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Abstract 

Convective system tracking was performed using 30-min GOES-13 infrared imagery over 

the Amazon region during 2014 and 2015. A total of 116,701 convective systems were 

identified and statistics on the probability of occurrence of track area, lifetime and system 

velocity were analyzed. Maps of the total and seasonal geographic density of trajectories and 

the geographic density of clusters at genesis, during propagation, and at dissipation were also 

assessed. The mean area and lifetime of the tracked systems was 4 × 104 km2 and 3 hours, 

respectively. The top 10% largest systems had areas > 8 × 104 km2 and the top 10% longest 

lived systems lasted > 7 hr. The geographical distribution of clusters identified on the coast 

and within the Amazon basin varied seasonally and their life cycle tracking showed that they 

are typically distinct from one another (i.e., it is relatively rare for systems to start at the coast 

and propagate 1500 km to the center of the basin). Although the average system velocity 

indicated a predominantly westward motion, a large spread in the direction of propagation 

was found. In particular, the probability of a meridional component of motion was generally 

the same for northward or southward directions and 35% of the zonal propagation was 

associated with eastward movement. The presence of Kelvin waves accounted for some of 

the eastward system motion, in addition to increasing the area and lifetime of storms 

compared to when Kelvin waves were not present. 
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1. Introduction 

The Amazon is one of the wettest regions on earth. Most of its rainfall is organized by 

mesoscale convective systems (Nesbitt 2006), which are in turn modulated by the 

background atmospheric conditions. Amazonian mesoscale convective systems (AMCSs) 

are defined in this study as a general descriptor of organized convective cloud clusters 

observed in the Amazon basin and neighboring regions, including the coast. AMCS 

propagation and evolution is complex and depends on several factors, such as the large-scale 

circulation, topography, and river and sea breezes (e.g., Oliveira and Fitzjarrald, 1993; Cohen 

et al., 1995; Anselmo et al., 2020). For example, satellite studies generally report a 

predominantly westward propagation of convective systems across the Amazon basin 

associated with the easterly trade winds (e.g., Machado et al., 1998; Rehbein et al., 2017). 

However, during the Wet Season Atmospheric Mesoscale Campaign/Large-Scale Biosphere-

Atmosphere experiment (WETAMC/LBA; see Silva Dias et al., 2002 for a detailed 

description), Laurent et al. (2002) showed that convective systems can have nearly stationary 

propagation speeds or even travel eastward in the southwestern Amazon during a mid-level 

westerly wind regime. Angelis et al. (2004) also found rain band propagation from the Andes 

towards the central Amazon using radar observations from the Tropical Rainfall Measuring 

Mission (TRMM) satellite. They argued that orographically induced winds affected 

convective system propagation in many of those cases. 

Greco et al. (1990) described three types of AMCS propagation during the Amazon 

Boundary-Layer Experiment (ABLE 2B). The first type includes coastal systems 

corresponding to large squall lines that form along the northern coast of Brazil and propagate 

westward across the Amazon basin. These systems were also described by Garstang et al. 

(1994) and named Amazon Coastal Squall Lines (ACSLs). ACSLs have been associated with 

large amounts of nighttime precipitation in the southwest and central Amazon (Rickenbach, 

2004; Tang et al., 2016). The second type is basin occurring systems, which form in the 

central Amazon and propagate to the west. The third type corresponds to locally occurring 

systems, which have a short life cycle and minimal propagation. 

The classification of convective systems as coastal, basin and locally occurring has in 

the past been based on visual inspection using geostationary imagery (Kousky, 1980; Greco 
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et al., 1990; Garstang et al., 1994; Cohen et al., 1995). Due to the large amount of convective 

clouds and the complex aggregation of cloud types in the Amazon basin, it is difficult to 

subjectively follow and describe in detail convective cloud system initiation, merging, 

splitting and dissipation. Tang et al. (2016) analyzed these three convective system types in 

the context of the Observation and Modeling of Green Ocean Amazon field campaign 

(GoAmazon2014/5; see Martin et al., 2016 for a detailed description) and point out that the 

differentiation between basin and coastal systems is difficult. Burleyson et al. (2016) 

postulated that some ACSLs could propagate from the coast and arrive in the Manaus region 

in the central Amazon the next day in phase with the local diurnal surface heating; however, 

differentiating between local and non-local convection is not trivial. Kelvin waves also 

impact MCS frequency and activity in Amazonas. Serra et al. (2020) demonstrated that the 

active phase of Kelvin waves modifies the local environment in the central Amazon, creating 

a deep layer of moisture that favors more organized convection. 

