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Abstract 15 

Annual precipitation over Central America and large areas of Mexico is typically 16 

characterised by its bimodal distribution, with a precipitation minimum in July to 17 

August that occurs between two separate maxima from May to July and August to 18 

October. Several theories have been proposed to explain this phenomenon, which is 19 

often termed the mid-summer drought (MSD), but most fail to address the different 20 

characteristics associated with individual MSD events. Here, a regression–based 21 

approach is used to detect and quantify the annual and climatological MSD signature 22 

over Central America and Mexico. This approach has been evaluated and shown to 23 

be robust for various datasets with different spatial resolutions. It was found that in 24 

the southeast of the Mexico/Central America region, MSDs start earlier and end later 25 

than elsewhere, and are thus longer in duration. However, the coast of the Gulf of 26 

Mexico, Cuba, and large areas of Central America, exhibit climatologically stronger 27 

MSDs. Changes in precipitation, brought about by the interaction between reversals 28 
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of the onshore/offshore winds and orographic forcing associated with the steep 29 

mountainous terrain, have also been shown to be significant factors in the timing of 30 

MSD occurrences, offering support for a combined theory of large-scale dynamics 31 

and regional forcing. Using self-organising maps (SOMs) as an analysis tool, it was 32 

found that MSD events over the domain display strong spatial variability. The MSDs 33 

over the domain also generate distinct signatures and may be forced by particular 34 

mechanisms. We found that El Niño-Southern Oscillation (ENSO) could be a potential 35 

classifier for the SOM identified atmospheric states, based on the correspondence of 36 

MSD occurrences with ENSO phases. 37 

1 Introduction 38 

Precipitation plays a significant role in a wide range of economic and other human 39 

activities throughout Central America and Mexico, including agriculture, power 40 

generation, and public health (Parmenter et al., 1999; Chowell and Sanchez, 2006; 41 

Brunkard et al., 2008; Fuchs and Wolff, 2011; Rogé et al., 2014). In particular, rainfall 42 

variations can substantially affect agriculture, including the production of corn and 43 

fruits that constitute an important part of the Gross National Product for many 44 

countries in this region. This also highlights the value of being able to accurately 45 

describe and quantify the spatio-temporal distribution of rainfall variability across 46 

the region as well as identifying the climatic factors that influence these changes, 47 

including near-surface temperatures and wind patterns, which may be potentially 48 

predictable.  49 

The annual cycle of precipitation in most regions of Central America and southern 50 

Mexico is characterised by a well-defined rainy period from May to October 51 

(Hastenrath, 1967; Figure 1). More specifically, however, this rainy season in 52 

southern Mexico and most Central American countries is actually characterised by 53 

separate maxima in May to July and August to October, with reduced precipitation 54 

during the intervening July to August period (Mosiño and García, 1966; Coen, 1973). 55 

This so-called "mid-summer drought" (MSD), also known as "veranillo" or “canícula” 56 

in Spanish, is characterised by a reduction in precipitation as compared to the wet 57 

season averages of up to 40% (Small et al., 2007), although it remains distinct from 58 

the actual dry season. A typical annual cycle of precipitation highlights the MSD 59 
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signal; climatologically, conditions during the MSD are dominated by drier, warmer, 60 

and less cloudier patterns (Hastenrath, 1967), distinct from those seen in the rainy 61 

season.  62 

The MSD was identified in the 1960s by Portig (1961), and since then several 63 

hypotheses have been proposed to explain the physical mechanisms driving MSDs in 64 

the region. Using historical observations as described by Alpert (1945, 1946), 65 

Hastenrath (1967) examined the potential for analysis of annual movements of the 66 

Intertropical Convergence Zone (ITCZ) and the North Atlantic Subtropical High 67 

(NASH) to explain MSDs. This idea was later revisited using a reanalysis of the 68 

European Centre for Medium-Range Weather Forecasts (ECMWF) (Hastenrath, 69 

2002), and this identified the key role of the ITCZ in the eastern Pacific with regard to 70 

the generation of the MSD. The role of the NASH was also explored in other studies 71 

