
 

 

 

 

 

 

Rain Cells Propagations: An evaluation of different propagation models 1 

Cristiano Wickboldt Eichholz1 and Luiz Augusto Toledo Machado2 2 

National Institute for Space Research, São Paulo, Brazil 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

1 Corresponding author address: Cristiano Wickboldt Eichholz, National Institute for 14 

Space Research, Rodovia Presidente Dutra – KM 39, Cachoeira Paulista, São Paulo, 15 

Brazil. 16 

E-mail: cristiano.eichholz@gmail.com 17 

2 Current affiliation: National Institute for Space Research, São Paulo, Brazil. 18 



2 

ABSTRACT 19 

 20 

This work discusses the propagation of rain cells observed with distinct environmental 21 

characteristics in different regions of Brazil, such as tropical coastal, continental 22 

rainforest, and subtropical region. The study was performed using radar data and the 23 

Forecast and Tracking of Active Cloud Cluster technique. Mesoscale radiosonde 24 

provided environmental characteristics such as wind, CAPE gradient, and vertical wind 25 

shear, which made it possible to evaluate the impact of these variables on rain cell 26 

movement. Results indicate that wind at 700 hPa can be used as a fair approximation 27 

of the precipitation field movement. In general, rain cells presented a displacement 28 

velocity below a wind speed at 700 hPa. The advective component of rain cells motion 29 

can be better represented by the steering level wind adjusted by 0-6 km bulk shear. 30 

The CAPE gradient was associated with the apparent movement direction (difference 31 

between propagation and steering level wind) of rain cells, mostly due to the formation 32 

of new rain cells. A model considering the steering level adjusted by the bulk shear 33 

and the CAPE gradient presented the best results for 20-min forecasts. A comparison 34 

between models showed that the best rain cell movement estimation was obtained 35 

with our model. 36 

 37 

 38 
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1. Introduction 39 

Understanding the factors that determine the rain cells movement have fundamental 40 

importance for extreme events forecasting. Ligda (1953) explored the concept of radar 41 

echoes extrapolation, used for the development of several methodologies to predict 42 

rain cell displacement during the 1960s and 1970s (Fox, Wilson, 2005, Wilson et al. 43 

al., 1998) and remain in use today. However, the forecasts based on extrapolation 44 

techniques generally decreases rapidly during the first 30 min and the major cause of 45 

problems is not due the errors in forecast displacement, but to decay and growth 46 

occurring during forecasting period (Wilson et al., 1998). The convection displacement 47 

is affected by tropospheric wind, vertical wind shear, as well as the production of 48 

negative buoyancy in the lower troposphere and positive in the middle and upper 49 

troposphere. The propagation of precipitation is closely related to the maintenance of 50 

deep convection and the longevity of the mesoscale systems (Carbone et al. 2002). 51 

However, Tuttle et al. (2008), describe an important difference between the 52 

observations made by satellite and radar, in which the speed of the cloud systems was 53 

approximately 4.7 m/s higher than the systems observed by radar. Such discrepancies 54 

were associated by the influence of different wind levels in clouds and rain cells 55 

movement. Deep convection generally follows the average wind of the upper 56 
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troposphere in the anvil layer, whereas precipitation cores movement generally follows 57 

the wind at lower levels. 58 

Brooks (1946) and Byers and Braham (1949) first studied clouds movement, where 59 

they associated the storms movement with “steering level” (height level at which cloud 60 

movement is close to the wind field). Features such as wind at steering level, 61 

Convective Available Potential Energy (CAPE), and vertical wind shear in the clouds 62 

layer were used by Moncrieff (1978) and Moncrieff and Miller (1976) to estimate the 63 

movement of Squall Lines (SL) in mid-latitudes and tropical regions.  64 

Rotunno et al. (1988) shows a concept known as RKW theory (Rotunno–Klemp–65 

Weisman), which addresses the importance of vertical wind shear and its interaction 66 

with the cold pool in the development of updrafts, making it more effective to develop 67 

convection and thus contributing to the formation and maintenance of SL. A review of 68 

the RKW theory presented by Weisman and Rotunno (2004) also discussed by others 69 