This study employs an automatic tracking algorithm using GOES satellite images, 

similar to the tracking algorithms used by Woodley et al. (1980), Williams and Houze 

(1987), Chen et al. (1996), Machado et al. (1998), Mathon and Laurent (2001) and Vila et al. 

(2008), to evaluate convective system trajectories and evolution over the Amazon basin. The 

tracking technique is based not only on the convective system mass center, but also takes into 

account its total area. This adjusted tracking technique allows one to evaluate where systems 

originate (i.e., the coast or central basin) and subsequent merging, splitting and dissipation. 

Machado et al. (2018) combined radar and satellite data to study convective system and rain 

cells during the GoAmazon field campaign. They found that the typical AMCS has a 75-km 

effective radius and 1.5 hours lifetime, while rain cells are 10 times smaller and have a typical 

lifetime of 0.6 hours. 

The main goal of this study is to present an objective description of the seasonal 

variation of the spatial distribution and life cycle characteristics of AMCS trajectories over 

the Amazon basin. This study describes the density of convective systems during three 

lifetime stages: initiation, mature and dissipation. In addition, a separate analysis is 

performed for the systems reaching the central Amazon. This study also provides a 

climatology describing the pattern and variability of the AMCS speed, probability of 
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occurrence and propagation direction as well as a discussion of Kelvin wave effects on 

AMCSs. 

2. Methodology 

2.1 Cloud cluster tracking 

GOES-13 channel 4 (10.2-11.2 μm) infrared imagery was used to track AMCSs 

during 2014 and 2015, the two years of the GoAmazon2014/5 experiment. The GOES 

imagery is stored by the National Institute for Space Research (INPE) every 30 min with 4 

km × 4 km spatial resolution at nadir. Occasionally, higher frequency images (every 15 

minutes) were also available and employed in this study. The analyzed region (15∘S-13∘N, 

82∘-34∘W) covers the entire Amazon basin. 

Regions with a continuous cloud area greater than or equal to 2400 km2 and cloud 

top brightness temperature (Tb) less than or equal to 235 K were defined as cloud clusters. 

These thresholds were previously employed in several studies over the Amazon (e.g., 

Machado et al., 2002). Cloud clusters in successive images were compiled to define the full 

life cycle of each convective system. There are occasional time gaps in the satellite imagery 

and the maximum time tolerance after which tracking was stopped was one hour (i.e., the 

algorithm did not continue to track systems if there were more than two missing 30-min 

observations). During the two years analyzed, among the 30,474 images evaluated, there 

were four time gaps with more than one day (from 1 day to 4 days in one case), 576 gaps of 

3 hours, 71 gaps of 2.5 hours, 38 gaps of 2 hours, and 76 gaps of 1.5 hour. 

The minimum overlap to identify cloud clusters in two successive images was fixed 

at 150 pixels, roughly corresponding to a cloud cluster with a radius of 27 km. This value 

was chosen based on Vila et al. (2008) who, after considering a convective system as an 

elliptical shape with 0.5 eccentricity and an average speed of 45 km/h, concluded that an 

overlap larger than 150 pixels is most appropriate for the time step of 30 minutes and spatial 

resolution of 4 km × 4 km at nadir, the same employed in this study. 

Tracking can reveal pathways that connect clusters in time and space between an 

image at t0 and an image at t0 + dt. The possible pathways are described by Vila et al. (2008) 
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as: continuity, merge, and split. Woodley et al. (1980), Williams and Houze (1987) and 

Mathon and Laurent (2001) also discuss these possibilities in cloud cluster tracking using 

satellites. Continuity is the condition when there is only one overlapping between a cluster 

at t0 and t0 + dt. Merger is the condition when there are two or more clusters at t0 overlapping 

with a cluster at t0 + dt. Finally, split is the condition when a cluster at t0 overlaps with two 

or more clusters at t0 + dt. 

Figure 1 presents an example of possible multiple processes in cloud cluster 

connections. Cluster 4 at t0 + dt could result from a merger between clusters 3 and 6 at t0. 

Clusters 2, 4, and 5 at t0 + dt may be a result of a split from cluster 3 at t0, while cluster 2 at 

t0 + dt could be formed from a merger between clusters 1 and 3 at t0. Considering the 

maximum overlap between clusters (Mathon and Laurent, 2001), we are fairly certain that 

cluster 1 is connected with cluster 2 and that cluster 3 is connected with cluster 4, i.e., there 

are only two solutions when considering the maximum area overlap. 

