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ABSTRACT 13 

This study presents a climatological and composite analysis of elevated mixed 14 

layers (EMLs) in South and North America derived from the NCEP Climate Forecast 15 

System Reanalysis. The EMLs are identified based on objective criteria applied to the 16 

reanalysis data. Composite analyses of synoptic-scale conditions and severe weather 17 

parameters associated with spring EML cases are presented. EMLs are more frequent 18 

immediately to the east of the Andes and the Rockies. The North American EMLs form 19 

by surface heating over the higher terrain of the Rockies, with peak frequency occurring 20 

in spring and summer. EMLs in South America are generated by differential temperature 21 

advection due to ageostrophic circulations east of the Andes, as indicated by the 22 
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temperature lapse rate tendency equation, which relates to the higher frequency of EMLs 23 

during the cold season in South America. EMLs over North America are about 100 hPa 24 

lower than over South America due to the lower height of the Rockies in comparison to 25 

the Andes.   26 

The synoptic conditions associated with EMLs in South and North America are 27 

characterized by an upper-level trough upstream and low-level moisture flux convergence 28 

due to poleward-directed flow, favoring synoptic-scale ascent poleward of the EML 29 

location, where the convective inhibition is relatively low. When EMLs occur, higher 30 

surface-based convective available potential energy and low-level storm-relative helicity 31 

in association with lower lifting condensation level heights observed in North America 32 

indicate that surface-based supercell storms and tornadoes are more likely in this 33 

continent in comparison with South America, corroborating observations.  34 

 35 

1. Introduction 36 

 37 

Elevated Mixed Layers (EMLs) are layers of constant vertical distribution of 38 

potential temperature (θ), i.e., layers having dry-adiabatic temperature lapse rates, not 39 

coupled to the ground (Carlson and Ludlam 1968; Lanicci and Warner 1991a, hereafter 40 

LW91). These layers occur mainly to the east (downstream) of great mountain ranges, a 41 

result of horizontal advection of surface-heated air over higher terrain and/or 42 

ageostrophic circulations in the lee of the mountains. The Rockies in North America (NA; 43 

e.g., Carlson and Ludlam 1968; Banacos and Ekster 2010, hereafter BE10) and the 44 
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Tibetan Plateau in east Asia (e.g., Das et al. 2014) are known to favor the formation of 45 

EMLs that can have a great impact on the atmospheric conditions over the lower terrain 46 

downstream due to their association with hazardous weather events (Cordeira et al. 2017). 47 

Observations and case studies by Rasmussen and Houze (2016) show EMLs occur east of 48 

the Andes in South America (SA). The purpose of this paper is to document SA EMLs 49 

and to compare and contrast their formation processes with NA EMLs. 50 

A complete climatology of NA EMLs was done by Lanicci and Warner 51 

(1991a,b,c) in three sequential papers (here we will refer to the “Part 1” paper as LW91). 52 

They used observed NA soundings from 1983 to 1986, and applied several criteria to 53 

automatically search for EMLs. The classic model of EML formation depicts an 54 

approaching trough in the middle and upper troposphere and associated southwesterly 55 

flow over the high terrain in northern Mexico/southwestern United States (U.S.). This 56 

southwesterly flow advects a dry, mixed air mass from over higher terrain eastward over 57 

somewhat less warm but much more moist planetary boundary layer (PBL) air at lower 58 

elevations over the Great Plains. This setup can create an environment of high potential 59 

instability over the Great Plains, and is often observed from spring to summer, when solar 60 

radiation is strong enough to form deep, surface-based mixed PBLs over the Rockies. 61 

The mechanisms for EML formation and maintenance in NA were investigated 62 

by BE10. The authors presented an equation for the local tendency of temperature lapse 63 

rate (γ; γ ≡ –dT/dz, where T is temperature and z is height). The local γ tendency is given 64 

by 65 
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 66 

where Q is the diabatic heating rate, V is the horizontal wind vector, w is the vertical 67 

velocity, cp is the specific heat of dry air at constant pressure and Γd is the dry-adiabatic 68 

temperature lapse rate. Term A is the differential diabatic heating rate; terms B and C are 69 

the horizontal and vertical γ advection, respectively; term D is the differential horizontal 70 

temperature advection (associated with the ageostrophic wind, since the differential 71 

horizontal temperature advection by the geostrophic wind is zero); and term E is the 72 

stretching term. The scale analysis performed by BE10 showed that the horizontal 73 

advection of γ is 1–2 orders of magnitude greater than the other terms, and corroborates 74 

previous studies of EMLs in NA (Carlson and Ludlam 1968; LW91). This equation will 75 

be used to analyze the physical processes associated with EMLs east of the Andes and 76 

Rockies, respectively. 77 

Severe thunderstorms occur in thermodynamically unstable environments where  78 

the vertical wind shear is high, and there is sufficient lifting capable to trigger convection 79 

and release the thermodynamic instability (Thompson et al. 2003; Brooks et al. 2003). In 80 

this context, EMLs are well known to be associated with severe thunderstorms (e.g., 81 

Carlson and Ludlam 1968; LW91; Lanicci and Warner 1991c; BE10, Cordeira et al. 82 

2017). The concomitant occurrence of moderate convective inhibition (CIN) caused by 83 

the temperature inversion in the base of the EML, high convective available potential 84 

energy (CAPE) associated with steep γ in the EML over a warm/moist PBL, and 85 

sufficient vertical wind shear, are recognized to favor severe thunderstorms in NA. 86 
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Despite being an important feature, the EML is not a sufficient ingredient for severe 87 

thunderstorm formation (Cordeira et al. 2017), and can prevent convective initiation in 88 

some cases (Carlson and Ludlam 1968). In SA, the EMLs influences on severe 89 

thunderstorm environments are likely similar to NA.  90 

Brooks et al. (2003) have shown that southeastern SA, despite being a hot spot 91 

for severe thunderstorms in the world (Velasco and Fritsch 1987; Zipser et al. 2006), has 92 

a lower frequency of “tornado environments” than NA. Both Americas have a vast 93 

amount of land east of the mountain ranges, but there are several geographical 94 

characteristics that contribute to their different severe thunderstorm climatologies. One of 95 

the main differences is the moisture source: the Gulf of Mexico in NA as compared to the 96 

Amazon Basin in SA. The Amazon is dry in the cold season of Southern Hemisphere, 97 

whereas the Gulf of Mexico remains warm, and consequently moist, throughout the cold 98 

season in Northern Hemisphere. Agricultural lands can also contribute to the moisture 99 

budget through evapotranspiration processes. Another important feature is the shape of 100 

the mountain ranges: both have north-south orientation in the subtropical and 101 

extratropical latitudes, but in general the Rockies are longitudinally wider, whereas the 102 

Andes are higher and have steeper slopes (Fig. 1). The Andes form a higher barrier to the 103 

low to mid tropospheric flow while the broader Rockies act as an elevated heat source, 104 

mainly in the warm season, because of their flatter shape. All of these characteristics 105 

likely influence severe thunderstorm environments to the east of the mountains. 106 

In this paper, an objective methodology to identify EMLs was used to build a 107 

climatology of EMLs in SA and NA. The characteristics of EMLs in both continents and 108 
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the synoptic environments related to their occurrence were analyzed. The scientific 109 

questions that arise in this research are: How often and where do EMLs occur in SA east 110 

of the Andes? How do the EML climatologies over SA and NA compare? What are the 111 

differences in characteristics of the EMLs, such as thickness and base height? What is the 112 

influence of EMLs in the severe weather environments in SA that might explain the 113 

meteorological differences between both continents? This study is the first to quantify 114 