(Bryan et al., 2006, Coniglio et al., 2012), reinforces the importance of the vertical wind 70 

shear and cold pool in the development and maintenance of systems. The variability 71 

of storm movement in environments with high CAPE values appears to derive from an 72 

increased susceptibility to storm splits, triggered by updrafts and vertical wind shear 73 

interaction (Kirkpatrick et al., 2007). 74 

The use of CAPE, wind and vertical wind shear fields for the determination of the 75 

movement of different types of atmospheric systems is generally based on the 76 
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concepts discussed by Cotton and Anthes (1989) and explain storms movement using 77 

three mechanisms: i) Translation or advection, when storms follow the average wind 78 

during its evolution; ii) Forced propagation, where the storm has its development 79 

attached to some external forcing (e.g., frontal systems); and iii) Autopropagation, 80 

when the systems dynamics are responsible for its propagation (e.g., downward 81 

currents and gust fronts that tend to destabilize the environment near the storm and 82 

generate new convective cells that sustain it).  83 

The concepts discussed by Cotton and Anthes (1989) were used by Corfidi et al. 84 

(1996) in the development of a model to estimate the mesoscale convective complex 85 

(MCC) displacement. The latter uses an average wind of the 850–300 hPa layer to 86 

define the system’s translation; the propagation component is assumed as equal and 87 

opposite to the 850-hPa low-level jets, that corresponds the direction associated with 88 

humidity advection to the system.  The model showed in Corfidi et al. (1996) was 89 

updated by Corfidi (2003) to further address the movement of the Mesoscale 90 

Convective Systems (MCS) considering both upwind and downwind propagation. 91 

Although several studies address the rain clouds movement, especially SL, there is 92 

no objective evaluation of the models' ability to predict the movement of rainfall cells. 93 

There is also no unbiased way of determining the steering level and the influence of 94 

shear and instability on the rain cell propagation. This work analyzes the influence of 95 

the wind field on the rain cells movement and proposes a definition for the steering 96 
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level. A methodology to estimate rain cell movement using the wind and instability 97 

fields are also proposed and compared with others studies. In this study radiosonde 98 

and weather radar are used to analyze three different regions of Brazil: a tropical 99 

coastal, a continental tropical forest, and the subtropics. 100 

Section 2 discusses data and methodology and section 3 the steering level and its 101 

relation to wind profiles and the wind shear. Moreover, section 4 shows an analysis of 102 

the influence of the CAPE gradient on the rain cell movement and presents a model of 103 

rain cell propagation using steering levels, wind shear and the CAPE gradient. Finally, 104 

sections 5 and 6 compare different propagation models with the proposed model to 105 

draw conclusions. 106 

 107 

2. Data and Methodology 108 

2.1 Radar and radiosonde data  109 

Data was collected during CHUVA Project experiments (additional information in 110 

Machado et al. 2014), using a X-band dual-polarization radar, with a 200-m spatial 111 

resolution and a temporal resolution of 6 and 10 min. Atmospheric environmental 112 

characteristics were obtained through radiosondes performed on three different sites 113 

forming a triangular radar coverage area. This study’s experiments were performed on 114 

the sites mapped in figure 1: a) Fortaleza, state of Ceará (Tropical-coastal region); b) 115 
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Vale do Paraiba, state of São Paulo (topographically varying); and c) Manaus, State 116 

of Amazonas (forest Tropical continental with little topographic variation). 117 

During the CHUVA Project campaigns from 29 March 2011 to 29 April 2011, the 118 

radiosondes were launched at stations in Fortaleza (FOR), Mossoro (MOS), and 119 

Quixeramobim (QUI). From 01 December 2011 to 22 December 2011, radiosondes 120 

were performed in São José dos Campos (SJC), Cachoeira Paulista (CP), and 121 

Ubatuba (UBA). Thereafter, radiosondes were conducted from 20 February 2014 to 15 122 

March 2014 at the stations of Manaus (MAU), Manacapuru (MCU), and in Free Zone 123 

2 (ZF2). The average distance between radiosondes station in each campaign was 124 

100 km approximately. During all these campaigns the same X band radar was 125 

employed, as seen in Figure 1.  126 

 127 

2.2 Rain Cell Tracking  128 

Rain cells were tracked using the Forecast and Tracking of Active Cloud Cluster 129 

(ForTraCC) technique developed and validated by Vila et al. (2008). This technique 130 

predicts rain cell movement by tracking the mass centers displacement based on 131 

different temporal superposition. The Rain cell tracking was performed using the 132 

constant altitude plan position indicator (CAPPI) at an altitude of 2 km based on the X-133 

band radar volume scan. The X-band radar data was preprocessed considering an 134 
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horizontal polarization attenuation correction (ZH) calculated by the algorithm by 135 

Testud et al. (2000). This uses profile reflectivity constraints by the differential phase 136 

(PhiDP) to compensate for the ZH attenuation when radar pulses propagate across 137 

rain. Rain cells were defined as pixel clusters with values equal or greater than 15 dBZ 138 

and a minimum size of 75 pixels (corresponding to effective radius of 1 km) for 2-km 139 