The tracking algorithm can provide information on whether the cloud cluster genesis 

is a result of a new cluster initiation or if it was initiated by a split from another cluster. In 

addition, dissipation can be evaluated as due to cloud decay or as a merger into another 

system (the larger overlapping cluster continues to be tracked and the other is considered 

dissipated by merge). Additionally, continuity, merger, and split pathways can occur 

simultaneously (Woodley et al., 1980; Mathon and Laurent, 2001). 

Based on the two-year data set and 235 K threshold, there were 668,894 cluster 

overlaps to evaluate. Simple continuity, i.e., without any split-merger, represented 83.4% 

(558,082) of the cases, mergers represented 5.4% (35,826), splits represented 5.6% (37,578), 

and multiple processes represented 5.6% (37,408). Inside of the 37,408 instances of cluster 

overlap associated with multiple processes, there were 73,222 valid connections between 

clusters at t0 and t0 + dt, i.e., 10% of the total pathways of connections. Machado and Laurent 

(2004) only selected convective systems with spontaneous initiation and dissipation because 

they were looking for area expansions of clusters and their lifecycles. The tracking algorithm 

in this study selects cloud clusters independent of the type of initiation or dissipation, since 

the main goal is evaluating the trajectories. 

The tracking process provides information about the AMCS lifetime, displacement, 
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velocity and the bidimensional trajectory (the area trajectory). In previous studies, such as 

Aspliden et al. (1976), Martin and Schreiner (1981), Machado et al. (1998) and Sakamoto et 

al. (2011), the trajectories of the systems were represented with a line connecting the 

geometrical center or weighted centroid of each cloud cluster that defined the system. In this 

study, the trajectory is not considered in such a linear fashion. Here, the trajectory represents 

the union of all pixels (the total cloud cluster area) that define the AMCS. Figure 2 presents 

an example of the trajectory of an AMCS tracked on 21 March 2014; the trajectory is the 

gray area in the image and the colors are the brightness temperature. 

2.2 Kelvin wave dataset 

TRMM 3B42 precipitation anomalies were computed for 2014 and 2015 and a Kelvin 

wave filter was applied based on the Wheeler and Kiladis (1999) space-time filter. Using the 

cluster tracking statistics composited with respect to Kelvin wave precipitation anomalies, 

we examined how Kelvin waves may affect the life cycle and propagation of convective 

systems across the Amazon. Regions with a filtered Kelvin wave precipitation anomaly > 0.1 

mm/h were considered to be within a positive Kelvin wave phase, while regions with a 

filtered Kelvin wave precipitation anomaly < -0.1 mm/h were considered to be a negative 

Kelvin wave phase. To evaluate the relationship between Kelvin waves and AMCSs, the 

following criteria were employed: 

• AMCS initiation under the influence of a positive (negative) Kelvin wave phase 

requires at least 95% of the cloud cluster area, during the initiation, to be over the 

positive (negative) Kelvin wave phase region. 

• AMCSs under the influence of a positive (negative) Kelvin wave phase need to have 

at least 70% of the cloud cluster area, during their life cycle, overlapping with a 

positive (negative) Kelvin wave phase region. 

With this dataset combination, it was possible to assess the potential Kelvin wave impact on 

AMCS initiation, trajectories and lifetime. 

3. Results 

3.1 Convective system area and lifetime distributions 
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The tracking algorithm identified 116,701 convective systems that were connected in 

at least two consecutive satellite images. Figure 3 presents the probability distribution 

function (PDF) and the cumulative distribution function (CDF) of cloud cluster track areas 

and lifetimes. The track areas and lifetimes were binned by 2500 km2 and 0.5 h, respectively. 

The mean size and lifetime of the AMCSs were 4.1 × 104 km2 and 3.1 h. The median track 

area (or 50th percentile of the CDF) was 1.5 × 104 km2, the 90th percentile area was 7.7 × 

104 km2, and the maximum area was 5.3 × 106 km2. The lifetime PDF decreases 

exponentially, with a median lifetime of 1.5 h. For the 90th percentile, lifetime was 7 h; 

however, the longest-lived system lasted 82 h. These results agree with the average 

convective system size and lifetime obtained by Machado et al. (2018) during the Amazon 

wet and dry season. 