EML occurrence east of the Andes and the associated synoptic-scale environments, 115 

addressing the above questions. It is currently unknown what the characteristics of SA 116 

EMLs are and their potential influence on observed convection in SA, and whether or not 117 

any similarities can be drawn with NA EMLs. 118 

The paper is organized as follows: Section 2 presents data and methodology; 119 

Section 3 shows the results, divided into characteristics of EMLs in both continents 120 

(Section 3.1) and the composites of EML cases over the regions (Section 3.2), along with 121 

discussions of the main findings; and, in Section 4, a synthesis of the paper results is 122 

shown and the conclusions are discussed. 123 

 124 

2. Data and Methodology 125 

 126 

This study was focused on midlatitudes and subtropical latitudes of NA and SA, 127 

east of the Rockies and Andes, respectively. The NA study area is bounded by 20°N to 128 

50°N and 110°W to 80°W; the SA study area is bounded by 13°S to 43°S and 72°W to 129 

42°W (Fig. 1).  130 
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 131 

2.1. Dataset 132 

 133 

The main analyses in this paper were constructed using the NCEP Climate 134 

Forecast System Reanalysis (CFSR; Saha et al. 2010), which has a native horizontal 135 

resolution of T382 (~38 km, interpolated to a horizontal grid spacing of 0.5°x0.5°) and is 136 

available at synoptic hours (0000, 0600, 1200, 1800 UTC). Since the CFSR is a global 137 

reanalysis, it allows a direct comparison between NA and SA by applying the same 138 

analysis methods in both continents. Observed soundings from the University of 139 

Wyoming webpage (http://weather.uwyo.edu/upperair/sounding.html) were also used to 140 

validate the methodology. 141 

The observed soundings network in SA has only a few observations near the 142 

Andes in Paraguay, northern Argentina, and Bolivia (Fig. 1). The lack of soundings in 143 

this area results in a deficient representation of meteorological phenomena east of the 144 

Andes. As a result, the intensity of the low-level jet in numerical models is 145 

underestimated (Salio et al. 2007). The majority of SA soundings are available only after 146 

2000, and several periods in the time series had either no soundings, or soundings only at 147 

one synoptic time (e.g., 0000 UTC). We chose the CFSR for this research because of the 148 

low number of soundings in SA east of the Andes and the lack of continuity in their time 149 

series. 150 

Four examples of typical EMLs in observed and CFSR soundings are shown in 151 

Fig. 2, two in SA (Figs. 2a,b) and two in NA (Figs. 2c,d). Little differences are observed 152 
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in the wind and temperature profiles, but the dewpoint temperature profiles present large 153 

discrepancies in some layers. Other research found the same difficulty of reanalysis 154 

datasets to correctly represent the moisture profiles (e.g., Bao and Zhang 2013; Chen et al. 155 

2014). The more pronounced differences in the temperature profile are found near the 156 

EML base, and are associated with the coarser vertical resolution of the CFSR. The 157 

nearly dry-adiabatic γ within the EML is well represented by the CFSR. 158 

We performed a comparison of 6214 observed soundings with CFSR soundings. 159 

Both observed and CFSR soundings had to exhibit EMLs. The EMLs were identified 160 

using the methodology presented in the next subsection. Table 1 presents the differences 161 

in EML characteristics between observed and CFSR soundings. There is no statistically 162 

significant (95% confidence using the Student's t-test) difference between EML bases in 163 

observed and CFSR soundings. The EML thickness, however, is greater in CFSR 164 

soundings by nearly 15 hPa. The EML γ is lower (average difference of 0.68 K km-1) and 165 

the EML θ is higher (average difference of 0.55 K) in CFSR soundings. The differences 166 

between SA observed and CFSR soundings are also greater than NA soundings for most 167 

of the parameters, which is likely due to the lower number of observations in SA that 168 

leads to relatively lower quality of the reanalysis. The differences between observed and 169 

CFSR soundings are related to numerous factors, such as data assimilation and coarser 170 

vertical resolution of the reanalysis. However, the errors are sufficiently small to allow 171 

climatological studies using reanalysis (Brooks et al. 2003), and the reanalysis provide a 172 

better areal/temporal coverage than observed soundings. 173 

 174 



 

9 

2.2. Definition of Elevated Mixed Layer 175 

 176 

We define an EML as a layer having a γ of at least 7.5 K km-1 and thickness of at 177 

least 150 hPa, with its base higher than 1000 m above ground level. The base is 178 

considered the first pressure level, from bottom to top, to have γ greater or equal to 7.5 K 179 

km-1. This γ threshold is lower than that used in other research [BE10 and Cordeira et al. 180 

(2017) used 8.0 K km-1] because the CFSR has less steep γ in the EML than observed 181 

soundings (Table 1). An analysis of different thresholds was conducted, and a γ of 7.5 K 182 

km-1 in the CFSR soundings was in good agreement with EMLs in observed soundings 183 

(Fig. 2). A threshold of 150 hPa for EML thickness was used by Cordeira et al. (2017), 184 

and is less restrictive than the other thresholds tested (between 150 and 250 hPa). The 185 

mean EML thicknesses, shown in Sec. 3.1, are generally greater than 200 hPa, so 150 hPa 186 

is a suitable EML thickness threshold. Also, the relative humidity at the top of the EML 187 

must be higher than at the base, as in BE10. 188 

The term “EML” is used to refer to a layer that has been mixed through surface 189 

radiative warming over higher terrain and advected over lower terrain (e.g., LW91, 190 

BE10). Even though elevated layers with steep γ in SA may be formed by other physical 191 

processes, in this paper we use the term “EML” to refer to these layers as well. Several 192 

authors (e.g., LW91; Cordeira et al. 2017) also refer to layers with steep γ as EMLs 193 

without discriminating the physical processes responsible for their formation. 194 

Mechanisms other than horizontal advection can play an important role in increasing the 195 

γ in NA as well (BE10). 196 
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Since one of the main foci of this research is the association of EMLs with 197 

severe thunderstorm environments, we require that EML gridpoints must have at least 198 

100 J kg-1 of most unstable CAPE (MUCAPE). This threshold prevents EMLs generated 199 

by dynamically forced subsidence behind upper-level troughs from being identified (J. M. 200 

Cordeira, personal communication). We also tested this threshold by comparing the 201 

CFSR EML soundings with the observed EML soundings after upper-level trough 202 

passage.  The sensitivity tests showed that EMLs behind upper-level trough are generally 203 

associated with zero MUCAPE because the low-level air is relatively cold. The 204 

composites shown in Section 3 corroborate the efficiency of this methodology in 205 

eliminating these cases. 206 

Our automated algorithm proceeds as follows: 1) verify if a gridpoint has 207 

MUCAPE of at least 100 J kg-1; 2) if so, look for a pressure level, from bottom to top, 208 

with γ of at least 7.5 K km-1; 3) verify if this γ threshold is continuously observed in other 209 

levels above, reaching at least 150 hPa in thickness; 4) verify if RH in the first level 210 

(EML base) is lower than in the last level (EML top) with the lapse-rate threshold. If 211 

these sequential criteria are met, an EML is attributed to that gridpoint at that synoptic 212 

time. The algorithm also verifies if the γ below the EML base is higher than 7.5 K km-1. 213 

If so, the EML is not accounted, since it is in fact a surface-based mixed layer. Since γ 214 

tends to Γd in the upper troposphere, upper-level dry-adiabatic layers are discarded by 215 

limiting the EML bases to the 500-hPa level. This test is done for every gridpoint in the 216 

study areas (Fig. 1) in the 32 years of the CFSR. For every identified EML, the base level, 217 

thickness, mean γ and mean θ is accounted. 218 
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 219 