CAPPI level. The ForTraCC results provide information on rain cell movement, as well 140 

as their life cycle. This allows cells’ displacement tracking during their cycle and the 141 

comparison of cells’ displacement tracking with different methodologies forecasts, 142 

taken at different time intervals.  Precipitation systems with life cycles higher than 20 143 

min were disregarded for the purposes of this analysis due the small sample size. 144 

Therefore, only were evaluates cases with life-cycle less than 20 min. 145 

Anomalous values (usually associated with factors such as ground echo, large 146 

changes in cell size, and fusion and separation of differently sized cells) were filtered 147 

out. For data quality control, was used the algorithm proposed by Holmlund (1998) to 148 

eliminate anomalous wind field values obtained from cloud movement derived from 149 

satellite images. This algorithm, based on the spatial consistency of the motion field, 150 

has been adapted to filter rain cells vectors that showed different movements of their 151 

neighbors. The algorithm used for quality control is to presented in the Equation 1: 152 

𝑄𝐼 = 1 − {𝑡𝑎𝑛ℎ [ Difference (𝐴. 𝑒
(
−𝑠𝑝𝑒𝑒𝑑

𝐵
)
+ 𝐶)⁄ ]}𝐷    (1) 153 

 154 
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Where 155 

 A, B, C, and D are the constants of algorithm adjustment; 156 

 Difference represents the difference between the average cell direction and the 157 

direction of analyzed cell; 158 

 Speed represents the average rain cell velocity.  159 

  160 

The following constants were set: A = 20, B = 10, C = 10, and D = 4. These values 161 

were also adopted by Negri (2006) and confer the algorithm the ability to eliminate rain 162 

cells vectors with differences of higher than 11 degrees relative to average vector 163 

(considering the average rain cell velocity of 15 m/s). The QI value defined in equation 164 

(1) varies between zero (0) and one (1). Zero is associated with systems that present 165 

large discrepancies in relation to average vectors, while one (1) is associated with 166 

systems that have minimal differences with respect to average vectors. After visual 167 

inspection, QI = 0.6 was established as a threshold for the selection of best quality 168 

vectors (this study disregards merge and split cells due their tendency to present 169 

motion vectors different from the system’s circulation pattern, thus impacting results). 170 

In the three CHUVA Project campaigns were tracked 346 rain cell life cycles (see Table 171 

I, II and III).   172 

The quantitative difference in the total systems observed in each region depends 173 

both on the number of days of available data for each one as well as the area covered 174 
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by X-band radar and the radiosonde triangle. The latter’s approximate area is as 175 

follows: i) Vale do Paraiba − SP 3000 km²; ii) Manaus− AM 2000 km²; and iii) 176 

Fortaleza− 15000 km².  177 

 178 

3. Steering level and vertical wind shear effect on rain cell propagation  179 

Figure 1 shows a geographical position composition of the studied regions, as well 180 

as the average characteristics of wind vectors at low levels and the average vector of 181 

rain cells. It also shows that a 700-hPa level wind vector is the closest to the average 182 

rain cell movement vector for all three campaigns. In terms of displacement average 183 

velocity, results are similar to those of Novo et al. (2013) when tracking rain cells using 184 

radar data in Cuba during the 2007 rainy season. The authors noted a storms average 185 

speed of 3 m/s over the continent and of 5 m/s over the sea, blowing to the west 186 

influenced by the trade winds.  187 

The steering level (which best represents rain cell movement), is the height at which 188 

rain cells present statistically lower difference relative to wind vector. The steering level 189 

was calculated as the level with the smaller normalized difference between the wind 190 

and the rain cell movement. Normalized root mean square absolute error (NRMSE) 191 

was computed as the root mean square error (RMSE) between the components of the 192 

wind and the rain cell movement, as shown in equation 2, i.e., the sum of the root of 193 
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the quadratic difference mean of the (n) propagation’s cases between wind vectors (at 194 

different (p) levels) and rain cells vectors motion. The impact of different wind 195 

magnitudes at different levels was eliminated by normalizing the RMSE with the wind 196 

vector module at each level. 197 

𝑁𝑅𝑀𝑆𝐸
𝑝

=
1

𝑛
∑ √

(𝑈𝑟
𝑡−𝑈𝑤

𝑝,𝑡
)
2
+(𝑉𝑟

𝑡−𝑉𝑤
𝑝,𝑡

)
2

√(𝑈𝑤
𝑝,𝑡

)
2
+(𝑉𝑤

𝑝,𝑡
)
2

𝑛
𝑡=1      (2) 198 

The right-hand side of equation (2) corresponds to the difference between rain cell 199 

