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ABSTRACT

The isolation of the Amazon rain forest makes it challenging to observe precipitation forming there, but it

also creates a natural laboratory to study anthropogenic impacts on clouds and precipitation in an otherwise

pristine environment. Observations were collected upwind and downwind of Manaus, Brazil, during the

‘‘Observations and Modeling of the Green Ocean Amazon 2014–2015’’ experiment (GoAmazon2014/5).

Besides aircraft, most of the observations were point measurements made in a spatially heterogeneous en-

vironment, making it hard to distinguish anthropogenic signals from naturally occurring spatial variability. In

this study, 15 years of satellite data are used to examine the spatial and temporal variability of deep convection

around theGoAmazon2014/5 sites using cold cloud tops (infrared brightness temperatures colder than 240K)

as a proxy for deep convection. During the rainy season, convection associated with the inland propagation of

the previous day’s sea-breeze front is in phase with the diurnal cycle of deep convection near Manaus but is

out of phase a few hundred kilometers to the east and west. Convergence between the river breezes and the

easterly trade winds generates afternoon convection up to 10% more frequently (on average ;4mmday21

more intense rainfall) at the GoAmazon2014/5 sites east of the Negro River (T0e, T0t/k, and T1) relative to

the T3 site, which was located west of the river. In general, the annual and diurnal cycles of precipitation

during 2014 were similar to climatological values that are based on satellite data from 2000 to 2013.

1. Introduction and motivation

The Amazon rain forest, one of a small number of

regions of expansive continental deep tropical con-

vection, contributes significantly to Earth’s water cycle

(e.g., Zeng et al. 2012). Latent heat released from

convection over the Amazon is one of the drivers of the

general circulation (Trenberth and Stepaniak 2004).

Because of its remoteness and the sparseness of ob-

servations available there, the processes that determine

the frequency and intensity of deep convection over the

Amazon are inadequately understood and poorly

modeled (Joetzjer et al. 2013; Yin et al. 2013). A variety

of measurements were made during the ‘‘Observations

and Modeling of the Green Ocean Amazon 2014–

2015’’ field campaign (GoAmazon2014/5; Martin et al.

2016). GoAmazon2014/5 was one component of the

broader Cloud Processes of the Main Precipitation

Systems in Brazil: A Contribution to Cloud-Resolving

Modeling and to the Global Precipitation Measurement

(CHUVA) project designed to study precipitation re-

gimes across Brazil (Machado et al. 2014). One of the

primary goals ofGoAmazon2014/5was to understand the
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influence of the large urban city of Manaus, Brazil, on

aerosols, clouds, and precipitation in comparison with the

background values. The city of Manaus, home to over 2

million people (IBGE 2015), is located in the middle

of the Amazon basin where the Negro and Solimões
(alternatively referred to as the Amazon in some

Spanish-speaking countries) Rivers converge to form the

Amazon River.

To quantify the influence of the city on aerosols,

clouds, and precipitation, aircraft observations

and multiple ground-based sites were utilized during

GoAmazon2014/5 to measure the meteorological con-

ditions upwind (typically clean) and downwind (at times

polluted) of Manaus. Remote sensing measurements of

clouds and precipitation along with ground-based me-

teorological and aerosol observations were made by the

U.S. Department of Energy (DOE) Atmospheric Ra-

diation Measurement (ARM) Mobile Facility (AMF;

Mather and Voyles 2013). The AMF was located

roughly 75 km downwind of Manaus at a site designated

as T3 (Fig. 1). The other GoAmazon2014/5 surface sites

(T0a, T0e, T0t/k, T1, and T2; Fig. 1) consisted of tower-

based measurements within the boundary layer as well

as ground-based measurements of the near-surface

meteorological conditions and aerosols. In addition to

analyzing the aircraft data collected during the two in-

tensive operating periods (IOPs) of the campaign,

comparison between the T1–T3 sites and the T0x sites

(which were generally located to the north and east of

the T1–T3 sites) has the potential to form the basis for

determining the influence of Manaus on clouds, aero-

sols, and precipitation.

One possible complication could be the presence of

naturally occurring spatial variability of deep con-

vection around the GoAmazon2014/5 sites. In this

case, any anthropogenic impacts will be superimposed

on top of this background variability and differences

in observed cloud properties between upwind and

downwind sites may not be solely due to the effects of

anthropogenic aerosols on clouds. Previous work has

shown that the geography around Manaus can affect

the spatial and temporal characteristics of clouds and

precipitation (e.g., dos Santos et al. 2014 and refer-

ences therein). The localized circulations driven by

the rivers influence the spatial distributions of pre-

cipitation (Cutrim et al. 2000; Negri et al. 2002;

Fitzjarrald et al. 2008; Paiva et al. 2011; dos Santos

et al. 2014; Cohen et al. 2014; Tanaka et al. 2014). The

complexity results not only from the circulations

formed by differential heating over the rivers (i.e., dos

Santos et al. 2014), but also the convergence gener-

ated when the zonal easterly trade winds divert me-

ridionally along the Negro River, creating areas of

convergence on the eastern banks and divergence on

the western banks of the river as the diverted flows

interact with the background winds (Silva Dias et al.

2004; Lu et al. 2005). In addition to the variability

associated with the rivers, the convective squall line

generated along the sea-breeze front, which often

forms along the Brazilian coastline in the afternoon in

response to heating over the land, can propagate far

inland overnight and into the next day and could lead

to spatial differences in the phase of the diurnal cycle

of deep convection that may further complicate any

FIG. 1. (a) Height above sea level from a U.S. Geological Survey 3000-resolution elevation

dataset. The locations of the GoAmazon2014/5 sites are indicated by black and white symbols,

and the locations of the four sample sites used for comparison are shown by the colored dots.

The ARMAMF instrument suite was located at the T3 site. (b) Zoom of the area that includes

the 110-km range ring (black circle) for the Manaus SIPAM radar.
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analysis of the variability between the sites (e.g.,

Kousky 1980; Greco et al. 1990; Garstang et al. 1994;

Cohen et al. 1995, 2014; Cutrim et al. 2000; Negri et al.

2000; Janowiak et al. 2005; Fitzjarrald et al. 2008).

The analysis that is presented here evaluates how the

river breezes and the sea-breeze front affect the spatial

and temporal variability of the frequency of deep

convection around the GoAmazon2014/5 sites. This

analysis of the background variability forms a refer-

ence point for future analyses of the anthropogenic

impact of Manaus. Earlier studies describing the spa-

tial variability of precipitation around Manaus mainly

employed spatially sparse rain gauge and surface me-

teorological networks (e.g., Kousky 1980; Cutrim et al.