2.3. Synoptic-scale composite analyses 220 

 221 

CFSR-based composite analyses were generated over three 5°x5° regions for 222 

synoptic times with EMLs in both continents. Two regions were located close to the 223 

mountains at different latitudes [region 1 (R1) in lower latitudes and region 2 (R2) in 224 

higher latitudes]. A third region (R3) was chosen between R1 and R2 but was located 225 

farther east (Fig. 1). All three regions are located within the 4% EML frequency contour 226 

(Fig. 3). Composite analyses in R1 and R2 illustrate synoptic flow configurations 227 

associated with EMLs in the frequency maximum region (R1) and poleward-shifted 228 

EMLs (R2), respectively. Composite analyses in R3 location illustrate the synoptic flow 229 

configurations of EMLs that have transported downstream from their origin. Hereafter, 230 

we will use the term “region” to refer to the 5°x5° area, where the EML is located in the 231 

composites. 232 

If an EML was identified in at least 80% of the gridpoints within these 5°x5° 233 

areas (97 of 121 gridpoints), this synoptic time was considered to have an EML over the 234 

region. Several other percentages between 70 and 100% were tested by comparing 235 

observations with the identification method, and 80% was used in this research. Values 236 

higher than 80% are too restrictive, i.e., the number of EML cases decreases significantly 237 

by using higher percentages, which is attributed to the typical heterogeneity in areal 238 

coverage of the EMLs. A percentage of 100% was rarely observed. Values lower than 80% 239 

were associated with a higher number of cases, but no change in the general synoptic 240 
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pattern.  241 

The diurnal cycle is not considered in the composites. Even though EML 242 

formation in NA relates to the diurnal cycle (Carlson and Ludlam 1968; LW91), the same 243 

may not be true in SA. Therefore, the composited cases mix EMLs occurring at any time 244 

of the day to allow a comparison between the continents. The composite fields were also 245 

used to estimate the γ tendency equation terms [(1); BE10]. All the variables in the 246 

equation are directly available in CFSR. Only R1 composites were used for the γ 247 

tendency equation computation, since R1 has the highest frequency of EMLs.  248 

Several parameters commonly used in severe thunderstorm forecasting and 249 

research were composited. The parameters are: surface-based CAPE (SBCAPE), 250 

MUCAPE, CIN of the most unstable parcel (hereafter only “CIN”), lifting condensation 251 

level (LCL) height, storm-relative helicity (SRH), and vertical wind difference (hereafter 252 

referred only as “wind shear”). These severe weather parameters were averaged in the 253 

5ºx5º areas at synoptic times with EMLs over the regions to compare their variability 254 

between the regions and continents. The LCL height was calculated with the Espy 255 

formula (Lawrence 2005). The storm motion vector for SRH calculation was estimated 256 

using the technique presented by Davies and Johns (1993). The Student's t-test was used 257 

to verify if the differences in severe weather parameters between different regions are 258 

statistically significant.  259 

Three-month seasons were used to define EML characteristics and to construct 260 

the composite analyses. Here “spring,” for example, refers to March, April and May in 261 

NA and to September, October and November and so on. Although EML composite 262 
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analyses were constructed for all four seasons, in this paper we will only focus spring 263 

cases when the Americas are most frequently affected by severe weather (e.g., LW91; 264 

Brooks et al. 2003; Thompson et al. 2003) and when more EML cases were observed.  265 

 266 

3. Results and discussion 267 

 268 

3.1. Climatology and EML characteristics 269 

 270 

Figure 3 shows the percentage of CFSR times that an EML was present in each 271 

gridpoint for the four seasons. EMLs are more common east of the mountain ranges in 272 

both continents. EML frequencies in SA (Figs. 3a–d) have a nearly constant maximum 273 

that varies in location throughout the year. The highest EML frequencies move from 274 

northeastern Argentina in winter (Fig. 3d) to east-central Argentina in summer (Fig. 3b), 275 

when the areal coverage is the lowest. Higher frequencies extend farther east from fall to 276 

spring (Figs. 3a–d), when upper-tropospheric winds are stronger, but are restricted to the 277 

Andes foothills in summer (Fig. 3b). Figures 3a–d also indicates that there are only a few 278 

sounding sites in north/northwestern Argentina, where most EMLs occur. 279 

Seasonal EML variability in NA is higher with the highest frequency observed 280 

in spring (Fig. 3e) over the south-central U.S. and northeastern Mexico, extending north 281 

towards the central U.S. This maximum shifts poleward to the north-central U.S. in 282 

summer with a reduced magnitude (Fig. 3f). During fall and winter (Figs. 3g,h), fewer 283 

EMLs are observed in NA, and most of them occur near the Gulf of Mexico. The NA 284 
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EML frequencies during spring are very similar to the findings of LW91 (their Fig. 5). 285 

The highest frequencies in the south-central U.S. are related to heating over high terrain 286 

in northern Mexico. From late spring to summer, heating is also strong over the high 287 

terrain in the western U.S., which favors higher frequencies farther north in the central 288 

and north/central U.S. (Fig. 3f). Lower solar elevation angles, snow cover over the 289 

Rockies and lower CAPE over NA during fall and winter are consistent with lower EML 290 

frequencies during these seasons (Figs. 3g,h). 291 

The EML bases over SA are generally located between 600 and 650 hPa (Figs. 292 

4a–d). These bases are higher (550–600 hPa) during fall (Fig. 4c) and lower (700–650 293 

hPa) in some parts of the study area during summer and spring (Figs. 4a,b). EML 294 

thicknesses decrease eastward in all seasons. The greatest EML thicknesses occur in 295 

western Argentina during winter (Fig 4d) while shallower EMLs occur in summer (Fig 296 

4b). The occurrence of thicker EMLs during spring and winter (Figs. 4a,d) is associated 297 

with a stronger 250-hPa jet in these seasons (Figs. 3a,d).   298 

The main difference of EMLs in NA compared to SA is on their base heights 299 

(Fig. 4). The heights vary from 700 to 750 hPa in the areas east of the Rockies during 300 

spring and summer (Figs. 4e,f), and are approximately 100 hPa lower than in SA east of 301 

the Andes. SA EML thicknesses are maximized in winter in western Argentina (Fig. 4d), 302 

when the winds aloft are the strongest, whereas over NA the EMLs have little variation in 303 

the thickness maximum (Fig. 4e,f). NA EML thicknesses present a northward shift from 304 

spring to summer, with decreasing thicknesses over south-central U.S. and increasing 305 

thicknesses over the north-central U.S. (Figs. 4e,f). This northward shift is a result of 306 
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deeper PBL mixing over higher terrain occurring farther north in summer (LW91). 307 

The highest mean EML γ are found close to the mountain ranges in both 308 

continents (Fig. 5). The highest γ in SA occur in winter (Fig. 5d), exceeding 8.0 K km-1 in 309 

northern Argentina. EMLs in SA also present the lowest γ in summer (Fig. 5b). In NA, 310 

the highest γ occur in spring in the central U.S. (more than 8.1 K km-1; Fig. 5e), and 311 

farther north in summer (Fig. 5f), following the northward shift in EML frequencies (Figs. 312 

3e,f). During spring and summer, when severe thunderstorms are more common, the γ 313 

associated with EMLs over NA is higher than over SA in general (Figs. 5a,b,e,f).  314 

The mean θ in the EML (hereafter “EML θ”) is higher in SA in all seasons (Fig. 315 

5) as compared to NA. This result is expected, since EML bases in SA are higher and θ 316 

usually increases with height in the troposphere. In spring, SA EML θ distribution (Fig. 317 