movement vectors and environment wind, normalized by the denominator that equals 200 

the wind magnitude for the pressure level in question. For any given pressure level (p) 201 

and time (t), (𝑈𝑟
𝑡; 𝑉𝑟

𝑡), (𝑈𝑤
𝑡 ; 𝑉𝑤

𝑡) are zonal and meridional components of the rain cells 202 

and wind, respectively. 203 

Figure 2 depicts NRMSE and indicates a steering level close to 700 hPa level with 204 

the smallest difference between the wind vector and rain cell movement for all regions. 205 

The steering level at 700 hPa level also described by Ligda and Mayhew (1954); Houze 206 

(1993); Carbone, et al. (2002). Although the 700 hPa level is the most representative 207 

for all studied regions, it is noted that the rain cell magnitude is, on average, inferior to 208 

the wind speed at 700 hPa (Figure 1). It thus becomes apparent that another parameter 209 

must be added to reduce the difference between the steering level wind vector and 210 

rain cell movement. First was defined a constant alpha (α) parameter applied to the 211 

wind speed at the steering level. The best alpha was defined as being the lowest root 212 
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value of the mean square error between the wind vector at the steering level (multiplied 213 

by alpha) and the rain cell movement vector. Equation 3 calculates RMSE values as: 214 

𝑅𝑀𝑆𝐸 =
1

𝑛
∑ √(𝑢𝑤 − 𝑢𝑟)

2 + (𝑣𝑤 − 𝑣𝑟)
2𝑛

𝑡=1     (3) 215 

where (𝑢𝑤; 𝑣𝑤) e (𝑢𝑟; 𝑣𝑟) represent the zonal and meridional components of the wind 216 

at the steering level and the rain cells, respectively.  217 

The best alpha parameters for all regions is approximately 0.75. The error when 218 

using only the steering level and the steering level applied to alpha value was 219 

evaluated for a 20-min forecast (not shown). The average error between the forecasted 220 

and observed position (Euclidean distance) was better for the model using the alpha 221 

parameter, and was less than 4 Km. 222 

According to Potts et al. (2000), small storms are often advected by the average 223 

wind of the cloud layer, while multicellular storms such as SL and supercells may 224 

deviate considerably from the average wind, depending mainly on the stability and 225 

vertical wind shear. For Geng et al. (2011), the height and area of precipitating systems 226 

are positively correlated, indicating that large systems are often deeper than small 227 

systems, moving with the environmental flow at different levels at distinct times. 228 

Therefore, when precipitating systems are low in height, their movement is generally 229 

consistent with the wind at low levels. However, in the case of deeper systems the 230 

observed movement tends to be associated with the wind at mid-levels. This indicates 231 

that vertical wind shear can significantly affect atmospheric systems’ movement.   232 
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As aforementioned, RMSE was calculated to analyze the effect of the shear on the 233 

movement of the systems; however, now RMSE is calculated between the movement 234 

of rain cells and the alpha x (steering level) for different wind shear module values 235 

ranges.  236 

The vertical wind shear vector module (hereinafter, referred to as bulk shear (m /s)) 237 

was defined as the difference between a layer’s average wind vector that is measured 238 

in the first 6-km lower atmosphere, and the average wind vector was measured in the 239 

lower 500 m (Johnson; Mapes, 2001). For all three regions, Figure 3A shows a roughly 240 

linear relationship between RSME (wind vector at the steering level adjusted by the 241 

alpha parameter and the rain cell movement vector) and the bulk shear. In this simpler 242 

steering level model of a fixed alpha, the error increases proportionally to the bulk 243 

shear values. This shows that the alpha parameter should be modulated by the bulk 244 

shear, i.e., the stronger the bulk shear the larger the RMSE becomes.  245 

Therefore, a steering level model with an alpha value as a function of the bulk shear 246 

should present a smaller RMSE. A new improved steering level model considering the 247 

bulk shear is proposed. The bulk shear was separated in 3 m/s bin and the best alpha 248 

value was computed for each bin using the RMSE. Figure 4b has the best alpha value 249 

for each bulk shear bin. It is a clear linear relationship, with a correlation of 0.92 250 

between the best alpha value and the bulk shear. The alpha parameter as a function 251 

of the bulk shear (BS) can be described as: 252 
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𝛼 = 0.77 − (0.03𝐵𝑆)                             (4) 253 

As aforementioned, the forecast error for a 20-min propagation was computed and 254 

shows a smaller Euclidian error than the model considering a constant alpha value. 255 