3.2 Geographic patterns of convective system occurrence 

AMCS occurrence was computed on a 0.04∘ × 0.04∘ resolution grid to assess their 

spatial distribution across the Amazon basin. The frequency of occurrence was calculated by 

using the area covered by the convective cloud clusters and density values represent the 

number of systems crossing a grid normalized by the total number of convective systems 

tracked during the two-year period, expressed as a percentage. Figure 4a presents the spatial 

distribution of the AMCS density of occurrence and can be interpreted as the probability path 

of convective systems. Figure 4b presents the rain rate computed by the 1∘ TAPEER-BRAIN 

product (Roca et al., 2010; Chambon et al., 2012; Chambon et al., 2013) for the same period. 

TAPEER-BRAIN is the rainfall estimation produced from the Megha-Tropiques satellite that 

combines microwave and infrared observations (REFERENCE). While many satellite 

rainfall products are available for analysis, TAPEER-BRAIN compares favorably to other 

satellite rain retrievals over rainy land regions (e.g., Gosset et al. 2018) and was employed to 

simply show the qualitative relationship between AMCS occurrence and the rainfall pattern 

over the Amazon. As expected, the geographic density of trajectories agrees well with the 

daily accumulated surface rainfall, with the highest density of convective system occurrence 

associated with the largest rain amounts. This result shows that much of the precipitation in 
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the Amazon is from organized convective systems, consistent with Nesbitt et al. (2006). 

Figure 4a shows that the maximum probability of convective system occurrence is 

over Colombia in the extreme northern part of the Andes. This region is convectively active 

throughout the year as discussed by Horel et al. (1989), Machado et al. (2004), Houze et al. 

(2015), Zuluaga and Houze (2015), Rasmussen et al. (2016) and Poveda et al. (2020). The 

next highest probability of convective system occurrence is across the central Amazon, 

presumably due to daytime heating, instability and the vertical distribution of water vapor 

(Schiro et al. 2016, Lintner et al. 2017) over the rainforest that promotes relatively frequent 

large diurnal convective systems. There is a third, small region of high AMCS probability 

along the Brazilian coast near the mouth of the Amazon river; however, Brazilian coastal 

regions further north and along the coasts of French Guiana, Suriname and Guyana have 

much smaller probabilities. Near the mouth of the Amazon river, the sea breeze and trade 

winds are nearly in the same direction. Northward along the coast, the sea breeze becomes 

nearly perpendicular to the trade winds, which may hinder convective system growth and 

propagation inland (Cohen et al., 1995). Topographic blocking also likely plays a role in this 

minimum. 

There is a slight suppression of convection over the major rivers in the Amazon basin 

and the relative maxima in occurrence between these rivers is probably related to the river 

breeze circulation triggering convection as discussed Santos et al. (2014). There is a sharp 

drop in the probability of occurrence between the coast and central Amazon to the northeast 

of a northwest-southeast line from 7∘ S, 48∘ W and 3∘ N, 68∘ W. This is an important feature 

to note since it suggests that AMCSs do not typically travel from the coast straight into the 

central Amazon. This feature will be discussed in detail in the next section. 

The seasonal influence on AMCS density can be seen in Figure 5. The densities for 

December, January, February (DJF); March, April, May (MAM); June, July, August (JJA); 

and September, October, November (SON) were gridded separately and the geographic 

probability density in each season is shown as a percentage as in Figure 4a. In general, the 

density of AMCS occurrence inside the studied region follows the path of the sun with 

maximum probabilities concentrated in the south during DJF (Figure 5a) and in the north 



           

       

       

          

          

         

       

  

  

  

     

          

     

        

        

     

        

         

         

         

      

  

       

         

        

        

       

             

    

          

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

during JJA (Figure 5c). However, there is also a zonal shift with MAM being the dominant 

season for coastal systems (Figure 5b) and SON being dominated by systems in the western 

Amazon basin with very little coastal convection (Figure 5d), consistent with Greco et al. 

(1990). MAM presents the highest AMCS probability on the coast and is also the season 

where more ACSLs propagate into the central Amazon (Cohen et al., 1995; Alcântara et al., 

2011). In DJF, the AMCS density is higher in Central Amazonas and over the Andes in the 

southwest of the region, however, over the coast it has a smaller probability than during 

MAM, so fewer coastal systems exist to propagate westward to the central Amazon. 