5a) is characterized by higher values over northern Paraguay and southern Bolivia, 318 

decreasing southward to central Argentina, where the isentropes are nearly zonal. The 319 

meridional gradient of EML θ in west-central Argentina persists in the other seasons 320 

(Figs. 5b–d). Unlike SA, NA EML θ values are quasi constant in spring and summer 321 

(Figs. 5e,f), likely a result of the homogeneous horizontal advection of surface-based 322 

mixed layers (BE10). The EML θ values between 316 and 320 K in NA are in good 323 

agreement with the findings of LW91 (their Fig. 10).  324 

 325 

3.2. Composites and γ tendency equation 326 

 327 

3.2.1. Synoptic-scale environment 328 
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 329 

Standardized 250-hPa geopotential height anomalies (Fig. 6) exhibit a similar 330 

large-scale pattern in all composites, with an anomalous trough over the mountain ranges 331 

and an anomalous ridge downstream. In SA, the ridge and trough anomalies positions are 332 

similar in R1 and R3 composites (Figs. 6a,c), but the ridge is stronger and closer to the 333 

EML location in R2 composites (Fig. 6b).  The 250-hPa wind magnitude has two maxima, 334 

one located over the Andes around 30°S and other extending from eastern Argentina to 335 

the Atlantic Ocean at nearly 40°S. The EML region is located in the equatorward 336 

entrance region of the jet in R1 and R2 composites (Figs. 6a,b), and farther east in R3 337 

composites (Fig. 6c). 338 

A similar 250-hPa pattern is observed in NA composites (Figs. 6d–f). An 339 

anomalous trough is located over the Rockies and an anomalous ridge over the central 340 

U.S. The position of the anomalous ridge in relation to the anomalous trough varies 341 

between the NA composites, occurring at lower latitudes in R1 and R3 (Figs. 6d,f) and 342 

same latitude in R2 (Fig. 6e). The jet stream is poleward in R2 composites in comparison 343 

to R1 and R3 composites, similarly to SA, which is caused by the greater amplitude of 344 

the flow. The upper-level flow amplitude is greater in NA, whereas in SA the trough and 345 

ridge are positively tilted and favor stronger zonal winds.  346 

Vertical motion composites (ω; Fig. 7) in the EML (600–400-hPa layer in SA 347 

and 700–500-hPa layer in NA) show that ascent occurs over and mainly poleward of the 348 

R1–R3 regions. This area of ascent is downstream of the upper-level trough and in the 349 

equatorward entrance region of the jet (Fig. 6) where ascent is favored by ageostrophic 350 
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circulations (Uccellini and Johnson 1979). Subsidence occurs east of the mountain ranges, 351 

mainly in SA.   352 

The γ values increase rapidly from west to east of the Andes following the mean 353 

flow (Figs. 7a–c), evidence of the role of the mountains in steepening the γ. Over NA, 354 

high γ is observed over the plateaus of northern Mexico in R1 and R3 composites (Figs. 355 

7d,f) and western U.S. in R2 composites (Fig. 7e). High γ values in the 700–500-hPa 356 

layer over these areas, where the surface pressure is nearly 800–700 hPa, are related to 357 

surface-based mixed layers. The similarity between γ in NA R1 and R3 composites (Figs. 358 

7d,f) indicate the EML is advected from northern Mexico in both cases, but the stronger 359 

mean winds are responsible to greater eastward displacement of the EML in R3 360 

composite (Fig. 7f). EMLs occurring over NA R2 are advected by the mean flow from 361 

the U.S. Rockies. SA R3 composites (Fig. 7c) suggest the EMLs that reach farther east 362 

have their γ reduced, whereas over NA the EMLs maintain the high γ along the flow (Fig. 363 

7f). Ascent in association with lower γ, as observed in SA R3 composites, is responsible 364 

for greater γ reduction by vertical advection [term C of (1)], as will be shown in the next 365 

subsection. 366 

The general pattern at 850 hPa (Fig. 8) is for lower geopotential heights to occur 367 

near the mountain ranges with heights increasing eastward toward the subtropical 368 

anticyclones, providing a poleward-directed, confluent flow over and mainly poleward of 369 

the R1–R3 regions, where the 1000–800-hPa moisture flux convergence (MFC; Banacos 370 

and Schultz 2005) maximizes. A meridional θe gradient exists poleward of the R1–R3 371 

regions collocated with high MFC in all composites, which relates to warm front activity 372 
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(Banacos and Schultz 2005) along the trough extending east from the lee geopotential 373 

height minimum. 374 

The highest θe values in SA are found east of the Andes around 20°S in all 375 

composites (Figs. 8a–c), in association with northerly flow and MFC along the mountains. 376 

The strong 850-hPa winds collocated with MFC along the Andes between 20 and 30ºS, 377 

particularly in R1 and R2 composites (Figs. 8a,b), indicate the presence of a barrier jet 378 

along the Andes foothills. The longer meridional stretch of 850-hPa winds in the R2 379 

composites (Fig. 8b) is due to the farther west location of the south Atlantic subtropical 380 

anticyclone in comparison to the other composites, and also reflects the different location 381 

of the anomalous 250-hPa ridge in the R2 composites (Fig. 6b). Several climatological 382 

studies in SA relate similar low-level conditions to the occurrence of mesoscale 383 

convective systems and severe thunderstorms (e.g., Machado et al. 1998, Salio et al. 2007; 384 

Anabor et al. 2008), especially in the areas of greatest MFC.  385 

The distribution of 850-hPa θe in the NA composites (Figs. 8d–f) shows maxima 386 

in northern Mexico and the southern U.S. Southwesterly flow is observed from the 387 

western Gulf of Mexico towards the Great Lakes region. In the R2 composites (Fig. 8e), 388 

stronger southerly flow spreads warm/moist air northward along the Rockies, whereas in 389 

the R1 and R3 composites (Figs. 8d,f) the greater zonal component of the flow enables 390 

high-θe air to be confined to lower latitudes. All NA composites exhibit stronger 850-hPa 391 

flow over the regions in comparison to SA composites, and a similar pattern of higher 392 

MFC poleward of the EML location. 393 

 394 
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3.2.2. γ tendency equation 395 

 396 

Figure 9 shows the quantification of the γ tendency equation terms derived from 397 

(1) and calculated using the composite fields of 133 EML cases over SA R1. Term A (Fig. 398 

9a,f) is relatively small over SA and NA, similarly to what the BE10 scale analysis had 399 

shown. The diabatic heating is responsible for γ decrease and EML demise when 400 

convection occurs, causing the temperature profile to tend toward the moist adiabatic 401 

lapse rate (BE10). Term B (Figs. 9b,g) indicate positive tendencies in γ over a broad area 402 

downstream of R1 in both continents. The positive horizontal advection of γ is greater 403 

over NA due to the greater γ gradient along the flow downstream of the EML plume in 404 

NA (Figs. 7a,d). Despite the lower values in comparison to NA, term B plays an 405 

important role in γ increase due to EML transport in SA. Poleward of R1 in SA, ascent 406 