Thus, the displacement of rain cells can be approximated using the wind at the level 256 

of 700 hPa, corrected by a fixed alpha parameter of 0.75. However, if the bulk shear is 257 

available, the displacement of rain cells can be estimated more precisely by applying 258 

the alpha parameter (in Equation 4) to the wind at the steering level (hereinafter, 259 

adjusted steering level). 260 

There are several reasons that explain storm’s deviation and the thermodynamic 261 

environment may play an important role. This is because storm propagation is 262 

associated with the development of new convective cells, which depends mainly on 263 

the presence of moisture, instability, and upward motion of the emergence of deep 264 

humid convection (Zeitler and Bunkers, 2005, Kirkpatrick et al., 2007). The orography 265 

also tends to significantly impact deviations from the average wind. The presence of 266 

high terrain promotes the increase of the mesoscale convergence zone through: A) 267 

Upslope flow; B) Lee-side Convergence; C) An elevated heat source. These regions 268 

favor the development of convective cells that can fuel older storms (Zeitler and 269 

Bunkers, 2005). The next chapter discusses the effect of instability on the propagation 270 

of rain cells. 271 

 272 
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4. CAPE gradient effect on rain cell propagation  273 

Several methodologies discuss the influence of the CAPE on the storms 274 

propagation. The classic concept described by authors such as Cotton; Anthes, 1989; 275 

Corfidi, 2003; Zeitler; Bunkers 2005, assumes that the movement of systems can be 276 

described by the sum of advective and propagation component. Rain cells are thus 277 

advected by the steering level wind (also modulated by the shear layer) expressed by 278 

the bulk shear parameter and are also influenced by the instability field, here expressed 279 

by the CAPE.  280 

Teixeira (2010) suggested that the direction of the CAPE gradient could be related 281 

as the anomalous rain cell system propagations and proposed to consider the 282 

propagation rain cell component as the CAPE gradient. To test this hypothesis, the 283 

vector difference between rain cell propagations (as observed by radar) and the 284 

adjusted steering level were computed. This vector difference is hereafter called as 285 

apparent vector, because the physical hypothesis behind this approach is that the rain 286 

cells are advected by the steering level but grow in the regions with larger instability 287 

providing an apparent displacement. In turn, the histogram of the CAPE gradient 288 

direction and the apparent rain cell propagation populations were computed. The 289 

differences between the distributions of the CAPE gradient and the apparent vector 290 

are close of approximately 40° (Fig. 5). This results in an apparent movement being 291 
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parametrized by the CAPE gradient. Note that the differences between the distributions 292 

could be smaller since factors such as the rain cell area expansion and the consequent 293 

variation of its mass center add imprecision to the calculations and affect the 294 

differences found. The use of radiosonde data with only three measurements for each 295 

studied region also limits the description of the variability of the respective CAPE 296 

gradient. However, even with the limitations presented, it is apparent that results show 297 

the CAPE gradient’ role in the rain cell deviations from wind. 298 

Results thus far show that both the adjusted steering level (by bulk shear) and CAPE 299 

gradient affect the advection and propagation of rain cells. These characteristics will 300 

be used to define a new model to predict the rain cell movement. During initial tests 301 

the direct application of the steering level vectors and CAPE gradient to compose a 302 

model of rain cell movement showed sensitivity to the CAPE gradient vector module. 303 

The CAPE gradient module depends on the scale at which it is computed, as the 304 

triangle in each region has different sizes, a clear bias of the module and function of 305 

the triangle area is detected. To overcome this obstacle, the relationship between rain 306 

cell movement and CAPE gradient was evaluated and parameterized only as a 307 

function of the direction of the CAPE gradient but with the steering level vector module. 308 

For this, a synthetic CAPE gradient vector was defined, which has the adjusted 309 

steering level modulus (|𝑆𝑡𝑎𝑑𝑗
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |) and the direction of the CAPE gradient (∇𝐶𝐴𝑃𝐸)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗. The 310 
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proposed rain cell movement model (hereafter, CAPE gradient - steering level (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ), 311 

corresponds to a linear relationship between the adjusted steering level vector and the 312 

synthetic CAPE gradient vector and will be employed as a function of the CAPE 313 

gradient modulus (|∇𝐶𝐴𝑃𝐸|⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ). The synthetic CAPE gradient is defined as: 314 