(Giannini et al., 2000; Romero-Centeno et al., 2007). 72 

Magaña et al. (1999) proposed a theory to explain the existence and development of 73 

the MSD over the eastern tropical Pacific, which was later revised by Magaña and 74 

Caetano (2005) and Herrera et al. (2015). This involved land-ocean-atmosphere 75 

processes, and indicated that, in early summer, the warm sea surface temperatures 76 

induce convection, corresponding to the first peak of precipitation prior to the MSD. 77 

After that, the cloudier skies caused by surface evaporation and enhanced 78 

convergence reduce the intensity of the incoming solar radiation, acting to cool the 79 

sea surface, reduce convection, and produce a characteristic reduction of 80 

precipitation during the MSD. Thereafter, reduced convection leads to increased 81 

insolation, allowing the sea surface to become warmed again, resulting in a second 82 

peak of precipitation. This theory takes account of the negative feedback associated 83 

with regional climate circulation to explain the large range of areas dominated by 84 

the MSD. Additionally, this theory also suggests that, if thermal forcing were 85 

constant, the rainy season would be persistently dominated by an oscillation formed 86 

by peaks and troughs in precipitation, creating a series of MSD-type phenomena 87 

(Karnauskas et al., 2013).  88 

Further hypotheses to explain the mechanisms of the MSD from multiple 89 

perspectives have been proposed in the last 20 years. The Caribbean low-level jet 90 
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has been shown to potentially influence the MSD based on its semi-annual 91 

variability, with its two separate maxima in summer and winter (Wang, 2007; Wang 92 

and Lee, 2007). Its intensification and regional circulation have also been shown to 93 

have implications for the generation of the MSD (Magaña and Caetano, 2005; 94 

Herrera et al., 2015). Other potential affecting factors, such as vertical wind shear 95 

and atmospheric particles (Angeles et al., 2010), solar declination (Karnauskas et al., 96 

2013) and the Madden-Julian Oscillation (Zhao et al., 2019) have also been explored. 97 

It is now generally recognised that the MSD may be triggered by any of a multiple 98 

range of processes. The MSD can thus be said to have several physical drivers and 99 

contributing factors, and variations in any or all of these might affect the peaks and 100 

troughs in annual precipitation across the region.   101 

Current MSD research is challenged by the accuracy of MSD detection and 102 

estimation algorithms and the quality and resolution of relevant datasets. Such 103 

research has been primarily based on synoptic data (Magaña et al., 1999; Mapes et 104 

al., 2005; Small et al., 2007) or monthly climatological data (Curtis, 2002; Karnauskas 105 

et al., 2013; Perdigón‐Morales et al., 2018). This has left space for a comprehensive 106 

assessment of MSD characteristics across space and time and the development of a 107 

more consistent definition with broad utility of application by the scientific 108 

community to help identify regional driving mechanisms.   109 

This paper applies a regression-based MSD detection algorithm to identify the 110 

prevalent atmospheric states over Central America during the MSD. This algorithm 111 

was developed based on daily precipitation data and subsequently evaluated using 112 

multiple datasets in various formats. Using reanalysis data, the atmospheric states 113 

prevalent during various periods of the MSD were determined based on the 114 

detected MSD signals from the observed data. A mechanism based on wind-115 

topography interaction is thus proposed to explain the MSD signature over the 116 

majority of Central America and Mexico. Using a competitive artificial neural 117 

network, the atmospheric state variability during the MSD is estimated by classifying 118 

nine pattern types, revealing unresolved variability in the recognised atmospheric 119 

drivers of the MSD, which could be potentially classified by considering the El Niño-120 