(Figs. 7a) is responsible for negative γ tendency. Ascent is present poleward of R1 region 407 

in NA as well (Fig. 7d), but since term C is much lower than in SA (Figs. 9c,h), this 408 

suggests the EML γ in NA is nearly constant with height. This characteristic favors little 409 

or no γ decrease due to term C over NA as the EML travels downstream (Figs. 7f). The 410 

reduction in γ by ascent in SA is a factor contributing to lower γ over SA R3 (Fig. 7c), 411 

which is farther downstream from the Andes.  412 

Term D (Figs. 9d,i) maximizes over the mountain ranges and immediately east 413 

of the highest peaks, in particular over the Andes. Among the non-advective terms (i.e., 414 

the terms responsible for γ change), term D presents positive values over a broader area 415 

just east of the highest peaks of the Andes, and is explored in more detail in this section. 416 
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Term E (Figs. 9e,j) has maxima and minima along the mountains and is relatively small 417 

to the east of the mountain ranges. Term E depends on the difference between γ and Γd, 418 

and is generally small within the EML (BE10). 419 

We will next show a calculation of the two-dimensional mass streamfunction 420 

(ΨM) along selected longitudes to show the sense of the vertical circulation associated 421 

with EMLs (Fig. 10). Here, ΨM is given by: 422 

 423 

where a is the Earth’s radius, φ is the latitude, g is gravity, p is the pressure and v is the 424 

meridional wind component (Townsend and Johnson 1985). The ΨM calculation method 425 

is described in Qin et al. (2006). We first show a pole-to-pole calculation of ΨM along 426 

85ºW through the South Pacific subtropical anticyclone for the 133 spring cases when an 427 

EML was present east of the Andes (Fig. 10a). This calculation reveals that time-mean 428 

subsidence is present near 30ºS on the poleward side of the time-mean thermally direct 429 

Hadley circulation beneath the subtropical jet core (Fig. 10a). This time-mean subsidence 430 

near 30ºS is also a part of the equatorward branch of the time-mean thermally indirect 431 

circulation whose rising branch is centered near 60ºS (Fig. 10a). The ΨM calculation from 432 

50º to 20ºS along 68ºW (AA' in Fig. 1a) immediately to the east of the Andes on the same 433 

133 days when an EML is present shows that a thermally direct vertical circulation is 434 

present with an ascending branch equatorward of 30ºS beneath the subtropical jet core 435 

and a descending branch poleward of 40ºS on the cyclonic shear side of the subtropical 436 

jet core (Fig. 10b). A comparison of Figs. 10a and 10b reveals that transient synoptic-437 
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scale disturbances that cross the Andes can reverse the well-known time-mean Hadley 438 

circulation when EMLs are present. Also, the AA' cross section along 68ºW (Fig. 10b) 439 

depicts ageostrophic wind vectors that are oppositely directed to the northward-pointing 440 

horizontal θ gradient below 500 hPa between 20ºS and 30ºS. Above 500 hPa, the 441 

ageostrophic wind vectors point in the direction of the horizontal θ gradient. Accordingly, 442 

the ageostrophic winds beneath the subtropical jet core result warm-air advection in the 443 

600-500-hPa layer and cold-air advection above 450 hPa with a resulting increase γ and a 444 

steepening of the mid-tropospheric lapse rate. 445 

A latitudinal cross section along 28ºS (BB' in Fig. 1a) is shown in Fig. 10c. 446 

Low-level northeasterly ageostrophic winds that are located along the eastern Andes 447 

foothills are characteristic of a terrain-channeled northerly barrier jet. The approaching 448 

upper-level trough (Fig. 6a) induces low-level geopotential height falls east of the Andes 449 

(Fig. 8a; Seluchi et al. 2003). The associated terrain-channeled low-level northerly flow 450 

accelerates as convergence occurs along the eastern slopes of the Andes. Since the jet-451 

induced thermally-direct circulation acts to oppose the observed ageostrophic winds east 452 

of the Andes during EML events (Fig. 10b), the terrain-channeled ageostrophic northerly 453 

flow east of the Andes and the associated warm advection are the main mechanisms for 454 

steepening lapse rates (γ increase). 455 

 456 

3.2.3. Severe weather parameters 457 

 458 

This section presents an ingredients-based analysis (Johns and Doswell 1992) of 459 
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environments characterized by the presence EMLs over the R1–R3 regions. The 460 

mechanisms for thunderstorm initiation, dissipation and the influence of mesoscale 461 

circulations are not addressed in this study. 462 

The highest MUCAPE in SA (Figs. 11a–c) is concentrated within the R1–R3 463 

regions in all composites. MUCAPE is higher over R3 region (Fig. 11c) because of 464 

higher low-level moisture (not shown) than in R1 and R2 regions (Figs. 11a,b), even 465 

though γ is lower in R3 (Fig. 7a–c). The 1000–500-hPa wind shear increases poleward 466 

and is higher south of the R2 and R3 regions (Figs. 11b,c). The area of greatest ascent 467 

poleward of the regions (Figs. 7a–c) is characterized by higher 1000-500-hPa shear but 468 

considerably lower MUCAPE than over the R1–R3 regions. The highest CIN values 469 

(Figs. 11a–c) are located in the areas where the EMLs have lower base levels and are 470 

thicker (Fig. 3a) immediately to the east of the Andes. Reduced CIN values over R3 (Fig. 471 

11c) in association with lower γ (Fig. 7c) are likely a result of EML dissipation as it is 472 

advected eastward. 473 

MUCAPE distributions in NA composites (Figs. 11d–f) are comparably 474 

different from SA (Figs. 11a–c). High MUCAPE is not confined within the R1–R3 475 

regions, but extends from the Gulf of Mexico northward to cover a large area. The 476 

northward transport of high-θe air by stronger low-level winds in NA (Fig. 8), in 477 

association with steeper γ in the EML (Fig. 7) in comparison to SA is responsible for 478 

higher values of MUCAPE. The 1000–500-hPa wind shear in NA is lower than in SA due 479 

to the weaker upper-level flow during spring (Figs. 3a,e). Poleward of the R1–R3 regions, 480 

both in SA and NA (Fig. 11), the 1000–500-hPa wind shear attains the lower threshold 481 
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for supercell formation (15 m s-1) in NA (e.g., Weisman and Klemp 1982; Thompson et 482 

al. 2003). CIN in NA composites (Figs. 11d–f) is higher than 200 J kg-1 over the R1–R3 483 

regions, whereas CIN only exceeds 100 J kg-1 over SA R1–R3 regions (Figs. 11a–c). CIN 484 

values of this magnitude in both continents are prohibitive for convective initiation. 485 

However, convective initiation is unlikely to occur in the middle of the EML, where CIN 486 

is the highest, but near its lateral boundaries (Carlson and Ludlam 1968; Keyser and 487 

Carlson 1984; LW91). This is the case in the composites, which show ascent (Fig. 7) and 488 

MFC (Fig. 8) poleward of the EML location, where CIN is much lower. The presence of 489 

moderate CIN also prevents a high number of storms from forming and allows CAPE to 490 

increase before convective initiation begins (Bunkers et al. 2010). 491 

The SRH is widely used to estimate the potential for rotating thunderstorms 492 

(supercells) in the environment (Droegemeier et al. 1993; Markowski and Richardson 493 

2009). Since SRH values associated with anticyclonic turning winds with height in the 494 

Southern Hemisphere are negative, here we will use the SRH magnitude for SA for the 495 

sake of comparison with NA.  496 

All composites present SRH03 greater than 170 m² s-² over and/or near the R1–497 

R3 regions (Fig. 12), with the exception of SA R3 (Fig. 12c). The main difference 498 

between SA and NA composites is on SBCAPE values, which are about two times higher 499 

in NA over the R1–R3 regions. The higher SBCAPE in NA is related to higher relative 500 

humidity and dewpoint temperatures in the PBL, as will be shown later, in association 501 

with higher γ in the EML. Moreover, only over NA is the concomitant occurrence of high 502 

values of SBCAPE and SRH03 within the area where the CIN is below 100 J kg-1 (Figs. 503 
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11d–e) observed.  504 

A greater difference between SA and NA exists in the SRH01 distribution (Fig. 505 