2000; Angelis et al. 2004; Fitzjarrald et al. 2008; dos

Santos et al. 2014; Tanaka et al. 2014). More recent

studies include satellite- or radar-based analyses of

precipitation variability with limited temporal [e.g.,

Cohen et al. (2014) used 12-h radar composites to

study the spatial variability and diurnal cycle of pre-

cipitation] or spatial [e.g., both Paiva et al. (2011) and

dos Santos et al. (2014) used 0.258 3 0.258 satellite
data] resolutions. These studies may not have fully

resolved the spatial variability and diurnal cycle of

deep convection in the vicinity of the GoAmazon2014/5

sites.

In addition to facilitating an understanding of the

anthropogenic influence of Manaus, the observations

during GoAmazon2014/5 constitute one of the most

extensive datasets ever collected over the Amazon

and one of a few comprehensive datasets from a

continental tropical environment. While not a pri-

mary focus of the GoAmazon2014/5 campaign, some

researchers are using the datasets to evaluate and

improve global climate models, many of which con-

sistently struggle to reproduce the magnitude, timing,

and spatial variability of precipitation across the

Amazon basin (e.g., Joetzjer et al. 2013; Jones and

Carvalho 2013; Yin et al. 2013; Gulizia and Camilloni

2015). While the detailed measurements of the cam-

paign can contribute to addressing these issues, the

Amazon is a vast rain forest and analysis is needed to

consider how representative the GoAmazon2014/5

measurements are of the Amazon basin as a whole. As

with all short-term field campaigns, the temporal rep-

resentativeness of the measurement period also needs

to be assessed. This is particularly true during the two

IOPs, which were designed to collect a more complete

set of measurements that would facilitate detailed

analyses. The two IOPs during GoAmazon2014/5 were

from 1 February to 31 March 2014 (IOP1) and from

15 August to 15 October 2014 (IOP2). These two IOPs

represent the ‘‘wet’’ and ‘‘dry’’ seasons, respectively,

although there is significant rainfall throughout the

year (Rao et al. 1996; Zhou and Lau 1998; Gan et al.

2004; Raia and Cavalcanti 2008).

With these needs in mind, this paper focuses on an

analysis of the spatial and temporal variability of the

background frequency of clouds associated with

deep convection around the GoAmazon2014/5 sites.

Our analysis of the spatial complexity of the diurnal

cycle builds on previous work describing the various

multiscale forcing mechanisms for deep convection

over the Amazon. We use the diurnal cycle to ex-

amine the similarities and differences across the re-

search sites. This approach is appropriate because

the forcing mechanisms that drive the spatial vari-

ability of deep convection have a strong diurnal

component. There are three primary questions for

our analysis:

1) How do the river-driven circulations aroundManaus

and the inland propagation of the sea-breeze front

affect the diurnal cycle of deep convection around

the GoAmazon2014/5 sites?

2) Are the characteristics of the diurnal cycle of deep

convection at the GoAmazon2014/5 sites similar to

those at other locations in the Amazon basin?

3) Was 2014, the principal year of the field campaign

and the year of the two IOPs, a representative year

for studying deep convection in the Amazon?

We examine the GoAmazon2014/5 site locations to

characterize the naturally occurring spatial variability of

deep convection in the study region. This baseline con-

text of natural conditions can form the basis for future

studies that focus on anthropogenic perturbations.

2. Data and methods

Our analysis is primarily built on a 15-year geostationary-

satellite climatological dataset (hereinafter ‘‘climatology’’)

of the frequency of clouds associated with deep con-

vection. For the Amazon, more than 70% of the total

rainfall comes from convective precipitation (Biasutti

and Yuter 2013, their Fig. 15). We use cold cloud tops

as a proxy for the presence of clouds associated with

deep convection. Satellite-based measurements

provide a spatially complete dataset across the entire

Amazon basin that facilitates comparison among

multiple locations. We use geostationary-satellite data

because the rapid update time (30min in our case) al-

lows for a more detailed analysis of the phase of the

diurnal cycle relative to datasets collected on a processing

low-orbital platform. We focus primarily on deep-

convection frequency for two reasons: 1) the retrievals

of precipitation intensity from geostationary satellites are
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relatively more uncertain, and thus we believe that fre-

quency provides amore robustmetric [see, e.g., Joyce et al.

(2004) and Janowiak et al. (2005) and references therein],

and 2) the climatology of precipitation accumulation is

dominated by variations in precipitation frequency rather

than intensity (Dai 2001; Schumacher and Houze 2006;

Zipser et al. 2006; Biasutti et al. 2012; Biasutti and

Yuter 2013).

The satellite data analyzed are the 11.5-mm infrared

(IR) brightness temperature (Tb) measurements

packaged as the Global IR Dataset, a NASA Tropical

Rainfall Measuring Mission (TRMM) ancillary dataset

from the Climate Prediction Center of the National

Centers for Environmental Prediction and the Na-

tional Weather Service (Janowiak et al. 2001). The

primary geostationary satellite making IR Tb mea-

surements over the Amazon is the Geostationary Op-

erational Environmental Satellites-East (GOES-East;

Janowiak et al. 2001, their Fig. 1). The native temporal

and spatial resolutions of the Global IR Dataset are

30min and 4 km 3 4 km, respectively. Because our

concern is with the spatial and temporal variability of

deep convection, we use the IR Tb data to look for

the presence of clouds associated with deep convec-

tion in each 30-min scene. We use cloud tops with IR

Tb , 240K as a proxy for deep convection. This

threshold was also used by Hohenegger and Stevens

(2013) to identify the onset of deep convection in a

similar near-equatorial domain and is close to the

235-K threshold used by Laurent et al. (2002) and the

245-K threshold used by Machado et al. (1998) to

identify deep convective cloud systems over the

Amazon. Our threshold is 20K warmer than the 220-K

threshold used to track mesoscale convective com-

plexes over the Amazon by Ferreira et al. (2003). In

contrast, Anagnostou et al. (1999) used a warmer

temperature threshold of 253K and a more compli-

cated texture-based algorithm to separate convective

and stratiform rainfall over the Amazon. A simple

threshold of 240K is adequate since we are primarily

concerned with the presence or absence of clouds as-

sociated with deep convection rather than separating

convective from stratiform rainfall or tracking indi-

vidual convective cells in time. Although computed for

the central United States, Feng et al. (2011, their Fig. 4)

showed that roughly 75% of the total radar-estimated

summertime rainfall comes from clouds with IR bright-

ness temperatures colder than 240K.

We first create a binary mask of pixels colder than

240K and then aggregate the masks in time to calcu-

late the frequency of IR Tb , 240K on a variety

of time scales. We refer to the frequency of IR Tb ,
240K alternatively as the frequency of deep convection

or the frequency of clouds associated with deep convec-

tion. Although the retrieved frequency of clouds associ-

ated with deep convection will shift higher or lower

depending on the threshold used, the spatial patterns

captured in the frequencymaps are generally robust for a

range of threshold values (Fig. 2). We minimize the

impact of the choice of IR Tb threshold on our con-

clusions by interpreting the data in terms of the relative

frequency rather than the absolute frequency of deep

convective clouds.