3.3 Convective system life cycle 

In order to describe the evolution of AMCSs, the geographical distribution of 

occurrence was computed for different stages of the AMCS lifecycle. To focus on the spatial 

distribution of long-lived AMCSs, systems lasting more than 2.5 hours were selected to 

guarantee at least five 30-min time steps, which resulted in a total of 42,527 systems. Each 

system was classified into five stages: the initiation (ti) and dissipation (tf) stages and three 

intermediary stages numbered 1, 2 and 3 representing the propagation of the system between 

genesis and dissipation (i.e., t1, t2, and t3). The average lifetime of this sample is 6.4 hours, 

corresponding to ti the first time the system was detected, t2, t3 and t4 at 1.6, 3.5 and 4.8 

hours later and tf 6.4 hours later. While there is geographical variability in cloud cluster 

occurrence by season (Figure 5), the relative patterns of genesis and dissipation do not change 

considerably by season (not shown). Thus, we focus on analysis of the annually averaged 

data. 

Figure 6 shows the gridded cloud cluster spatial distribution for each normalized time 

step. The probability values represent area percentages in each 0.04∘× 0.04∘ grid box based 

on the 42,527 systems. In general, there is an expansion of cluster area from genesis until t2, 

when most of the convective systems reach maturity. After that, a decrease of cluster area 

occurs until dissipation. Because systems are smaller during initiation and dissipation, the 

probability is smaller since the entire storm area is considered, not just the AMCS mass 

center. Thus, the larger the system, the more grid boxes are counted in the statistics. 

Figure 6a shows that the main initiation region of coastal AMCSs is near the mouth 
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of the Amazon River. AMCS initiation also occurs over a much larger region across the 

central Amazon and in the higher topography region in the northwest Amazon. In the 

following time step (t1), AMCSs expand across the central and northwest Amazon (Fig. 6b). 

They also cover a larger area of the coast, but with a higher probability south of the Amazon 

River compared to the north. At t2, the central Amazon systems expand westward and the 

coastal systems show distinct inland propagation (Fig. 6c). However, a line of low probability 

oriented northwest southeast separates the AMCSs that form and grow on the coast from the 

AMCSs that form and grow in the central Amazon. This line is parallel to and 500-1000 km 

from the coast. This break in AMCS cloud cover evolution suggests that the AMCSs that 

form on the coast are distinct from the AMCSs that form in the central and northwest 

Amazon. The break is also consistent with the minimum in rainfall seen in Fig. 4b. At t3, just 

before dissipation, the systems that initiated on the coast are furthest from the coast while the 

central Amazon systems tend to be decaying in place (Fig. 6d). At the dissipation stage (tf), 

systems are smaller and the probabilities are reduced across northern South America (Fig. 

6e). The remaining signal close to coast likely represents ACSLs that were short lived, 

classified by Greco et al. (1990) as coastal systems. Over the Andes, in the southwest of the 

study region, there are some spots of high probability of AMCS occurrence, but with a nearly 

constant position in different phases, corresponding to slight propagation. 

The rainfall in central and southwest Amazon exhibits frequent nocturnal and early 

morning precipitation events (Machado et al., 2002; Machado et al., 2004; Rickenbach, 

2004). This nocturnal secondary maximum in the diurnal cycle has been attributed to 

mesoscale convective activity propagating from the east associated with ACSLs (Garstang et 

al., 1994). Nevertheless, when objectively following the tracked cloud clusters, very few 

AMCSs continually travel from the coast to the central Amazon. During the night, there 

appears to be a deintensification in convective activity and, in general, very little cold cloud 

shield is observed. 

Based on visual examination of satellite image loops, around noon on the day after 

the AMCS deintensification, there is reactivation of the mesoscale convection hundreds of 

kilometers ahead of where the AMCS dissipated the night before. The trigger mechanism of 

this reactivation is still unknown. Anselmo et al. (2020) discuss the impact of the nocturnal 
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Amazonian low-level jet (ALLJ) on the propagation and life cycle of convective systems 

from the northeast coast of South America into central Amazonia. The ALLJ can act in 

different ways to produce the observed break and reactivation of the convection, as for 

instance by advection of humidity from the coast overnight that assists daytime convection 

the next day or by association with internal gravity waves that can propagate as described by 

Sun and Orlanski (1981). The reactivation could simply occur because of advection by the 

large-scale flow of a moisture tongue at mid-levels formed by the cloud shield dissipation 

from the day before. The reason of this reactivation is not the goal of this study and would 

certainly be worthy of a future study. 

In order to check where the AMCSs that impact the central Amazon form, the 

following methodology was applied. All AMCSs lasting longer than 4 hours that crossed a 

200-km radius around Manaus (located at 03° S, 60° W) were selected from the tracking 

database. Figure 7 shows the spatial distribution of the track density at the time of initiation 

of the 1396 selected AMCSs and the circle represents the 200-km radius. Only long-lived (> 

4 hr) cloud clusters were analyzed to preclude local, short-lived convection that initiates 

around the search region. The spatial distribution reveals a wide diversity of initiation 

locations of long-lived convective systems within the vicinity of Manaus. However, it is clear 

that the dominant AMCS track affecting the Manaus region is not from the coast; the majority 

formed in the central Amazon. 