θ = arctan(
𝜕𝐶𝐴𝑃𝐸

𝜕𝑥
𝛿𝐶𝐴𝑃𝐸

𝛿𝑦

)      (5)    315 

                 316 

  𝛻𝐶𝐴𝑃𝐸𝑆
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = |𝑆𝑡𝑎𝑑𝑗

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |𝑠𝑖𝑛𝜃𝑖 + |𝑆𝑡𝑎𝑑𝑗
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |𝑐𝑜𝑠𝜃𝑗        (6)  317 

 318 

The rain cell displacement CAPE gradient–steering level (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is defined as: 319 

(𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝑐𝑔.∇𝐶𝐴𝑃𝐸𝑆
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝑐𝑤. 𝑆𝑡𝑎𝑑𝑗

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗      (7) 320 

Where cg + cw = 1 321 

To determine the best balance between the synthetic vector and the adjusted 322 

steering level vector (i.e., to define rain cell movement model) the different cg values 323 

were evaluated. Note that the best fit, i.e., the best cg depends on the |∇𝐶𝐴𝑃𝐸⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |. For 324 

smaller CAPE gradient values, the model is worse than the use of only the adjusted 325 

steering level, i.e., cg = 0. However, for higher values of |∇𝐶𝐴𝑃𝐸⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  | the proposed model 326 

is better and depends on the |∇𝐶𝐴𝑃𝐸⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |. Figure 5 shows the CAPE gradient – steering 327 

level (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   performance related to the error obtained using only the adjusted steering 328 

level for different cg values. The average error for each cg constant value (RMSEcg) 329 
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of the model (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   was evaluated through Euclidean distance, between the cells 330 

predicted by the models and those observed. The relative error for each value of the 331 

GC constant was obtained considering equation 8: 332 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟 = [1 −
𝑅𝑀𝑆𝐸𝑐𝑔

𝑅𝑀𝑆𝐸𝑠𝑡
]                                                 (8) 333 

where RMSEst equals the root mean square error of the adjusted steering level 334 

model. 335 

Figure 5A shows model (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   errors considering environments with different ranges 336 

of CAPE gradient intensities. It is observed that the model performed better than the 337 

steering level model adjusted in environments with strong CAPE gradients, higher than 338 

40.10–3 m/s². Figure 5B shows the best cg values for the different |∇𝐶𝐴𝑃𝐸⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |. Using the 339 

results from Figure 5B, the following cg value equation was adjusted. 340 

 341 

𝑐𝑔 = { 
4.7 − 7.6𝑒−12.|∇𝐶𝐴𝑃𝐸⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗|, |∇𝐶𝐴𝑃𝐸⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |  >  40. 10−3𝑚. 𝑠−2                                   (9)

 

0.0, 0 <  |∇𝐶𝐴𝑃𝐸⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |   ≤  40. 10−3𝑚. 𝑠−2

 342 

 343 

Figure 6 shows the performance of the steering level (700 hPa), the adjusted 344 

steering level (using the bulk shear), and the CAPE gradient - adjusted steering level 345 

models, for two ranges of the CAPE gradient module between 0 and 40. 10-3 m. s−2 346 

and larger than 40. 10-3 m. s−2. The errors were computed for 6, 12, and 20 min 347 
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forecast. The best performance provided by the CAPE gradient - adjusted steering 348 

level model is clear. 349 

 350 

5. Comparison of different propagation models 351 

5.1 Propagation Models 352 

In later sections was defined the CAPE gradient - steering level (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   model as 353 

described by Equations (7) and (9). Now, we will compare this model with those 354 

proposed by Moncrieff and Miller 1976, Moncrieff (1978), and Corfidi (2003).  355 

The model defined by Moncrieff and Miller (1976) expresses the movement of 356 

tropical Squall Lines (𝑉𝑀1
⃗⃗⃗⃗ ⃗⃗  ⃗) considering its advection by the average wind of the cloud 357 

layer and its module modified by CAPE field. The propagation direction is the average 358 

wind speed vector between the levels of 850 hPa and 300 hPa  |𝑊𝐿𝑎𝑦𝑒𝑟
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |, and the 359 

module can be defined as: 360 

 361 

|𝑉𝑀1
⃗⃗ ⃗⃗ ⃗⃗  ⃗| = |𝑊𝐿𝑎𝑦𝑒𝑟

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  | + 0.3 √𝐶𝐴𝑃𝐸     (11) 362 

 363 

Moncrieff (1978) proposed a model where the mid-latitudes squall lines propagation 364 