Southern Oscillation (ENSO) phase. The data and methods used in this research are 121 
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introduced in section 2, while section 3 explicitly highlights the observed 122 

atmospheric states during MSD periods, including mean states and variability, and 123 

potential associations and mechanisms. These results are discussed, and conclusions 124 

provided, in section 4. 125 

2 Data and methods  126 

2.1 Precipitation data and other atmospheric variables  127 

The MSD detection scheme utilises multiple daily datasets, including precipitation 128 

data from the Tropical Rainfall Measuring Mission (TRMM) (Hong et al., 2007; 129 

Huffman 2016), Climate Prediction Center (CPC) global unified gauge-based analysis 130 

of daily precipitation (Xie et al., 2007; Chen et al., 2008), and ERA-Interim reanalysis 131 

(Dee et al., 2011) in both low (0.5o x 0.5o; ERA/L) and high resolutions (0.25o x 0.25o; 132 

ERA/H). Further details of these datasets are shown in Table 1. These datasets were 133 

chosen because they: 134 

1) represent various data types, including gauge-satellite blend observations (CPC), 135 

satellite blend observations (TRMM), and reanalysis data (ERA), to help develop 136 

confidence in the utility and robustness of the algorithm as applied to different 137 

datasets; and  138 

2) have been widely used in previous research associated with the MSD over Mexico 139 

and Central America (Magaña et al., 1999; Small et al., 2007; Wang, 2007; 140 

Karnauskas, 2013), and thus have already been shown to capture the climatology and 141 

variability of regional MSD characteristics in this region (e.g. Small et al., 2007; Diro 142 

et al., 2012; Karnauskas, 2013).  143 

Other atmospheric variables used in this research include the 2 m air temperature, 144 

10 m wind speeds, surface pressure, and cloud fraction, all of which were extracted 145 

from the ERA/L for the period from 1993 to 2017. The sea surface temperature 146 

during 1993 to 2017 over the domain was extracted from the NOAA OI SST V2 High 147 

Resolution Dataset (Reynolds et al., 2007). 148 

2.2 MSD detection algorithm 149 
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As the MSD has a regionally varying signature, the methodology used for the 150 

determination of its characteristics largely depends on the objective of a given study. 151 

Methods used to detect the MSD can, however, be summarised based on studies to 152 

which they are applied and/or their statistical features. Several methods to detect 153 

the MSD over Central America and Mexico have been previously proposed. Many 154 

researchers focusing on the physical dynamics of the MSD have used spatially-155 

averaged precipitation time series to capture typical MSD characteristics for 156 

particular regions (Magaña et al., 1999; Mapes et al., 2005; Small et al., 2007); 157 

however, this approach ignores MSD spatial variability and may also fail to reveal 158 

certain climatological characteristics seen only on relatively small spatial scales. 159 

Additionally, this approach tends to treat all potential MSD events as a composite, 160 

rather than examining each as a single event in each year, thus ignoring the 161 

interannual variability of the MSD. 162 

Methods used in more recent studies include specially designed algorithms or 163 

indices that detect the MSD and quantify its intensity. Karnauskas et al. (2013) used 164 

climatological precipitation to detect the global distribution of the MSD and analysed 165 

the differences between relative maxima and minima to determine the intensity of 166 

these events. This form of detection notably references climatology rather than the 167 

MSD in each particular year, however; thus, the application of monthly data limits 168 

the accuracy of detection which may cause the MSD signature to become less clear. 169 

Perdigón‐Morales et al. (2018) used station data to examine the MSD distribution in 170 

Mexico, dividing the climatological monthly precipitation time series in Mexico into 171 

five types of precipitation with MSD in 1) only July, 2) only August, 3) July to August, 172 

and 4) June to August, along with 5) precipitation with an insignificant MSD signal. 173 

Two indices were used to quantify the intensity of the detected MSD. These were a 174 

separate percent diminished (PD) index to measure the MSD with respect to peak 175 

precipitation, and a percent accumulated (PA) index referencing cumulative rainfall 176 

during the MSD.  177 

Major issues identified using these MSD detection methods include 1) the 178 

determination of the MSD area and the quantification of MSD characteristics not 179 

being well separated; 2) the precision and practicability of detected MSDs being 180 
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limited by the application of monthly precipitation data; and 3) the fact that, as most 181 

algorithms only examine climatological MSD, they ignore the potential importance of 182 

the underlying variability in the composites. Additionally, most MSD detection 183 

algorithms used previously have been applied to the two peaks in May to July and 184 