3.4 Convective system propagation velocities 

For each step in a convective system’s life cycle, it is possible to determine the 

velocity of propagation. For the 116,701 convective systems identified during 2014 and 2015, 

704,708 system velocities were computed. Velocity was calculated as the ratio between the 

distance of the geometric center at t0 and t0 + dt and the time interval between the successive 

satellite images. 

Figure 8 presents the PDF and CDF of convective system velocities binned by 0.5 

m/s of the zonal and meridional wind components (u and v), as well as the absolute velocity. 

The highest probability of u (2.9%) was -2.8 m/s (westward propagation) and the highest 

probability of v (4.0%) was 0.3 m/s (slight northward propagation). However, the distribution 
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of positive (eastward and northward propagation) and negative (westward and southward 

propagation) values show a large and generally symmetric spread about these median values, 

meaning that convective systems traveled across a large range of directions. For example, 

despite the predominantly westward propagation driven by the equatorial trade winds, 35% 

of the convective system zonal velocities had eastward propagation. Convective system 

meridional propagation has velocities roughly equally distributed between northward and 

southward, although this is more intuitive since the ITCZ shifts with the seasons causing the 

trade winds to have alternately northerly and southerly components throughout the year. The 

AMCS average speed of propagation was 12.9 m/s, the median (50th percentile of the CDF) 

was 7.9 m/s. The distribution shows outlier speeds larger than 20 m/s, probably related to a 

change in AMCS geometry from merging/splitting that could create a considerable change 

in a system’s geometric center. 

In order to provide the geographical distribution of AMCS propagation direction and 

speed, cloud cluster velocities were computed regionally and presented in the form of wind 

roses (Figure 9). More specifically, the wind roses presented in Figures 9 and 12 highlight 

the AMCS direction of propagation. Large westward propagation velocities occur over the 

Atlantic Ocean and along the east coast of South America. AMCS motion near the coast is 

probably associated with the ITCZ and ACSLs. Westward propagation is also dominant over 

the central Amazon. The northwestward and southwestward components of velocity over the 

central Amazon exhibit a nearly symmetric distribution, with a slight skew toward 

northwestward propagation. The northeastward, eastward and southeastward AMCS 

propagation velocities can be seen in all analyzed regions; however, they comprise only 

approximately 30% of all systems. The propagation near the Andes is less organized, 

sometimes without a dominant direction of propagation. Also, in the southeast of the 

analyzed region one can note a predominant eastward propagation, possibly associated with 

cold fronts propagating toward the Atlantic Ocean. 

In general, four propagation regimes can be identified in Figure 9, the first one over 

the Atlantic Ocean, where westward propagation is most dominant in the ITCZ region. The 

second one lies over the central Amazon, where westward propagation is also dominant but 

the spread in the direction of propagation is larger as we move toward that region. Over the 
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higher topography elevations near the Andes and in the northwest regions near the coasts, in 

general, there is no preferential direction of propagation. Finally, the fourth regime is in the 

south of the domain, where mid-latitude systems also penetrate into the region and there is 

no clear pattern. Over the four regimes of propagation, the maximum speed of propagation 

is associated with westward motion, except for the southeastern-most domain, where 

eastward propagation displays the highest speeds. 

3.5 Kelvin wave influence on convective system evolution and propagation 

Evidence of convectively coupled equatorial wave propagation has been found 

through global satellite observations (Tanaka and Ryuguji, 1971; Wallace and Chang, 1972; 

Gruber, 1974; Zangvil, 1975; Takayabu, 1994; Kiladis et al., 2009) and these modes are 

associated with Matsuno’s (1966) wave solutions of the shallow water equations. Here we 

analyze the convectively coupled Kelvin wave mode as isolated by the Wheeler and Kiladis 

(1999) space-time spectral filter to potentially explain part of the AMCS lifecycle and 

propagation variability over the Amazon. 

Kelvin waves occur most often over northern South America in austral summer, 

specifically over the Amazon (Liebmann et al., 2009; Guo et al., 2014). Figure 10 provides 

an example of how often Kelvin waves cross equatorial South America from the central 

Pacific into the Atlantic and the precipitation anomaly associated with their passage. During 

this period (January-March 2014), Kelvin wave activity maximizes near the longitude of 

Manaus (indicated by the vertical line). 