(𝑉𝑀2
⃗⃗⃗⃗ ⃗⃗  ⃗) follow the steering level (𝑆𝑡⃗⃗  ⃗); its speed, however, is defined by the relationship 365 

between vertical wind shear (BS as defined before) and CAPE. This ratio is known as 366 
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the Richardson number (Ri) and was defined as 𝑅𝑖 = 𝐶𝐴𝑃𝐸 0.5⁄ (𝐵𝑆)2. The movement 367 

direction is defined by 𝑆𝑡⃗⃗  ⃗, and its speed is defined by: 368 

 369 

|𝑉𝑀2
⃗⃗ ⃗⃗ ⃗⃗  ⃗| = |𝑆𝑡⃗⃗⃗⃗ | + [(

1+ √1+4𝑅𝑖

3+ √1+4𝑅𝑖
) . 𝐵𝑆]     (12) 370 

 371 

A model proposed by Corfidi et al. (1996), describe the Mesoscale Convective 372 

Complexes movement (𝑉𝐶𝑜𝑟𝑓1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) as the sum of advective and propagation components. 373 

The system advective component are describe by the average wind in the 850–300 374 

hPa layer. The propagation component is defined as the equal and opposite 375 

component of the low-level jet at 850 hPa level ( − 𝑣 850ℎ𝑃𝑎) and are associated with 376 

the direction in which the system would be fed by the humidity. The Corfidi et al. (1996) 377 

is defined as: 378 

𝑉𝐶𝑜𝑟𝑓1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  (�̅� 850−300 − 𝑣 850)     (13) 379 

 380 

An update of the original methodology, described by Corfidi et al. (1996), was 381 

presented by Corfidi (2003) and a downwind scheme for convective systems 382 

movement was defined (𝑉𝐶𝑜𝑟𝑓2)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . As the length of the motion vector provided by the 383 

original methodology is directly proportional to the degree of convergence and rate of 384 

new cell development along the gust front, the addition of this vector representing the 385 
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propagation component to the vector associated with the average wind of the cloud 386 

layer, allow to estimate the entire movement of the convective system (Corfidi, 2003). 387 

The model evaluated in this paper uses the downwind scheme presented by Corfidi 388 

(2003) and defines CS movement as: 389 

An evaluation of the forecasts derived from each of the models described above is 390 

presented in the following section.  391 

  392 

5.2 A Propagation model analysis  393 

The CAPE gradient–steering level model (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   was compared to the 394 

methodologies proposed by Moncrieff and Miller (1976), Moncrieff (1978), and Corfidi 395 

(2003). As aforementioned, these models are specific for MCS, and the rain cells 396 

trajectories population in this study includes all types of rain systems. Thus, it is not 397 

suggested to expect perfection in the performance of these models—the comparison 398 

gives only an idea of what the associated errors are when models are deployed for a 399 

general forecast of rain cell propagation up to 20 min.  400 

Figure 7 shows the performance of the models, where it clear that the CAPE 401 

gradient–steering level model (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , performs best with an error of approximately 3 402 

km for 20 min, whereas the model by Moncrieff and Miller (1976) has an error of 12 km 403 

when compared with other models. 404 
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Once the models proposed by Moncrieff and Miller (1976) and Moncrieff (1978) put 405 

your focus on organized systems such as MCS, their performance cannot be expected 406 

be the best for short-time rain cells. As Wilson et al. (1998) notes, the quality of the 407 

prediction based on extrapolation techniques decreases rapidly over time because 408 

typical storms last less than 20 min. For predictions, longer than 20 min, it is also 409 

necessary to consider the initiation, growth, and dissipation of convective storms. 410 

Although physical processes associated with the initiation and dissipation of convective 411 

storms are not observable in the development history of a given radar echo, they are 412 

often controlled by boundary layer convergence, vertical wind shear, and buoyancy 413 

characteristics (Wilson et al. 1998). However, the models proposed by Moncrieff and 414 

Miller (1976), Moncrieff (1978), and Corfidi (2003) generally overestimated the 415 

advective component of rain cells. Although they exhibit direction close to steering 416 

level, they usually have a displacement speed smaller than the wind module of that 417 

level. As the advective component tends to dominate the systems movement, its 418 

incorrect estimation tends to negatively impact forecasts. 419 

 420 

6. Conclusion 421 

Rain cells movements observed in three regions of Brazil with distinct environmental 422 

characteristics were evaluated—a tropical coastal, tropical rainforest, and subtropical 423 
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region. The results obtained allowed the definition of a rain cell movement model. For 424 

all regions analyzed, the most representative wind level for rain cell movement, i.e., 425 

the steering level, was at 700 hPa level. This result is similar to reported by other 426 

authors (Ligda and Mayhew, 1954; Houze, 1993; Carbone et al., 2002). Thus, the 427 

movement of rain cells can be estimated using the wind field at 700 hPa level (Sterring 428 

