raining mode have a higher upper quartile value and
maximum value, albeit the medians are quasi-identical between the modes. The dry season (upper-right panel) plots show
higher CAPE values during the 08 LT sounding than the wet season, when comparing mode by mode. These results are
compatible with the higher soil temperature observed during the dry season. The energy decrease in the NR-NR mode
between 20 and 02 LT is less pronounced than the one observed in the wet season. The NR-RR changes observed between
20 and 02 LT are subtle: a slightly increase of the upper quartile value and the decreasing of the maximum value. An
explanation for the similarities between the 20 and 02 LT results, for both modes, and their differences in comparison with
the wet season results, is the lower cloud coverage observed during the dry season. The 02 LT sounding values are similar
for the dry and wet seasons, for both NR-NR and NR-RR transitions. The wet season CIN (bottom-left panel) shows that the
convective inhibition is less intense than those observed during the dry season (bottom-right panel), for all times and
transitions. For both seasons the largest inhibitions are displayed during the 02 LT sounding, for the NR-NR mode.

As we move forward in time in our analysis, we will discuss the characteristics of the planetary boundary layer (PBL),
starting with the Ceilometer-derived PBL height, as shown in Figure 5. As expected, the wet season, being the season with
most convective activity overall, presents lower PBL heights, since cloud development implies a lower PBL. During the wet
season, the distinction between the NR-NR and NR-RR transitions begins to appear at 08 LT. The maximum PBL height
(approximately 1000 m) is reached around the local noon for the NR-RR transition, whereas the NR-NR maximum is 500 m
higher and reached 2 hours later. Both height and time differences observed can be explained by the larger convective
development that occurs preceding rainfall in the wet season. With moisture freely available during the wet season, any
condition that favours cloud development such as surface heating or local instabilities can trigger convection, thus lowering
the PBL. Moreover, the rainfall occurrence distribution (Figure 6) shows that the precipitation occurrences are more well-
spread during the day than the dry season distribution, which presents a distinct peak around noon. The dry season observed
PBL heights are higher than the wet season ones, and even the NR-RR mode of the dry season presents a higher PBL than
the wet season NR-NR mode. Not only the low number of NR-RR events (64 during the dry season versus 113 during the
wet season) explains this difference, but the diurnal cycle of the rainfall occurrence during the dry season helps determine
this behaviour.

The ECOR derived Turbulent Kinect Energy (TKE) results (Figure 7) show that the dry season presents higher values of
TKE than the wet season. Clear differences between the wet season modes are observed, with the NR-RR mode having the

higher values of TKE, reaching 1.2 ms? around the local noon. The NR-NR and NR-RR wet season curves show
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significant different values since 06 LT, showing that turbulence is a key factor in triggering deeper clouds and precipitation.
On the other hand, the dry season TKE is similar for both NR-NR and NR-RR modes, indicating that local turbulence does
not play an important role on the precipitating cloud development during the dry season.

With the results presented so far, we cannot explain the dry season precipitation onset based on local factors. The dry season
precipitation characteristics observed during the two years of the GoAmazon experiment (Ghate and Kollias, 2016) indicate
a relationship between large-scale moisture advection and precipitation, as well as local land-atmosphere interactions
triggering the transition from shallow to deep convection. During the wet season surface heating is easily transformed in
surface latent heating, however, the dry season, being much drier, the solar energy is mainly transformed in sensible heating
(Fu and Li, 2004).

To further investigate the influences of local effects versus the influence of the mesoscale pattern, we calculated the mean
field of the GOES 10.4 um brightness temperatures observed over a 10° x 10° box centred at T3 during the nocturnal period.
Furthermore, we calculated the CDF and the PDF of these brightness temperatures, grouped in 3h intervals and separated by
transition type and season.

Figure 8 presents the mean brightness temperature field during the nocturnal period (2000 LT — 0800 LT) observed over a
10° x 10° box centred at T3 (the cross mark in each panel). The differences of the convective activity between NR-NR and
NR-RR transitions during wet and dry seasons are well represented: convection is more intense during the wet season (top
panels), and it is observed around the whole domain. No significative difference is noted between NR-NR and NR-RR days
during the wet season around T3: temperatures below 275 K can be observed in more than 90% of the region for both
transition types. During the dry season the NR-RR transition (bottom left panel) presents warmer temperatures, and values
above 280 K comprehend almost the totality of the region. The NR-RR transition (bottom right panel) presents colder
temperatures, 5 to 10 K lower than the NR-NR transition overall. This result shows that the NR-RR and NR-NR days are
mainly characterized by meso-large scale features than local convective processes.

The mean behaviour observed in Figure 8 can be detailed breaking the observations in fixed time intervals. We present on
Figure 9 the probability distribution and the cumulative distribution function of the GOES-13 10.4 pm brightness
temperatures grouped into 3 h time steps, for the nocturnal period. This analysis helps us to understand the evolution of the
convective systems around our region of study and identify the differences presented between seasons and transitions more
clearly. All distributions presented in Figure 9 are left-skewed unimodal distributions, with peaks between 285 K and 295 K.
Wet season distributions (black lines) are similar for both transition types, for all time intervals analysed. Values observed
for the wet season are generally lower (colder temperatures) than those observed in the dry season, indicating a stronger
convective activity throughout the domain independent of transition type or time interval. Dry season distributions are quite
different during NR-NR and NR-RR events, with a larger incidence of higher values (warmer temperatures) during NR-NR
transitions.