13). The greater zonal component of 1000–850-hPa wind shear (Fig. 13) over the R1–R3 506 

regions in NA is related to a more rapid anticyclonic turning of the winds with height and 507 

higher SRH01 over NA, as will be shown later. The LCL height distribution in SA is 508 

marked by high LCLs near the Andes and in Northern Argentina, Paraguay and Bolivia, 509 

and heights below 1000 m only in southern Brazil and Uruguay. The highest SRH01 510 

values are collocated with LCL heights below 1000 m in all NA composites [in particular 511 

over NA R1 (Fig. 13d)], indicating an environment with very low cloud bases and high 512 

SRH in the PBL. These parameters also suggest that thunderstorms forming in such 513 

environments, where synoptic-scale ascent and MFC are present (Figs. 7 and 8), have a 514 

higher likelihood of generating tornadoes near NA regions, where a combination of 515 

higher SRH01 and SBCAPE and lower LCL heights occurs (Thompson et al. 2003).  516 

 517 

3.2.4. Soundings and hodographs 518 

 519 

Composite soundings and hodographs were generated by using the gridpoint in 520 

the middle of the 5ºx5º areas of the R1–R3 regions (Fig. 14). The composite soundings 521 

and hodographs averaged over the 5ºx5º areas (not shown) give very similar results. The 522 

EML is evident in the temperature profile (Figs. 14a,b), its height varying between SA 523 

and NA, corroborating what was discussed in Section 3.1. Composite soundings in SA 524 

(Fig. 14a) show steep γ in the EML above a layer with less steep γ, between 700 and 600 525 
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hPa. The temperature inversion is better characterized in R1 (Fig. 14a), resulting in 526 

higher CIN in this location (Fig. 11a). In NA (Fig. 10b), the temperature inversion is 527 

more clear between 850 and 750 hPa. CFSR has difficulty in representing the temperature 528 

inversion in the base of EMLs (Fig. 2). 529 

The low-level temperature/dew point temperature profiles in SA (Fig. 14a) 530 

exhibit an “inverted-V” shape, with relative humidity decreasing from 700 hPa to the 531 

surface, particularly in R1. Greater relative humidity is found near the surface in NA (Fig. 532 

14b). The moist low-level layer in NA is much shallower than in SA, extending from 533 

surface to about 900 hPa, above which the drier air associated with the EML resides. 534 

Higher relative humidity due to lower temperature and higher dew point temperature in 535 

NA composite soundings is related to lower LCL height (Figs. 13c–e), which is an 536 

important characteristic observed in environments favoring tornadic thunderstorms (e.g., 537 

Rasmussen and Blanchard 1998; Thompson et al. 2003). The closer proximity of NA R1–538 

R3 regions to the main moisture source (Gulf of Mexico) is one of the reasons for higher 539 

low-level RH in comparison to SA. 540 

The composite hodographs in SA (Fig. 14c) exhibit anticyclonic turning of the 541 

winds from surface to nearly 700 hPa, indicating warm advection in this layer (Fig. 8). 542 

The higher SRH in NA (Figs. 12 and 13) is due to stronger poleward flow at 1000 hPa in 543 

association with stronger zonal component of the flow in 850 and 700 hPa, favoring a 544 

more pronounced anticyclonic turning of the winds with height in comparison with SA. 545 

In SA, the high elevation of the Andes precludes westerly low-level winds, in particular 546 

over R1 and R2 (Figs. 8a,b). SA R3 composite hodographs (Fig. 14c) depict stronger 547 
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low-level zonal winds than R1-R2 composites because of the greater distance from the 548 

Andes, but the weaker meridional low-level winds cause lower SRH values relative to R1 549 

and R2 composites (Figs. 12a–c and 13a–c).  550 

 551 

3.2.5. Boxplots 552 

 553 

Figure 15 shows boxplots of the distributions of the severe weather parameters 554 

(described in Sec. 2.3) for each region. The NA MUCAPE distribution (Fig. 15a) exhibits 555 

higher values of almost all statistical parameters when comparing a given region with its 556 

SA counterpart. A greater difference exists between both continents in the SBCAPE 557 

distributions (Fig. 15e), with considerably higher values in the NA regions. Both 558 

MUCAPE and SBCAPE differences between SA and NA are statistically significant (95% 559 

confidence) for R1 and R2. The lower EML bases in NA relate to CIN values nearly 560 

twice as large in SA (Fig. 15b). The LCL heights (Fig. 15f) in SA are relatively higher 561 

than in NA, except in R3. These distributions corroborate Figs. 9 and 10, showing lower 562 

mean LCL heights in NA and higher frequency of environments having LCL heights 563 

favorable for tornadic storms (Rasmussen and Blanchard 1998; Thompson et al. 2003).  564 

Little difference exists between the distributions of 1000–850-hPa wind shear in 565 

SA and NA (Fig. 15c), despite relatively lower values in SA R3, which relates to lower 566 

SRH01 in this region (Fig. 15d). The 1000–500-hPa wind shear (Fig. 15g) is higher in 567 

NA R1 and SA R2. The average 1000–500-hPa wind shear is higher in SA poleward of 568 

the EML location (Fig. 11), where the ascent is greater (Fig. 7).  569 
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The SRH03 distributions (Fig. 15h) are very similar among continents, but the 570 

SRH01 distributions (Fig. 15d) exhibit higher (and statistically significant) values in NA. 571 

The SRH03 and SRH01 composite fields (Figs. 12 and 13) show that even higher SRH 572 

values are found poleward of the NA regions, not inside the 5ºx5º areas. Corroborating 573 

what the composite fields have shown (Figs. 12 and 13), R2 of SA has SRH comparable 574 

to NA regions (Fig. 15d) but considerably lower SBCAPE (Fig. 15e), which limits the 575 

likelihood for surface-based supercells and tornado occurrence for convective initiation 576 

occurring in these environments (Brooks et al. 2003; Smith et al. 2012; Thompson et al. 577 

2012), based on the available ingredients.  578 

The conclusions associated with Figs. 11–15 base on Smith et al. (2012) and 579 

Thompson et al. (2012), which show how the severe weather parameters link with 580 

convective modes and severe weather hazards. The present study is the first to relate the 581 

severe weather parameters with EMLs in SA and NA and to compare the parameters 582 

between both continents.  583 

 584 

4. Concluding discussion 585 

 586 

This paper presented a climatology of EMLs in NA and SA based on CFSR data. 587 

The method to identify EMLs was based on the occurrence of an elevated, 150-hPa-thick 588 

layer having at least 7.5 K km-1 of γ. The average characteristics of the EMLs, its 589 

seasonal variability and the synoptic-scale environments associated with EMLs were 590 

analyzed.  591 
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EML occurrence in SA peaks in winter in southern Paraguay and northeastern 592 

Argentina, and exhibits a minimum during summer in western Argentina. EML formation 593 

occurs in the anticyclonic shear side of the upper-level jet, and follows the jet seasonal 594 

meridional displacement. SA EMLs form due to ageostrophic circulations east of the 595 

Andes, mainly the terrain-channeled northerly flow caused by the lee low-pressure 596 

system ahead of the approaching upper-level trough, which increases γ by differential 597 

ageostrophic temperature advection. Greater baroclinicity during the cold season in SA 598 

enhances the effects of ageostrophic circulations in the γ change, and explains the higher 599 

frequency of EMLs east of the Andes from fall to spring. In NA, EML occurrence 600 

follows the maximum solar radiation over the higher terrain, with the maximum 601 

frequency in spring migrating northward in summer, similarly to the findings of other 602 

studies (e.g., LW91). The lower height of the Rockies in NA, as compared to the Andes, 603 

is responsible for EML bases nearly 100 hPa lower in NA, since the γ increase 604 

mechanisms are coupled to the mountain ranges in both continents. Greater EML 605 

thicknesses in NA are found in spring and summer, but during winter in SA. The 606 

formation of surface-based mixed layers through radiative heating over high terrain 607 

causes the EML characteristics over NA to be more homogeneous and less variable as the 608 