We use data from 2000 to 2014, and our analysis

is based on diurnal composites in 1-h local time

(LT) intervals for December–February (DJF), March–

May (MAM), June–August (JJA), and September–

November (SON). The annual cycle of precipitation

in the Amazon basin is characterized by the driest

season occurring during JJA, a transition from the dry

season to the wet season during SON, the wettest sea-

son occurring during DJF, and a transition from the wet

to the dry season during MAM (Rao et al. 1996; Zhou

and Lau 1998; Gan et al. 2004; Raia and Cavalcanti

2008).We define the wet season asDecember–May. Up

to 65% of the total annual rainfall in the central Am-

azon basin occurs during these six months (Rao et al.

1996, their Fig. 1). Separating the data seasonally al-

lows us to capture seasonal variations in the amplitude

and phase of the diurnal cycle. On average, each 1-h

seasonal composite is made up of roughly 2300 scenes

lasting 30min. The large sample size in each 1-h win-

dow ensures that whatever signals are present in our

analysis are robust. Local time is computed at each

individual 4 km 3 4 km pixel to minimize the spatial

gradients in time across the domain. On occasion, this

leads to small linear discontinuities because pixels from

adjacent longitudes may be separated into different LT

bins (see, e.g., the discontinuities at 608W in Fig. 12,

described in detail below). These discontinuities do not

affect our analysis or conclusions.

To add weight to our conclusions drawn from the IR

Tb deep-convection proxy, we evaluated the key pat-

terns to be discussed later using the TRMM 3B42 pre-

cipitation dataset (Huffman et al. 2007). TRMM 3B42

provides a 0.258 3 0.258 spatial resolution estimate of the

3-hourly mean rain rate generated using a combination

of the TRMM instrument suite and geostationary-

satellite precipitation retrievals from multispectral pas-

sive microwave and IR measurements. While the

TRMM 3B42 dataset is not completely independent of

the frequency composites for IR Tb , 240K (because

TRMM 3B42 ingests IR Tb measurements from the

geostationary satellites), the differences in our process-

ing of the two datasets provide some degree of in-

dependent confirmation for our results. We use TRMM
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3B42 data from 2000 to 2014. All of the patterns found in

our analysis of the Global IRDataset are also present in

the TRMM 3B42 dataset, albeit with minor differences

primarily associated with discrepancies in the spatial and

temporal resolution between the two datasets.

During GoAmazon2014/5, our Brazilian collabora-

tors made available a limited amount of data from the

Brazilian Amazonian Protection System (SIPAM)

S-band (10-cm wavelength) radar near Manaus. At the

time of this study we were able to obtain 17 months of

data spanning from January 2014 through May 2015.

The Manaus SIPAM radar has a 1.78 beamwidth and

completes a volume scan consisting of 17 sweeps (ele-

vation angles ranging from 0.98 to 198) every 12min. The

radial data were gridded onto a Cartesian grid with

2 km 3 2 km 3 0.5 km resolution (in the x, y, and z di-

mensions). Calibration of the SIPAM radar data was

performed on the basis of comparison with TRMM

Precipitation Radar data and monitoring ground-clutter

values (A. Funk and C. Schumacher 2016, personal

communication). Our analysis of the SIPAM radar data

is based on a rainfall retrieval that converts the mea-

sured radar reflectivities at a constant 2.5-km height

above the surface into an estimate of rain rate

following a relation between reflectivity and rain rate

(Z–R) in whichZ5 174.8R1.56. As with all radar-derived

rain products, there is considerable uncertainty in these

retrievals, and thus we base our interpretation on the

relative variability of the rain rate as opposed to the

absolute values. We limit the use of SIPAM rain-rate

estimates within ;110km radius from the radar. To

reduce the noise in the SIPAM dataset, we computed

the seasonal mean rain rate in 3-h windows across the

diurnal cycle as opposed to 1-h windows with the IR

Tb, 240K frequencies. The size of theManaus SIPAM

radar sampling area (;38000km2) relative to the vastness

of the Amazon basin (estimated at over 6.8 million km2)

provides a clear rationale for our satellite-based climato-

logical analysis. Without a broad-view satellite-based

reference point with which to compare, it is challenging to

understand the representativeness of the temporally and

spatially constrained SIPAM dataset.

One approach that we employ to illustrate the simi-

larity between the GoAmazon2014/5 sites and other

locations in the Amazon basin is to compare the diurnal

cycle of IR Tb , 240 K frequency at multiple loca-

tions across the Amazon basin in addition to the

GoAmazon2014/5 sites. Four additional locations (col-

ored dots in Fig. 1a) were chosen to provide context for

the GoAmazon2014/5 sites. We refer to the four com-

parative locations as the northern, eastern, southern,

and western samples. All four comparison locations are

FIG. 2. Mean frequency of IR Tb colder than (left) 245, (center) 240, and (right) 235K during (top) IOP1 (1 Feb–

31 Mar 2014) and (bottom) IOP2 (15 Aug–15 Oct 2014). The locations of the GoAmazon2014/5 sites use the same

formatting as in Fig. 1a.
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at an elevation that is similar to that of the T3 site, and

the eastern and western samples are at a position along a

river that is similar to that of the T3 site. The northern

and southern samples are 62.58 latitude (;275 km)

away from the T3 site, and the eastern and western

samples are 658 longitude (;555km) from the T3 site.

Aside from these constraints, the positions of the four

sites were essentially chosen arbitrarily, and our results

are not sensitive to the exact location of the comparison

samples. A comparison of the IR Tb , 240K diurnal

cycle at these different locations can be imagined as a

thought experiment. If the GoAmazon2014/5 sites or

aircraft flights were at a different location within the

Amazon basin, how might the diurnal cycle of deep

convection observed at the sites possibly have been

different? This question can best be answered using a

satellite-based dataset that has homogenous sampling

across the entire Amazon basin.

3. Results

a. General characteristics of the diurnal cycle

A robust diurnal cycle of deep convective frequency

can be seen in all seasons, albeit with variations in the

amplitude and timing of the diurnal maximum and

minimum frequencies (Figs. 3–5). The spatial vari-

ability of the diurnal cycle can be most clearly seen in

movies for each season, which are included in the on-

line supplement to this article (Figs. S1–S4). Some

common elements are observed across the inland

Amazon basin. In general, the frequency of clouds

associated with deep convection begins to increase

from 0900 to 1200 LT and maximizes across much of

the Amazon basin between 1500 and 1800 LT (Fig. 3;

see also supplemental Figs. S1–S4). Exceptions to this

afternoon peak occur along the Amazon River east of

the GoAmazon2014/5 sites and in areas of elevated

terrain. The afternoon increase in the frequency of

deep convection is driven by the radiatively forced di-

urnal cycles of surface heating, evapotranspiration, and

low-level instability (Martin et al. 1988; Betts et al.