The wet season mean cloud field similarities are even better represented in the CDFs (Figure 10), indicating that the mean

cloud field is similar during the night regardless of precipitation observed during the subsequent day. In other words, the
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mesoscale mean convective characteristics are the same for both transition modes, and the development of precipitating
clouds observed at T3 during the wet season appears to be influenced mostly by local factors, as discussed before. In
contrast, the dry season distributions are quite different: the 25" percentiles of the NR-RR transitions if often reached around
250 K, while for the NR-NR transitions the Q1 value lies around 280 K. The NR-NR CDFs are very similar for all time
intervals, but the differences between them and the NR-RR CDFs increase with time. This indicates that the mean cloud field
is intensified as time passes, and the convection becomes deeper during the night, leading to precipitating clouds in the next
day. The dry season NR-RR curves also show even colder values than both the wet season curves from 23 LT on, which
means that when precipitating convection happens during the dry season it tends to be stronger than the wet season, as
already observed in several studies (lItterly et al., 2016; Tanaka et al., 2014). The difference between the seasons and the
results presented before (with local observations) show that the dry season precipitation is controlled directly by mesoscale

circulation and local effects are neglectable.

5 Conclusions

In this paper we present a new approach on how convection and its transition to precipitation is developed over Central
Amazon. We break down our results based on season — wet and dry — and 2 modes of transition: non-raining nights to non-
raining days and non-raining nights to raining days. It is shown that during the wet season the local influences are the key
effect in the occurrence of rainfall over our region of study. During the dry season mesoscale factors are more important and
dominate the development of the precipitation observed.

The results presented here show that during the wet season the diurnal precipitation is modulated mainly by the cloud
coverage during the night. Since cloud development is associated with vertical motion and moisture availability, and since
during the wet season moisture is freely available, we conclude that the nocturnal vertical motion is responsible for the cloud
development. Therefore, the wet season NR-RR transition has a higher subsidence during the night (from 22 to 04 LT) and
right after the sunrise (from 06 to 10 LT), suppressing cloud formation during the first hours of the morning, which allows
the surface to receive more solar energy. This is corroborated by the soil temperature observations. Since there is enough
moisture available, the heating is transformed in latent heating building convective cells that will precipitate later during the
day. However, in the wet season, nights with dominant upward motion will inhibit convection during the day, because the
clouds formed during the night will reduce solar radiation at the surface during the first hours of the day. If during the wet
season a clear distinction during the night is observed between the NR-NR and NR-RR days, for the dry season no
significant signal is observed. That indicates that the local processes are not the key feature controlling the transition from
shallow convection to rainfall when moisture is scarcer. The convective activity also is on average more intense during the
wet season than the dry season for both types of transitions.

The analysis of the PBL attributes shows that turbulence does not play a major role on the dry season — there is no

distinguishable features between the NR-NR and the NR-RR transitions. On the other hand, the distinction between the
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transitions are clear during the wet season — both the turbulent kinetic energy and PBL heights have different values between
raining and non-raining modes.

The satellite data analysis shows that during the dry season precipitation is observed at T3 during days where cloud activity
is seen throughout all its surroundings during the nights, indicating a mesoscale modulation in the convection for this season.
There is a clear difference in the PDFs and CDFs between the raining modes. On the other hand, wet season brightness
temperatures distributions are similar for NR-NR and NR-RR transitions.

These results show that models and parameterizations must consider different formulations based on the seasonal cycle to
correctly resolve the precipitating convection over central Amazon. A convective parameterization scheme using only local
or small-scale interactions will give poor results during the dry season. On the other hand, larger mass-flux convergence

approaches will not perform well during the wet season, triggering precipitation at wrong times or quantifying it erroneously.
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Figure 1: Visual depiction of the transition modes studied.
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Figure 2: Cloud occurrence and absolute differences between non-raining and raining transitions, for wet and dry seasons.
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Figure 3: Soil temperature as measured by SEBS

15

2



6000

5000

4000

3000

CAPE (J/Kg)

2000

1000

-100

-150

CIN (J/Kg)

-200

-250

-300

Figure 4: CAPE and CIN derived with the radiosondes during the nocturnal period at T3
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Figure 5: Planetary Boundary Layer height derived with the ceilometer
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Figure 7: Turbulent kinetic energy derived with the ECOR
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Figure 8: Mean GOES 10.4 pm brightness temperature fields from 2000 LT to 0800 LT, for dry and wet seasons and NR-NR and
NR-RR transitions. The cross mark represents the T3 position.
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Figure 9: Probability distributions (grouped in 3h groups) of GOES 10.4 pm brightness temperatures, for the wet season and

nocturnal period. Time at each panel is the start time (LT)
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Figure 10: Cumulative distribution functions (grouped in 3h groups) of GOES 10.4 pm brightness temperatures, for the wet
season and nocturnal period. Time at each panel is the start time (LT)
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