During the full two-year period and among the 116,701 total initiations reported in 

this study, genesis occurred 15,538 times during a positive Kelvin precipitation anomaly 

(i.e., > 0.1 mm/h), which corresponds to about 13% of the total events. When Kelvin wave 

precipitation anomalies were negative (< -0.1 mm/h), only 10,972 instances of genesis were 

detected, corresponding roughly to 9% of the AMCS initiations. Thus, AMCSs appear to 

have a marked preference for genesis during the convectively active phase of the Kelvin 

wave. The genesis in the positive phase shows an almost 50% increase in relation to the 

negative phase. However, one can also conclude that Kelvin waves are not the only factor in 

determining the genesis of AMCSs due to the large numbers of initiations not associated with 
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Kelvin waves. 

When the complete set of AMCS trajectories are considered and not only the initiation 

phase, there are 18,747 systems tracked in the positive phase and 12,743 systems tracked in 

the negative phase. Figure 11 shows the relationship between AMCS area and lifetime 

distributions during both phases. AMCSs during positive Kelvin phases tend to be larger and 

longer lived, and the longest lived systems (i.e., those that last more than 10 hours) 

predominantly occur during the positive Kelvin wave phase. The very largest (> 6.5 × 105 

km2) and longest lasting (> 30 hours) convective systems (representing the top 1% of the 

area and lifetime distributions) only occur during the positive Kelvin wave phase. A function 

fit in Figure 11 illustrates the different behavior of AMCSs during the two Kelvin wave 

phases. The larger power coefficient of the adjusted function during positive anomalies 

shows that AMCS area grows faster (i.e., a higher area expansion) during the passage of the 

convectively active portion of a Kelvin wave. 

As discussed in section 3.4, about one third of the AMCSs have a component of 

eastward propagation across the Amazon, which is not intuitive in a regime dominated by 

strong easterlies. In order to evaluate if Kelvin waves are responsible for this anomalous 

propagation, we computed the AMCS propagation wind roses for only the positive Kelvin 

wave anomalies. We selected all cloud clusters at t0 + dt with an eastward displacement that 

had at least 70% of its area inside the Kelvin wave region. We found 39,805 eastward steps 

during Kelvin wave passages, about 16% of the total times of eastward propagation. Figure 

12 shows a wind rose plot similar to Figure 9, but only for systems that occur during positive 

Kelvin wave conditions. The strongest eastward propagation is seen over the Atlantic Ocean 

and along the east coast. There is generally a decrease in westward propagation over the 

central Amazon compared to Figure 9, while the convective systems near the Andes maintain 

a strong westward propagation component. The Kelvin waves seem to primarily modulate 

AMCS propagation over the ocean and coast, while over the Amazon they modulate the cloud 

cover area and system lifetime. 

4. Conclusions 
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A climatology of AMCS area trajectories is presented for the tropical South America 

region based on cloud cluster tracking using two years of satellite images. High-resolution 

maps of the AMCS trajectories provide new details about the spatial distribution of AMCS 

occurrence as well as their genesis, propagation and dissipation. In addition, previous studies 

that tracked convective systems over the Amazon selected just those systems with simple 

initiation and dissipation, i.e., without merges and splits, but in this study all systems are 

tracked and analyzed. 

Overall 116,701 systems were identified and the top 10% of trajectories and lifetimes, 

i.e., the long-lived systems, had areas greater than 8 × 104 km2 and lifetimes greater than 7 

hours. Mean area and lifetime were about half of these values. The central Amazon exhibited 

a widespread, homogeneous pattern of high convective system genesis probabilities. Some 

higher genesis probabilities were also associated with higher topography and the river breeze 

throughout the Amazon basin. Along the coast, convective systems occurred more often near 

the mouth of the Amazon river compared to further north along the coast. The occurrence of 

coastal and basin convective systems also had a seasonal dependence. For example, during 

SON, convective systems mostly formed in the central part of the Amazon basin while during 

MAM, AMCSs occurred both along the coast and the central Amazon and trajectories were 

more connected between the two regions. 

By studying only the tracks of convective systems that crossed the region around 

Manaus in the GoAmazon2014/5 region, we found 1396 systems lasting longer than 4 hours 

and very few of these systems were initiated on the coast. During the two years studied, only 

12 of these AMCSs were observed to do so. Most coastal AMCSs dissipate before the central 

Amazon, creating a region with fewer AMCSs and less rainfall. This region is nearly parallel 

to the coast and clearly shows the maximum distance that most ACSLs can propagate inland. 