Level). However, the estimation presents better results when the wind in the steering 429 

level is parameterized as a function of the bulk shear. The results showed a quasi 430 

linear relationship between the differences in wind and rain cells speed and vertical 431 

wind shear. Thus, the greater the shear, the greater is the difference observed. The 432 

presence of strong wind shear reduces the drag due to precipitation, which contributes 433 

to the reduction in gust velocity (Wissmeier and Goler, 2009). 434 

Furthermore, another factor that influenced the rain cells propagation was the CAPE 435 

gradient. The apparent movement vector (i.e., the vector difference between the rain 436 

cell movement and the adjusted steering level) has a direction close to that of the 437 

CAPE gradient. It is thus concluded that, generally, the apparent vector tends to point 438 

towards higher CAPE values. Thus, the CAPE gradient vector can represent the 439 

propagation component of the systems and contribute to determine the apparent 440 

deviation of the rain cells from the steering level. However, this relationship is 441 

significant only for high CAPE gradient values. A general model for to estimate rain cell 442 

movement was developed using the steering level wind, adjusted by the bulk shear, 443 
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as an advective component and associating the CAPE gradient with the propagation 444 

component of the rain cells, when the CAPE gradient exceeds 40.10–3 m. s−2. 445 

This model was compared with methodologies proposed by others authors 446 

(Moncrieff and Miller, 1976); Moncrieff, 1978; Corfidi, 2003) and the results showed 447 

that the CAPE gradient–steering level model (𝐺𝐶𝑠𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   gives the least error for 448 

displacement predictions up to 20 min. Despite the differences between the movement 449 

presented by rain and cloud cells and their interactions with the environment, reported 450 

by Tuttle et al. (2008), this work shows that a model using variables such as wind, 451 

cape, and shear can be used to estimate rain cell movement in general, disregarding 452 

the organizational degree or the systems life cycle. 453 
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 598 

Table 1. Total after Q filter and after Q and split/merge filters life-time number of 

trajectories for the Vale do Paraiba Campaign. 

Life-Time (Min.) Total Trajectories After Q Filter After Q and Merge/Split Filters 

>5 382 175 77 

>10 215 78 29 

>15 131 42 11 

>20 86 23 5 
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Table 2. Total after Q filter and after Q and split/merge filters life-time number of 

trajectories for the Fortaleza Campaign. 

Life-Time (Min.) Total Trajectories After Q Filter After Q and Merge/Split Filters 

>5 665 456 213 

>10 395 246 106 

>15 271 141 53 

>20 185 83 26 
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 602 

Table 3. Total after Q filter and after Q and split/merge filters life-time number of 

trajectories for the Manaus Campaign. 

Life-Time (Min.) Total Trajectories After Q Filter After Q and Merge/Split Filters 

>5 332 155 56 

>10 161 68 17 

>15 161 68 17 

>20 103 37 9 
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 630 

Fig. 1. Regions where the CHUVA Project (A) campaigns were performed; Location of 

the radiosonde sites in the Vale do Paraiba Valley (B), Fortaleza (C), and Manaus (D); 

Average winds of 850, 800, 750, and 700 hPa. 
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 635 

Fig. 2. NRMSE between a wind at a certain height level and the rain cell vector 

propagation at different pressure levels in Fortaleza, Manaus, and Vale do Paraiba. 
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 644 

Fig. 3. A) RMSE ratio calculated between the rain cell and wind speed at the steering 

level and the bulk shear of the 0–6 km layer. B) Relationship between the best alpha 

parameter and the Bulk shear module of the 0–6 km layer. 
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 655 

Fig. 4. Histogram: occurrence frequency of the CAPE gradient direction and its vector 

(difference between rain cell propagation and adjusted steering level). 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 



39 

 664 

Fig. 5. A) Error of the CAPE Gradient – Steering Level Model relative to error of the 

adjusted steering level, for different CAPE gradient module and cg values. B) Best cg 

values as function of the Black and Blue curves represent the adjusted equation. 
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 675 

Fig. 6. Rain cell propagation model’s performance: steering level, adjusted steering 

level and CAPE Gradient - Steering Level model as a function of the CAPE gradient 

module A) Between 0 and 40.10⁻³ m/s² and B) Greater than 40.10⁻³ m/s². 

 676 

 677 

Fig. 7. Rain cell propagation model’s performance: adjusted cape-steering level 

gradient, Moncrief and Miller (1976), Moncrief (1978) and Corfidi (2003) for 6, 12, and 

20 min forecasts. 