2002; dos Santos et al. 2014). Over and alongside the

rivers, these favorable conditions are short circuited by

temperature-driven divergent flows, which induce

subsidence over water in the afternoon (Cutrim et al.

2000; Fitzjarrald et al. 2008; Paiva et al. 2011; Cohen

et al. 2014; dos Santos et al. 2014). The impact of these

circulations will be discussed in more detail in section

3c. The time of minimum IR Tb , 240K frequency is

more spatially variable compared than is the time of

maximum frequency (Fig. 4). During the rainy season,

the areas around the GoAmazon2014/5 sites have a

minimum frequency in the early-morning hours.

Across most of the rest of the domain the minimum IR

TB , 240K frequency occurs between sunrise and

FIG. 3. Local time window of the maximum frequency of IR Tb , 240K during each season. The locations of the

GoAmazon2014/5 sites use the same formatting as in Fig. 1a.
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noon. The amplitude of the IRTb, 240K diurnal cycle

varies widely among the seasons and by location across

the Amazon basin (Fig. 5). Of interest is that regions

with a smaller-amplitude diurnal cycle are the same areas

over which the frequency of convection maximizes

overnight (e.g., cf. Fig. 3 with Fig. 5). Much of the vari-

ability in the amplitude of the diurnal cycle is related to

spatially varying forcing mechanisms responsible for

FIG. 4. As in Fig. 3, but for the minimum frequency.

FIG. 5. Amplitude of the frequency of the diurnal cycle of IR brightness temperatures colder than 240K (IRTb,
240K) during each season. The amplitude is calculated as the difference between the maximum and the minimum

frequency at any time of day.
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initiating convection. Two specific mechanisms, the inland

propagation of the squall line formed by the sea-breeze

front and river-driven circulations,will be discussed in detail

in sections 3b and 3c.

b. Inland propagation of the sea-breeze front

The movies from DJF and MAM illustrate the clear

inland propagation of a line of deep convection origi-

nally associated with the sea-breeze front (Fig. 6; see

also supplemental Figs. S1 and S2). The sea-breeze

front frequently forms along the coastline in the af-

ternoon as a result of stronger heating over land

than over the adjacent water. Although the convection

propagates as a squall line, we will refer to it as the sea-

breeze front since this is the initial forcing mechanism

that leads to the linear structure of the convection. The

inland propagation of the sea-breeze front [alterna-

tively called the Amazon coastal squall line (ACSL)]

appears to have been first noted by Kousky (1980) and

has been discussed in numerous papers since then (e.g.,

Garstang et al. 1990, 1994; Cohen et al. 1995, 2014;

Cutrim et al. 2000; Negri et al. 2000; Angelis et al. 2004;

Janowiak et al. 2005; Fitzjarrald et al. 2008). Greco

et al. (1990, their Table 1) showed that up to 40% of the

total rain accumulation at four rain gauge sites north of

Manaus could be attributed to mesoscale convective

systems originating along the Brazilian coastline.

Although the inland propagation of the sea-breeze

front does not occur every day, it occurs often enough

for the signal to clearly appear in our 15-year com-

posite climatology. With respect to the sea-breeze

front, we set out to answer two questions: 1) How

does the sea-breeze front impact the diurnal cycle of

deep convection around the GoAmazon2014/5 sites?

2) How does the sea-breeze front impact the correla-

tion between the diurnal cycle at the GoAmazon2014/5

sites and other locations in the Amazon basin? A ma-

jority of the previous analyses of the sea-breeze front

have been based on satellite case studies of individual

sea-breeze events or rain gauge data (e.g., Kousky 1980;

Garstang et al. 1990; Greco et al. 1990; Cohen et al. 1995,

Cutrim et al. 2000; Angelis et al. 2004; Fitzjarrald et al.

2008). Our 15-year composite satellite climatology

allows us to identify specific spatial features that may

be unresolved in rain gauge datasets and temporal

variability that may be unresolved in studies that are

based on sun-synchronous rather than geostationary-

satellite data.

The impact of the sea-breeze front can be seen by

comparing the IR Tb , 240K diurnal cycle at the T3

site and the four sample sites we use for comparison

(Fig. 7). The variability is pronounced during the wet

season. In both DJF and MAM the sea-breeze front,

which can be seen as a coherent linear feature of

FIG. 6. Mean frequency of IR Tb , 240K in 1-h windows across the diurnal cycle during MAM. The approximate leading edge of the

sea-breeze front is indicated by the dashed black line; LT for each 1-h window is indicated at the top left of each box. The locations of the

GoAmazon2014/5 sites use the same formatting as in Fig. 1a.
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enhanced IR Tb , 240K frequency, first appears on-

shore between 1200 and 1300 LT (Fig. 6f; see also

supplemental Figs. S1 and S2). By 1800 LT the con-

vection associated with the sea-breeze front has moved

several hundred kilometers onshore and generally

stretches from 58N to 58S (Fig. 6h). After 1800 LT the

front continues to move inland with a motion that is

generally west-southwesterly during DJF and more

westerly during MAM (Figs. 6a–f; see also supple-

mental Figs. S1 and S2). Convection associated with the

sea-breeze front passes the location of our eastern

sample between 0000 and 0600 LT (Figs. 6b,c and 7a,b).

This creates a distinct nocturnal peak in IR Tb ,
240K frequency at our eastern sample (blue lines in

Figs. 7a,b). This nocturnal peak in the frequency of

deep convection upwind of Manaus was observed in

rain gauge data collected near Santarém, Brazil (lo-

cated at;558W, which is roughly the same longitude as

our eastern sample), by Cohen et al. (1995, 2014) and

Fitzjarrald et al. (2008). In contrast to the eastern

sample, because it takes the sea-breeze front longer to

reach Manaus and the GoAmazon2014/5 sites, the

convection associated with this propagating signal is

generally in phase with the solar-forced diurnal cycle of

convection at the GoAmazon2014/5 sites. This leads

to a single afternoon peak in IR Tb , 240K fre-

quency at the T3 site (black lines in Figs. 7a,b). Our

finding that the previous day’s sea-breeze front ar-

rives at the GoAmazon2014/5 sites in phase with the

background diurnal cycle is consistent with previous

studies (Harriss et al. 1990; Garstang et al. 1994;

Cutrim et al. 2000; Angelis et al. 2004). The arrival of

the sea-breeze front is not captured in the Manaus

SIPAM dataset because of the relatively small sam-

pling domain of the radar and the fact that the front

arrives in phase with the background diurnal cycle.