In the central Amazon, there is a broad region of AMCS initiation. The hypothesis involving 

the propagation of a moisture tongue of humidity in the middle levels, formed by the 

dissipation of AMCS the day before, should be evaluated as a mechanism that assists in this 

broad region of AMCS activity. 

This study also provides statistical characteristics of the AMCS velocity and direction 

of propagation with further potential for it to be used in forecast applications in tropical South 
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America. Although previous studies indicate predominantly westward displacement for 

AMCSs, a large spread in the direction of propagation was observed. For instance, in the 

central Amazon, purely westward propagation corresponds to only about 15% of the overall 

propagation distribution, while the remaining propagation vectors were distributed in other 

sectors. Convective system velocities showed practically the same probability of having a 

northward or southward propagation component and 35% of the zonal velocities were 

associated with a component of eastward movement. Westward motion was especially 

enhanced near the coast, while convective system propagation in the Andes was less 

predominantly westward. 

Kelvin wave events appear to have a substantial influence on AMCS initiation. In 

particular, the convectively active part of the Kelvin waves tends to be associated with 

AMCSs that have larger areas and longer lifetimes consistent with the Serra et al. (2020) 

results focusing on MCSs detected by the GoAmazon2014/5 radar. There is also an increase 

in eastward propagation during the positive phase of the Kelvin wave, especially near the 

coast, that may be associated with low-level westerly anomalies along the western flank of 

the Kelvin wave. Future analysis of the propagation direction and speed dependencies on the 

basic state would help further explain the observed spread of AMCS propagation across the 

Amazon. 
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Figure Captions 

Figure 1. Example of multiple process cloud cluster connection. 

Figure 2. AMCS tracking: (a) Initiation at 2014-03-20 00:00, (b) and (c) propagation 

positions at 2014-03-20 12:00 and 2014-03-21 04:30, respectively and (d) dissipation at 

2014-03-21 17:30. The colors describe the infrared brightness temperature and the bi-

dimensional trajectory traveled by the systems is shown by the gray contour. 

Figure 3. Probability and cumulative distribution functions of the area and lifetime for the 

116,701 AMCSs observed during 2014 and 2015. 

Figure 4. (a) AMCS density and (b) the TAPEER-BRAIN rain rate average during 2014 

and 2015. 

Figure 5. AMCS density during 2014 and 2015 for: a) DJF, b) MAM, c) JJA, and d) SON. 

Figure 6. Spatial distribution of the AMCS probability of occurrence in five lifetime 

stages: ti corresponds to the initiation, tf to the dissipation and t1,t2 and t3 are intermediary 

steps in the AMCS lifetime. 

Figure 7. Spatial distribution of the initiation of AMCSs with > 4 hour lifecycle that 

crossed the central Amazon within a 200-km radius around Manaus, which is indicated by 

the circle. 

Figure 8. Probability and cumulative distribution functions of AMCS velocity of 

propagation and the zonal and meridional components. This type of wind rose shows the 

AMCS direction of propagation away from the center. 

Figure 9. AMCS propagation wind roses every 7∘×8∘ across northern South America. The 

concentric circles indicate the probability (5%, 10%, and 15%) in each propagation 

direction and the colors represent the convective system speed classes. Wind speed values 

between 1 and 21 m/s were binned in 4 m/s and 22.5∘ of speed and direction, respectively. 

Figure 10. TRMM 3B42 Kelvin wave precipitation anomalies for January to March 2014. 

The Hovmoller encompasses the latitude range nearest Manaus (2.5-3.5∘ S) from the 

dateline in the central Pacific to the prime meridian over Africa. The vertical line 

corresponds to the longitude of Manaus (60∘W). 

Figure 11. Relationship between area and lifetime of AMCSs in the Amazon region for 



 

 

 

 

 

  

  

  

  

  
  

1 positive (red) and negative (blue) Kelvin wave precipitation anomalies during 2014 and 

2015.  

Figure 12.  As in Fig. 9, but only for AMCSs that occur during positive Kelvin wave  

phases. This type of wind rose shows the AMCS direction of propagation away from the    

center.  

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 



  
  

  

1 
2 

3 



  
  

  

1 
2 

3 



  
  

  

1 
2 

3 



  
  

  

  
  

1 
2 

3 

4 
5 



  

  

1 

2 



  1 


	Amazonian Mesoscale Convective Systems: Life Cycle and PropagationCharacteristics
	Abstract
	Introduction
	Methodology
	Results
	Conclusions
	Acknowledgments
	References
	Figure Captions
	Figures