EML is advected away from the Rockies. On the other hand, SA EML characteristics are 609 

more heterogeneous due to the ageostrophic circulations responsible for γ increase (terms 610 

C, D and E), which are characterized by localized maxima and minima in the γ tendency 611 

field. It is important to note, however, that the estimation of the γ tendency equation 612 

terms based on composites of EML cases is not the most accurate method to study the 613 
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EML formation processes. An analysis of the terms along EML parcels trajectories, 614 

followed by a statistical analysis of the magnitude of each term, may provide more 615 

reliable results, and is a suggestion for future studies. Another suggestion is the use of 616 

idealized numerical modeling to study EML formation mechanisms. 617 

Synoptic conditions associated with EML occurrence in both continents are 618 

characterized by an anomalous upper-level trough over the mountain ranges and an 619 

anomalous ridge downstream, which favors a southwesterly upper-level flow over the 620 

R1–R3 regions of NA and northwesterly flow over SA. The MFC associated with 621 

meridional θe gradient and ascent poleward of the R1–R3 regions indicate warm-front 622 

activity in this area. The amplitude of the upper-level flow is greater when EMLs occur at 623 

higher latitudes (over R2), which induces stronger poleward-directed low-level flow east 624 

of the mountains. EMLs advected farther east (over R3) present lower γ decrease in NA 625 

in comparison to SA, which is attributed to lower vertical γ advection and stretching 626 

(terms C and E) in NA because γ is higher. R3 in both continents are also characterized 627 

by greater zonal component of the low-level flow and consequently lower SRH, 628 

particularly over SA. The southwesterly upper-level flow regime in NA has been 629 

described by LW91 as the most common configuration for EML formation, but other 630 

synoptic flow regimes are related to EML occurrence. The composites in this paper do 631 

not deal with the different synoptic conditions that favor EMLs in SA and their seasonal 632 

variability, but provide a starting point for further studies on this theme. Climatological 633 

studies of EMLs in other parts of the world, such as near the Tibetan Plateau, are 634 

suggested. 635 
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Deep-layer shear is higher in SA in comparison to NA in general, due to the 636 

climatologically stronger upper-level jet in SA. However, greater PBL moisture 637 

superposed by higher γ cause both MUCAPE and SBCAPE to be higher in NA where 638 

EMLs occur, and there is a better collocation of the high-CAPE plume with high values 639 

of SRH, mainly in the 0–1-km layer. NA composites also present lower LCL heights due 640 

to higher relative humidity in the lowest levels above the ground. Composite hodographs 641 

for NA regions have stronger winds from 1000 to 850 hPa and a more rapid anticyclonic 642 

turning with height in comparison to SA composites, which explains the higher SRH in 643 

general. The distributions of the severe-weather parameters suggest a higher likelihood 644 

for supercells and tornadoes to form in NA in EML environments.  645 

Some concerns about this research must be kept in mind. Brooks et al. (2003) 646 

point that the analysis of severe weather environments based entirely on the available 647 

ingredients (Johns and Doswell 1992) might be missing important information. 648 

Reanalyses do not characterize mesoscale boundaries correctly, and research has shown 649 

that these boundaries are very important to the generation and modification of existing 650 

vorticity in the environment, allowing mesocyclogenesis and tornadogenesis to occur 651 

(e.g., Markowski and Richardson 2009). The storm initiation mechanisms are also very 652 

important in the evolution of severe thunderstorms. The lack a severe weather report 653 

database in SA hinders more conclusive results regarding the association of the EML 654 

environments with severe thunderstorms (Nascimento and Doswell 2006). Recently, 655 

Nesbitt et al. (2016) and Rasmussen and Houze (2011; 2016) presented evidence of the 656 

occurrence of squall lines and supercells in western Argentina (in some occasions 657 
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associated with EMLs), but a long climatological study that associates the environmental 658 

conditions with observed severe storm reports is necessary in SA. 659 

We hope that future field campaigns, like the RELAMPAGO Project (webpage: 660 

https://publish.illinois.edu/relampago/) in northwestern Argentina, scheduled for 661 

November-December of 2018, will elucidate some aspects of EML formation near the 662 

Andes and their relation with severe thunderstorms in the region by using an 663 

observational network instead of reanalysis data. Also, there is an evident need for 664 

improvement of SA soundings network, mainly in areas in northern Argentina, Paraguay 665 

and Bolivia. Soundings in these areas will capture important features in the severe 666 

weather environments east of the Andes, such as the low-level jet and the EML, 667 

improving forecasts and increasing our understanding of the weather in this region. 668 
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 801 

Tables: 802 

TABLE 1: Averages and standard deviations (st. dev.) of the differences 803 

between observed EML soundings and CFSR EML soundings. A positive average result 804 

from higher value of the parameter in observed soundings. Bold values indicate 805 

statistically significant differences between observed and CFSR soundings. Four stations 806 

in SA and four in NA are shown as examples. 807 
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 809 

Figures caption list: 810 

 811 

FIG. 1. Study areas (grey squares) in (a) SA and (b) NA. Orography is shaded 812 

every 500 m starting at 1500 m. The black squares show the three 5ºx5º regions, in each 813 

continent, used in the composites (details in the text). The names of the sounding sites 814 

located within the study areas are shown in blue. The AA' and BB' lines depict the 815 

location of the cross sections in Fig. 10. The borders of the states of the Unites States and 816 

Brazil are shown in thinner grey contours.  817 

FIG. 2. Observed (red) and CFSR (blue) EML soundings at (a) Cordoba (SACO), 818 

Argentina, at 0000 UTC 1 April 2015, (b) Santa Maria (SBSM), Brazil, at 0000 UTC 7 819 

October 2015, (c) Fort Worth (FWD), TX, Unites States, at 1200 UTC 9 April 2015 and 820 

Omaha (OAX), NE, Unites States, at 0000 UTC 24 May 2010. Figure 1 shows the 821 

locations of the sounding sites. The colored dashes indicate the EML bases in each 822 

sounding. CFSR soundings were taken in the closest gridpoint relative to the station 823 

coordinates. 824 
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FIG. 3. Percentage of synoptic times with EML (%, shaded) and mean seasonal 825 

250-hPa wind speed (m s-1, black contours every 2 m s-1 starting at 20 m s-1) for (a) 826 

spring, (b) summer, (c) fall and (d) winter in SA and (e) spring, (f) summer, (g) fall and 827 

(h) winter in NA. Orography is shaded every 500 m starting at 1500 m. Black points are 828 

the sounding sites. 829 

FIG. 4. Mean EML base level (hPa, shaded) and mean EML thickness (hPa, 830 

black contours every 10 hPa) for (a) spring, (b) summer, (c) fall and (d) winter in SA and 831 

(e) spring, (f) summer, (g) fall and (h) winter in NA. All variables are plotted only in 832 

gridpoints with percentages (as in Fig. 2) greater than 4%. Orography is shaded every 500 833 

m starting in 1500 m. Black points are the sounding sites. 834 

FIG. 5. Mean EML γ (K km-1, shaded) and θ (K, black contours every 2 K) for 835 

(a) spring, (b) summer, (c) fall and (d) winter in SA and (e) spring, (f) summer, (g) fall 836 

and (h) winter in NA. All variables are plotted only in gridpoints with percentages (as in 837 