This provides a compelling justification for using a satel-

lite climatology to resolve the large-scale forcing mecha-

nisms that drive the variability of the diurnal cycle of

convection observed at the GoAmazon2014/5 sites.

Downwind of the T3 site the propagating convection ar-

rives after the peak of the background diurnal cycle and

acts to extend daytime convection into the late-night and

early-morning hours (green lines in Figs. 7a,b). This may

be due to a combination of the continuing propagation

of the sea-breeze front as well as new convection forming

in the confluence region aroundManaus and propagating

downwind. Rickenbach (2004) described several case

studies in which the sea-breeze front propagated all

the way across the Amazon basin into southwestern

FIG. 7. Diurnal cycle of themean frequency of IR Tb, 240K during each season at the T3 site (black) and the four

sites used for comparison (Fig. 1a); LT proceeds clockwise around each circle, and the frequency of IR Tb, 240K is

indicated by the distance from the center of the plot.
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Amazonia 36 h after it initially formed along the Bra-

zilian coastline.

A comparison of the T3 site with other locations along

the Amazon River illustrates that the wet-season diurnal

cycle of deep convection in the Amazon involves a su-

perposition of the radiatively forced diurnal cycle and the

lateral translation of the sea-breeze front. In different

places along the Amazon River these two forcing mech-

anisms are either in or out of phasewith each other. These

patterns are apparent in Hovmöller diagrams of the di-

urnal cycle of IR Tb , 240K frequency (Fig. 8). The in-

land propagation of the sea-breeze front during DJF and

MAM can be seen as the westward-moving band of en-

hanced IR Tb , 240K frequency that originates east of

548W in the afternoon and arrives at the T3 site the fol-

lowing afternoon (Figs. 8a,b). Using the Hovmöller dia-
grams, we can estimate the phase speed of the convection

associated with the propagating sea-breeze front as being

roughly 0.4–0.58h21 (;45–55kmh21). This value is con-

sistent between DJF andMAM and agrees with previous

estimates of ;50–60kmh21 from case studies of the

ACSL (Garstang et al. 1990, 1994; Cohen et al. 1995).

The inland propagation of the sea-breeze front and its

phasing with respect to the background diurnal cycle are

an important factor for interpreting the diurnal cycles

observed at the GoAmazon2014/5 sites. When it does

occur, on average the sea-breeze front would arrive at

the T0e, T0t/k, T1, T2, and T3 sites within an hour of

each other, but the T0a site would observe the deep

convection from the sea-breeze front earlier in the day

than would the T3 site. Furthermore, the movies show-

ing the propagation of the sea-breeze front indicate that

it gradually becomes confined to the area immediately

around the Amazon River in the midmorning hours

(Figs. 6d–f; see also supplemental Figs. S1 and S2). One

theory behind this narrowing of the front is that the

convection is channeled by gradients in elevation along

the river valley (Fitzjarrald et al. 2008; Cohen et al.

2014). The narrowing of the front means that, while the

composite IR Tb, 240K frequency maps show the sea-

breeze front impacting all of theGoAmazon2014/5 sites,

on any given day that the sea-breeze front propagates

inland the T0a site, which is typically expected to rep-

resent cleaner aerosol conditions, might naturally ex-

perience earlier or less convection from the residual

front than might the other GoAmazon2014/5 sites. For

example, the small secondary peak in convection from

0600 to 0900 LT at the T0a site in DJF (Fig. 10a, de-

scribed below) may be due to the passage of the sea-

breeze front.

The timing and spatial extent of the sea-breeze front

could lead to differences in the frequency of deep

FIG. 8. Hovmöller diagrams showing the diurnal cycle (y axes) of the frequency of IR Tb, 240K as a function of

longitude (x axes) during each season. The approximate bounds of the sea-breeze front during DJF and MAM are

shown by the diagonal gray lines. The locations of the T3 site and the eastern and western sites used for comparison

with T3 are indicated by the black, blue, and green lines, respectively. Frequencies are averaged in 0.258 longitude
bins from 4.28 to 2.28S (roughly 618 latitude from the T3 site).
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convection between the T3 and T0a sites that arise

purely from differences in location with respect to

the Amazon River and Brazilian coastline. The distinct

in- and out-of-phase elements resulting from the in-

teractions between the sea-breeze front and the back-

ground diurnal cycle also mean that the wet-season

diurnal cycle observed at the GoAmazon2014/5 sites

has a different phase than does the diurnal cycle at other

longitudes a few hundred kilometers away along the

Amazon River (e.g., the two east-to-west hypothetical

sites used in our comparative analysis). In other words,

had the GoAmazon2014/5 sites been located at a dif-

ferent longitude along the Amazon River the phase of

the diurnal cycle of deep convection they observed

would be expected to have been significantly different.

c. Spatial variability driven by river circulations

We showed in the previous section that the position

of the GoAmazon2014/5 sites with respect to the dis-

tance from the coast can impact the timing of the

diurnal cycle of deep convection that occurs over

the sites. In a similar way, the location of the sites in

the confluence region near Manaus can also impact the

frequency and timing of deep convection occurring

around the sites. Previous work has demonstrated that

the Amazon River has a suppressing effect on daytime

convection because of the divergence and subsequent

subsidence from the thermally direct circulations as-

sociated with differential heating over the river

(Garstang et al. 1990; de Oliveira and Fitzjarrald 1993;

Cutrim et al. 2000; Angelis et al. 2004; Fitzjarrald et al.

2008; Adams et al. 2011; Paiva et al. 2011; Cohen et al.

2014; dos Santos et al. 2014). The daytime suppression

of convection over the Amazon River is an easily

identifiable feature in the map-view plots of afternoon

IR Tb, 240K frequency (Figs. 6g, 6h, and 9b; see also

supplemental Figs. S1 and S2). Much of the previous

work investigating river influences on convection has

relied on rain gauge networks (Garstang et al. 1990;

Cutrim et al. 2000; Angelis et al. 2004; Fitzjarrald et al.

2008; Adams et al. 2011) and on satellite data at a 0.258
or coarser resolution (Paiva et al. 2011; dos Santos

et al. 2014). Cohen et al. (2014) used three years of

composite radar-derived rainfall maps to study the

impacts of the river circulations in the Amazon–

Tapajós confluence region. Because their radar do-

main was several hundred kilometers to the east of the

GoAmazon2014/5 sites and the spatial configuration of

the rivers in the Amazon–Tapajós confluence region is

different than in the Negro–Solimões–Amazon con-

fluence region, it is not clear how relevant their results

are for understanding river impacts on the GoAma-

zon2014/5 sites. With respect to the GoAmazon2014/5

measurements, we ask whether the position of the sites

with respect to the rivers affects the frequency or

timing of convection that they observed.

The suppression of deep convection over the Am-

azon River becomes apparent after 1200 LT and ex-

tends until 2100 LT, at which point the afternoon

convection diminishes everywhere and a comparable

frequency is observed over the river and the sur-

rounding areas to the north and south (Fig. 6; see also

supplemental Figs. S1 and S2). During the peak of the

afternoon convection, the width of the suppression

area extends roughly 50 km away from the Amazon

River (Fig. 9b). This distance is consistent with the

25–50-km rain gauge–based estimates found in the

literature for the Amazon River (Fitzjarrald et al.

2008; Cohen et al. 2014; dos Santos et al. 2014). There

is a clear suppression of afternoon convection over the

Amazon River, but the smaller north–south-oriented

tributaries branching off the main Amazon channel

have a different impact. In agreement with previous

work, Fig. 9b shows that these smaller rivers typically

have enhanced IR Tb , 240K frequency on their

eastern shorelines and a slight suppression over the

river and on the western shores (Silva Dias et al. 2004;

Lu et al. 2005; dos Santos et al. 2014); dos Santos et al.

(2014) attributed these patterns to alternating areas

of convergence and divergence as the river-induced

thermal circulations interact with the background

easterly trade winds. The western-shoreline diver-

gence signal is likely counteracted to some degree by a

slight mechanical lifting from convergence as winds

flowing over the low-friction rivers are slowed by

friction as they return to the downwind shoreline (Lu

et al. 2005).

These east–west gradients in the frequency of deep

convection have a large impact on the variability

among the GoAmazon2014/5 sites. The sites straddle

the Negro River, which is oriented from northwest to

southeast in the confluence region (Fig. 1b). Daytime

convergence on the eastern shore of the Negro River

and divergence on the western shore lead to up to 10%

more frequent afternoon deep convection at the T0e,

T0t/k, and T1 sites than at the T3 site in every season

except DJF (Figs. 9b, 9c and 10b–d). A similar pattern

of enhanced rain rate east of the Negro River is ob-

served in the Manaus SIPAM data for MAM during

2014–15 (Fig. 11). The mean afternoon rain rate east of

the river is on average 4mmday21 larger than the

areas west of the river (Table 1). This result can also be

inferred from the TRMM precipitation maps in dos

Santos et al. (2014, their Fig. 7). With respect to the

GoAmazon2014/5 sites, the enhancement of convec-

tion east of the Negro River contributes to a 21%
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relative enhancement in afternoon IR Tb , 240K

frequency at the T0t/k sites when compared with the

T3 site and a 36% relative enhancement in the mean

afternoon rain rates observed by the Manaus SIPAM

radar (Table 1). While clearly impacting the mean rain

rate and the maximum frequency of clouds associated

with deep convection, these localized river effects do

not appear to drastically change the phase of the di-

urnal cycle at the GoAmazon2014/5 sites (Figs. 3, 4,

and 10). The enhancement of deep-convection fre-

quency at the GoAmazon2014/5 sites east of the Negro

River adds further evidence that the background spa-

tial variability needs to be accounted for when com-

paring measurements made at the T3 site with the

measurements made at the T0e, T0t/k, and T1 sites.

For example, differences in cloud properties and pre-

cipitation among these sites may be more due to nat-

ural dynamic and thermodynamic effects than to the

anthropogenic aerosol effects associated with Manaus

emissions. The fact that there are coherent east–west

spatial patterns of convection frequency across all of

the north–south-oriented tributaries in the Amazon

basin (Fig. 9) adds further support that the afternoon

differences between the GoAmazon2014/5 sites are

not a phenomenon specific to the Manaus confluence

region.

d. Similarity between the GoAmazon2014/5 sites and
other locations in the basin

One of the goals of our analysis has been to assess the

similarities between the diurnal cycle of deep-

convection frequency at the GoAmazon2014/5 sites

and other locations across the Amazon basin. One final

way to approach this is to calculate the correlations

between the diurnal cycle of IR Tb , 240K frequency

at the T3 site, where the most extensive measurements

of clouds and precipitation were made, and all other

locations within the Amazon basin. Seasonal maps of

FIG. 9. (a) Zoomed-in elevationmap using the same dataset as in Fig. 1. (b) Themean frequency of IR Tb, 240K from 1700 to 1800 LT

during MAM. (c) A zoomed-in version of (b) using the same domain as in Fig. 11, below. The locations of the GoAmazon2014/5 sites use

the same formatting as in Fig. 1a, and outlines of the rivers are shown by the black lines. The 110-km-range ring for the Brazilian SIPAM

radar is indicated by the black circle.
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these correlations are shown in Fig. 12. The correlation

of the diurnal cycle between two points largely reflects

differences in phase because the correlations are in-

herently insensitive to differences in the amplitude of

the diurnal cycle.

The correlation maps reflect many of the spatially

varying effects discussed in sections 3b and 3c. Correla-

tions with the T3 site during DJF and MAM are lower in

areas where the sea-breeze front is out of phase with the

background diurnal cycle. This is apparent to the east of

the T3 site and near our eastern sample, where the sea-

breeze front passes in themiddle of the night (Figs. 12a,b).

In a similar way, correlations drop off quickly downwind

of the T3 site where the sea-breeze front acts to extend

convection even after the sun has set. In terms of the

GoAmazon2014/5 sites, during DJF and MAM the T0a

site sits near the edge of the region with strong correla-

tions with the diurnal cycle at the T3 site (Figs. 12a,b).

Correlations are generally higher across the domain

during the dry season (Figs. 12c,d). This is consistent with

Figs. 7c and 7d, where there are similar albeit smaller-

amplitude diurnal cycles at the T3 site and each of our

four comparison locations distributed across the Amazon

basin. Correlations with the T3 site are lower in regions of

elevated terrain during all seasons.

e. Representativeness of the 2014 annual and diurnal
cycles

The final question we set out to answer is to what extent

precipitation around the GoAmazon2014/5 sites in 2014

overall and during the two IOPS in particular was repre-

sentative of the climatological patterns. In other words,

were the frequency of deep convection, themean rain rate,

and the phase of the diurnal cycle during the field cam-

paign characteristic of the long-term climatology or was

2014 an outlier year in these respects? To answer this

question, we compared the 2014 satellite data with the

2000–13 distributions of precipitation frequency and in-

tensity using both the IR Tb , 240K frequency dataset

and the TRMM 3B42 retrievals. Both datasets are avail-

able from 2000 to 2014, meaning that we have 14 years of

‘‘context’’ for the 2014 measurements. In Table 2 and

Figs. 13 and 14,we show the 2014 annual anddiurnal cycles

of precipitation in comparison with the 2000–13 distribu-

tions. The diurnal cycle comparison focuses on the two

IOP periods. For this analysis we averaged the frequency

FIG. 10. Diurnal cycle of themean frequency of IRTb, 240K during each season at the T0a (blue), T0t/k (red), T1

(magenta), and T3 (black) sites (locations are shown in Fig. 1b); LT proceeds clockwise around each circle, and the

frequency of IR Tb , 240K is indicated by the distance from the center of the plot.
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and rain-rate estimates within a 28-diameter box centered

on the T3 site to reduce the noise in the distributions. Our

results are not sensitive to this choice of averaging box

size (not shown).