Fig. 2) greater than 4%. Orography is shaded every 500 m starting in 1500 m. Black 838 

points are the sounding sites. 839 

FIG. 6. Composite 250-hPa wind speed (m s-1, shaded), geopotential height 840 

(dam, black contours every 12 dam) and standardized anomalies of geopotential height 841 

[red contours for positive anomalies every 0.25 standard deviation starting in +0.25 842 

standard deviation and blue contours for negative anomalies every –0.25 standard 843 

deviation starting in -0.25 standard deviation] for EML cases in spring in (a) R1, (b) R2 844 

and (c) R3 of SA and (d) R1, (e) R2 and (f) R3 of NA. The brown contour shows the 845 

1500-m orographic contour. The 5ºx5º areas are drawn in green squares. 846 
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FIG. 7. Composite ω (10-2 Pa s-1, shaded), γ (colored contours of 7, 7.5, 8 and 847 

8.5 K km-1) and wind (m s-1, pennant is 25 m s-1, full barb is 5 m s-1, and half barb is 2.5 848 

m s-1; only wind barbs greater than 5 m s-1 are plotted), for EML cases in spring in (a) R1, 849 

(b) R2 and (c) R3 of SA and (d) R1, (e) R2 and (f) R3 of NA. The variables are averaged 850 

over the 600–400-hPa layer in SA and 700–500-hPa layer in NA. The brown contour 851 

shows the 1500-m orographic contour. The 5ºx5º areas are drawn in green squares. 852 

FIG. 8. Composite 850-hPa θe (K, shaded), wind (m s-1, pennant is 25 m s-1, full 853 

barb is 5 m s-1, and half barb is 2.5 m s-1; only wind barbs greater than 5 m s-1 are plotted), 854 

and geopotential height (dam, black contours every 2 dam) and 1000–800-hPa MFC (10-5 855 

g kg-1 s-1, white contours every 4 x 10-5 g kg-1 s-1) for EML cases in spring in (a) R1, (b) 856 

R2 and (c) R3 of SA and (d) R1, (e) R2 and (f) R3 of NA. Orography is shaded every 500 857 

m starting in 1500 m. The 5ºx5º areas are drawn in green squares. 858 

FIG. 9. γ tendency equation (a) term A, (b) term B, (c) term C, (d) term D, (e) 859 

term E in SA and (f) term A, (g) term B, (h) term C, (i) term D, (j) term E in NA (10-9 K 860 

m-1 s-1, shaded). The terms are calculated from the composite fields of EML cases over 861 

R1 of each continent (gray squares) during spring, and are averaged over the 600–400-862 

hPa layer in SA and 700–500-hPa layer in NA. The brown contour shows the 1500-m 863 

orographic contour. 864 

FIG. 10. (a) Cross section from 90ºS to 90ºN along 85ºW of zonal wind 865 

magnitude (m s-1, shaded), ΨM [1011 kg s-1, negative values (anticlockwise circulation) in 866 

blue contours every –2 x 1011 kg s-1 starting at –1 x 1011 kg s-1, and positive values 867 

(clockwise circulation) in red contours every 2 x 1011 kg s-1 starting at 1 x 1011 kg s-1] and 868 
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θ (K, grey contours every 10 K). (b) Cross section of zonal wind magnitude (m s-1, 869 

shaded), θ (K, grey contours every 10 K), ΨM (1011 kg s-1, negative values in blue 870 

contours every –2 x 1011 kg s-1 starting at –1 x 1011 kg s-1, and positive values in red 871 

contours every 2 x 1011 kg s-1 starting at 1 x 1011 kg s-1), and meridional ageostrophic 872 

wind (m s-1, vectors) along the AA’ line (68ºW) in Fig. 1a. (c) Cross section of 873 

meridional ageostrophic wind with negative (positive) values denoting northerly 874 

(southerly) flow (m s-1, shaded), θ (K, grey contours every 5 K), ω [10-2 Pa s-1, negative 875 

values (ascent) in blue contours every –10 x 10-2 Pa s-1, positive values (subsidence) in 876 

red contours every 10 x 10-2 Pa s-1] along the BB’ line (28ºS) in Fig. 1a. 877 

FIG. 11. Composite MUCAPE (J kg-1, shaded), 1000–500-hPa wind shear (m s-1, 878 

pennant is 25 m s-1, full barb is 5 m s-1, and half barb is 2.5 m s-1; only wind barbs greater 879 

than 10 m s-1 are plotted), and CIN (J kg-1, dark red contours every -50 J kg-1 starting in -880 

50 J kg-1) for EML cases in spring in (a) R1, (b) R2 and (c) R3 of SA and (d) R1, (e) R2 881 

and (f) R3 of NA. Orography is shaded every 500 m starting in 1500 m. The 5ºx5º areas 882 

are drawn in grey squares.  883 

FIG. 12. Composite 0–3-km SRH magnitude (m² s-², shaded), 1000–700-hPa 884 

wind shear (m s-1, pennant is 25 m s-1, full barb is 5 m s-1, and half barb is 2.5 m s-1; only 885 

wind barbs greater than 5 m s-1 are plotted), and SBCAPE (J kg-1, red contours every 300 886 

J kg-1 starting in 300 J kg-1) for EML cases in spring in (a) R1, (b) R2 and (c) R3 of SA 887 

and (d) R1, (e) R2 and (f) R3 of NA. Orography is shaded every 500 m starting in 1500 888 

m. The 5ºx5º areas are drawn in blue squares. 889 

FIG. 13. Composite 0–1-km SRH magnitude (m² s-², shaded), 1000–850-hPa 890 
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wind shear (m s-1, pennant is 25 m s-1, full barb is 5 m s-1, and half barb is 2.5 m s-1; only 891 

wind barbs greater than 2.5 m s-1 are plotted), and LCL height (m, colored contours every 892 

300 m starting at 700 m) for EML cases in spring in (a) R1, (b) R2 and (c) R3 of SA and 893 

(d) R1, (e) R2 and (f) R3 of NA. Orography is shaded every 500 m starting in 1500 m. 894 

The 5ºx5º areas are drawn in blue squares. 895 

FIG. 14. Composite soundings and hodographs for R1 (blue lines), R2 (red lines) 896 

and R3 (green lines) of (a, b) SA and (c, d) NA in spring. The colored stars in the maps 897 

are the locations of the soundings and hodographs in the middle of the 5°x5° areas. EML 898 

bases are indicated by colored dashes for each sounding. In the hodographs, storm motion 899 

is represented by the operator symbols with the same colors, circles of same wind speed 900 

are shown every 5 m s-1, and the dark red, red, magenta, light blue and blue dots mark the 901 

1000, 850, 700, 500 and 250-hPa levels, respectively.  902 

FIG. 15. Boxplots of the distributions of (a) MUCAPE (J kg-1), (b) CIN (J kg-1), 903 

(c) 1000–850-hPa wind shear magnitude (m s-1), (d) 0–1-km SRH magnitude (m² s-²), (e) 904 

SBCAPE (J kg-1), (f) LCL height (m), (g) 1000–500-hPa wind shear magnitude (m s-1) 905 

and (h) 0–3-km SRH magnitude (m² s-²) over the R1-R3 regions of SA (blue boxplots) 906 

and NA (red boxplots) in EML cases during spring. Statistical parameters in the boxplot 907 

are the 90th and 10th percentiles (upper and lower tickmarks, respectively), 75th and 25th 908 

percentiles (upper and lower boxes boundaries, respectively) and median (line inside the 909 

boxes). Parameters that present statistically significant (95% confidence) differences 910 

between the same regions in the continents are marked with an astherisk (*) in the x axis. 911 

Details about the construction of the boxplots are found in the text. 912 
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