In general, the 2014 annual cycle of IR Tb , 240K

frequency fell within the 2000–13 climatological distribu-

tion (Fig. 13a). The only exception was the month of

September, during IOP2, during which the monthly mean

frequency of IR Tb , 240K was below the 5th percentile

of the 2000–13 distribution. The TRMM 3B42 pre-

cipitation frequency was also below the 5th percentile

during September 2014 (Fig. 13b). The monthly mean

TRMM precipitation frequency during March, the second

half of IOP1, was above the 75th percentile of the 2000–13

distributionwhile themonthlymeanTRMM3B42 rain rate

was near the 95th percentile (Figs. 13b,c). Closer analysis of

the ground-based scanning precipitation radar data made

available during the field campaign shows that rain accu-

mulation during March was impacted by six–eight intense

storms that tended to pass the T3 site in the early-morning

hours (not shown). The annual mean IR Tb , 240K fre-

quency was 3.4% lower in 2014 relative to the mean value

from 2000 to 2013 while the annual mean TRMM rain rate

was 25.0% higher (Table 2). In spatial terms, the pre-

cipitation anomaly during March 2014 was positive over

most of the Amazon basin but is largest over the GoAma-

zon2014/5 sites (not shown). Martin et al. (2016) discusses

the synoptic conditions associated with these anomalies.

FIG. 11. Mean rain rate from the Brazilian SIPAM S-band radar in 3-h windows across the

diurnal cycle during MAM; LT for each 3-h window is indicated at the top of each box. The

locations of the GoAmazon2014/5 sites use the same formatting as in Fig. 1a. The averaging

boxes around the T3 and T0t/k sites were used to construct Table 1. Areas where the radar

beam is blocked by nearby objects are masked out.

TABLE 1. MAMmean frequency of IR Tb colder than 240K (IR Tb, 240K) and mean SIPAM rain rate averaged across the diurnal

cycle and from 1200 to 1800 LT at the T3 and T0t/k sites, as well as the relative difference between the two sites. Data were averaged in

a 0.258 latitude3 0.408 longitude box containing each site (Fig. 11). The IRTb, 240K data are averaged over allMAMperiods from 2000

to 2014, and the SIPAM data are averaged for MAM 2014–15.

T3 site: IR

Tb , 240K

frequency

for 2000–14 (%)

T0t/k site: IR

Tb , 240K

frequency

for 2000–14 (%)

T0t/k 2 T3

relative diff (%)

T3 site: SIPAM

rain rate for

2014–15 (mmday21)

T0t/k site: SIPAM

rain rate for

2014–15 (mmday21)

T0t/k 2 T3

relative

diff (%)

Diurnal avg 18.8 20.1 16.9 7.64 7.96 14.2

1200–1800 LT avg 29.1 35.2 121.0 10.83 14.75 136.2
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One focus area for several investigators analyzing the

GoAmazon2014/5 IOP datasets is the diurnal cycle of

clouds and precipitation. The diurnal cycle is important

because there are common model biases related to the

timing and amplitude of the diurnal cycle of clouds and

precipitation in both general circulationmodels and cloud-

resolvingmodels (e.g., Arakawa andKitoh 2005; Dai 2006;

Wang et al. 2007; Sato et al. 2009). During the IOPs, five

radiosonde measurements were made per day so as to

better resolve the diurnal variability of the atmosphere.

Because of this focus on the diurnal cycle during the IOPs,

itmakes sense to askwhether the diurnal cycles of IRTb,
240K frequency observed during the GoAmazon2014/5

IOPs were representative. We show the hourly mean IR

Tb , 240K frequency during each IOP in Fig. 14. The

limited (3h) temporal resolution of the TRMM 3B42

dataset makes the IR Tb deep-convection proxy more

suited to evaluating the representativeness of the IOP di-

urnal cycles. The diurnal mean IR Tb , 240K frequency

during the IOP1periodwas enhancedby 8.3%during 2014

relative to the average value from 2000 to 2013, and the

diurnal mean frequency during IOP2 was 16.1% lower

than the climatological value (Table 2). The diurnal mean

TMRM 3B42 rain rate was 40.0% larger than the clima-

tological value during IOP1 and 32.1% larger during

IOP2 (Table 2). The diurnal cycles of the IR Tb, 240K

frequency during both IOPs were broadly representa-

tive of the 2000–13 distributions for the same periods.

Deep-convection frequency around theGoAmazon2014/5

sites begins to increase after 0900 LT and reaches a

diurnal maximum between 1500 and 1800 LT. After

2100 LT the frequency of deep convection holds at a

fairly steady nocturnal value during both IOP periods.

The diurnal peak of convection during the IOP1 period

is broader and occurs earlier in the day than during

the IOP2 period. This may result from the passage of

the sea-breeze front at the T3 site during the wet season.

The IR Tb , 240K frequency from 0000 to 1300 LT

during IOP1 tended to be close to the 75th percentile of

the 2000–13 distribution, indicating slightly more fre-

quent deep convection than normal. During IOP2,

convection from 1600 to 0300 LT tended to be more

suppressed when compared with the 2000–13 distribu-

tion. The variability of the 2000–13 IR Tb , 240K

frequency distributions was generally larger during the

IOP1 period than during the IOP2 time frame.

4. Conclusions

We set out to provide spatial and temporal context for

the point measurements of clouds and precipitation at

the ground sites distributed around Manaus during the

GoAmazon2014/5 field campaign. The observations col-

lected during GoAmazon2014/5 constitute one of the

most comprehensive datasets over the Amazon, but they

are inherently limited in space and time and are thus

FIG. 12. Correlation at each point with the diurnal cycle of the frequency of IRTb, 240K at the T3 site during each

season. The locations of the GoAmazon2014/5 sites use the same formatting as in Fig. 1a.
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subject to representativeness issues. These issues are re-

flected in the spatial noise of the seasonal mean rain-rate

measurements from the Manaus SIPAM radar during the

campaign (Fig. 11) and can be illustrated by comparing the

size of the SIPAM radar domain with the vastness of

the Amazon basin (Fig. 1a). The baseline context of natural

conditions that emerges from our analysis could eventually

form the basis for future studies examining the an-

thropogenic impact of Manaus on aerosols, clouds,

and precipitation. Our science questions were threefold:

1) How do the river-driven circulations around Manaus and

the inland propagation of the sea-breeze front affect the di-

urnal cycle of deep convection around theGoAmazon2014/5

sites? 2) Are the characteristics of the diurnal cycle of

deep convection around the GoAmazon2014/5 sites

similar to other locations in the Amazon basin? 3) Was

2014, the principal year of the field campaign and the

year of the two IOPs, a representative year for studying

deep convection in the Amazon? Answering each of

these questions serves as a critical first step toward

interpreting and generalizing the findings from the

time-limited point measurements made during the field

campaign.

We use the frequency of cold cloud tops (IR Tb ,
240K) as a proxy for deep convection and use the di-

urnal cycle as a lens through which to view the simi-

larities and differences between the sites. Here we list

the three primary results of our analysis:

1) In agreement with previous work, convection as-

sociated with the inland propagation of the sea-

breeze front during the wet season happens to be in

phase with the background diurnal cycle of deep

convection around the GoAmazon2014/5 sites but

FIG. 13. Distributions of the monthly mean (a) frequency of IR Tb, 240K, (b) TRMM 3B42 precipitation frequency, and (c) TRMM

3B42 rain rate. All values are averaged in a 28 box centered on the T3 site. The box plots show the distributions of values from 2000 to 2013,

and the black dots and lines show the 2014 values. In the box plots, the red lines indicate the mean value, the blue boxes indicate the area

between the 25th and 75th percentiles, the black whiskers indicate the area between the 5th and 95th percentiles, and the red crosses

indicate years beyond the 5th or 95th percentiles. The shaded areas indicate the periods of IOP1 and IOP2.
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is out of phase a few hundred kilometers to the east

and west of the field campaign sites (Garstang et al.

1994; Cutrim et al. 2000; Angelis et al. 2004). This

creates a diurnal cycle of IR Tb , 240K frequency

at the GoAmazon2014/5 sites that has only a single

afternoon peak. In contrast, a bimodal diurnal cycle

of convection is observed at a hypothetical compar-

ison site located along the Amazon River but 58 east
of the T3 site.

2) The smaller north–south-oriented tributaries flowing

into theAmazonRiver have patterns of enhanced IR

Tb , 240K frequency on their eastern shores and a

weak suppression over the river and on the down-

wind side (Silva Dias et al. 2004; Lu et al. 2005; dos

Santos et al. 2014). This pattern results in up to a 21%

more frequent occurrence of afternoon deep con-

vection and a 36% higher afternoon rain rate at the

T0t/k sites relative to the T3 site. Any interpretation

of variability between the GoAmazon2014/5 sites

upwind and downwind of Manaus must take into

account the location of the sites with respect to the

Negro and Amazon Rivers.

3) The annual cycles of IR Tb , 240K frequency and

TRMM 3B42 rain rate during 2014 were broadly

representative of the 2000–13 distributions. The di-

urnal mean IR Tb , 240K frequency during the

IOP1 period was 8.3% higher than the mean value

from 2000 to 2013 and was 16.1% lower during IOP2.

The diurnal mean TRMM 3B42 rain rate during

IOP1 was 40.0% higher than the mean value from

2000 to 2013 and 32.1% higher during IOP2.

These findings build on previous work showing that

the frequency of deep convection in the Amazon basin

is spatially heterogeneous, with a number of physical

processes jointly determining the timing and frequency

FIG. 14. Distributions of the hourly mean frequency of IR Tb, 240K during (a) IOP1 (1 Feb–31 Mar 2014) and (b) IOP2 (15 Aug–15

Oct 2014). All values are averaged in a 28 box centered on the T3 site, and time is expressed as LT at the T3 site. The box plots show the

distributions of values from 2000 to 2013, and the black dots and lines show the 2014 values. In the box plots, the red lines indicate themean

value, the blue lines indicate the area between the 25th and 75th percentiles, the black whiskers indicate the area between the 5th and 95th

percentiles, and the red crosses indicate years beyond the 5th or 95th percentiles.

TABLE 2. Mean frequency of IR Tb, 240K and mean TRMM 3B42 rain rate during all of 2014, the GoAmazon2014/5 IOP1 period (1

Feb–31 Mar 2014), and the GoAmazon2014/5 IOP2 period (15 Aug–15 Oct 2014) in comparison with the mean values in the same

windows from 2000 to 2013. All values are averaged in a 28-diameter box centered on the T3 site.

IR Tb , 240K

frequency

2000–13 (%)

IR Tb , 240K

frequency

2014 (%)

Relative

diff (%)

TRMM rain

rate 2000–13

(mmday21)

TRMM rain rate

2014 (mmday21) Relative diff (%)

Annual mean 14.7 14.2 23.4 5.2 6.5 125.0

IOP1 mean 19.3 20.9 18.3 7.5 10.5 140.0

IOP2 mean 11.2 9.4 216.1 2.8 3.7 132.1
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of deep convection (e.g., Kousky 1980; Garstang et al.

1990, 1994; Greco et al. 1990; Cohen et al. 1995, 2014;

Cutrim et al. 2000; Negri et al. 2000; Angelis et al. 2004;

Silva Dias et al. 2004; Janowiak et al. 2005; Lu et al.

2005; Fitzjarrald et al. 2008). Our analysis illustrates

how these spatially varying effects may be aliased onto

the diurnal cycles observed at the field campaign sites.

If the GoAmazon2014/5 sites had been located a few

hundred kilometers to the east or west of their chosen

location, or if they were positioned differently with

respect to the rivers in the Manaus confluence region,

then the diurnal cycle they observed would have likely

had a different phase and amplitude. Within the context

of the GoAmazon2014/5 science questions, this also in-

dicates that data from the T3 site located downwind of

Manaus should be used carefully in comparisons with the

measurements made at the T0a, T0e, T0t/k, T1, and T2

sites, which were located to the east of the Negro River

and, in the case of the T0a site, significantly farther away

from the Amazon River. From a climatological stand-

point, the T0e, T0t/k, and T1 sites experience up to

10% more frequent afternoon deep convection rel-

ative to the T3 site as a result of their position along

the eastern shores of the Negro River as opposed to

the western shore.

The results presented in this paper could also be useful

to those using the GoAmazon2014/5 observations to

evaluate simulations of the diurnal cycle of deep convec-

tion in the Amazon basin. Because the river circulation

patterns affect the diurnal cycle of convection frequency

and, in particular, because of the fact that the GoAma-

zon2014/5 sites are within an area influenced by the Am-

azon, Negro, and Solimões Rivers, the impact of the rivers

on the GoAmazon2014/5 observations should be ac-

counted for when using the field-campaign data to evalu-

ate model performance at other locations away from the

rivers. Furthermore, coarse-resolution simulations may

struggle to represent the details of the river circulations,

which are clearly important for determining the patterns of

precipitation observed at the GoAmazon2014/5 sites.
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