August to October separately, thus assuming that the reduced precipitation between 185 

these two peaks is the critical factor determining an ideal MSD signal. However, 186 

algorithms applied in this way run the risk of failing to distinguish multimodal 187 

distributions from the required bimodal MSD signals when applied to daily 188 

precipitation data due to the existence of anomalous noise (Zhao et al., 2019). 189 

The current work proposes and develops a new algorithm to determine the MSD 190 

area, to the extent that it exhibits MSD signals, and to better estimate annual MSD 191 

characteristics. The protocol for this algorithm is as follows: 192 

a. Identification of MSD classified locations 193 

A dataset containing daily precipitation P (X, Y, t), where X and Y are east and north 194 

grid coordinates and t is time in days, is made available to the algorithm. For each 195 

such dataset, the first step is to calculate its annual climatology Pclim using the full P 196 

record. Pclim is calculated as a climatological annual cycle, in Julian days, with data on 197 

the non-existent February 29th in each non-leap year filled by the mean of that on 198 

February 28th and March 1st. Hence, Pclim is always a dataset of size (X, Y, 366). The 199 

MSD signal is detected at each (X, Y) coordinate independently, and the 200 

climatological precipitation time series Pclim is also smoothed using a 15-day window 201 

with a Gaussian-weighted moving average at each grid point. The resultant data are 202 

recorded as Psm. For the time series Psm (X, Y), the existence of the MSD signal is 203 

detected and confirmed based on three criteria:  204 

1) two maximum precipitation peaks, Pmax1 and Pmax2, should exist separately in the 205 

periods May 15th to July 15th and August 15th to October 15th; and their 206 

corresponding dates are separately recorded as d1 and d2;  207 

2) d3, which corresponds to the date of annual maximum precipitation, should thus 208 

be the same as either d1 or d2; and  209 
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3) the linear trend in the precipitation time series between January 1st and d1 210 

should be significantly positive, while the trend between d2 and December 31st 211 

should be significantly negative, to indicate the significance of precipitation 212 

enhancement/reduction before/after an MSD event. If these three criteria are 213 

satisfied, the coordinate (X, Y) is identified as being a representative location for the 214 

existence of the MSD; otherwise, the location is deemed to not typically display the 215 

characteristics of the MSD signal. The linear trends outlined here are analysed by 216 

linear regression. In this algorithm, the existence of two rainfall peaks during rainy 217 

seasons ensures the existence of precipitation during the MSD, while the significance 218 

of the two linear regressions further guarantees the bimodal shape of annual 219 

precipitation. Although there is still the possibility that a third peak of precipitation 220 

could exist during a period of detected MSD signals, time series that satisfy the three 221 

criteria outlined above are still classified as MSD signals due to the established 222 

precipitation reduction and the recognised dominance of the annual bimodal 223 

distribution. 224 

b. Detection and quantification of annual MSD signals at classified locations 225 

For MSD (x, y) classified locations, the MSD signal in each year is determined 226 

following the procedures as outlined above for individual years rather than being 227 

averaged. For each detected MSD signal, several fundamental metrics can thus be 228 

determined, including the onset date (the date of Pmax1), end date (the date of Pmax2), 229 

and duration (length of days between onset and end dates). The intensity of each 230 

detected MSD signal is quantified by the intensity of the MSD (Imsd) as defined by 231 

García-Martínez (2015): 232 

 233 

where Pmax is the larger of Pmax1 and Pmax2, and Pmin is the temporal mean of daily 234 

precipitation across the MSD period. Imsd and its proxies have previously been used to 235 

quantify the strength of the MSD signal in Costa Rica (García-Martínez, 2015; Zhao et 236 

al., 2019) and Mexico (Perdigón‐Morales et al., 2018). In this study, Imsd has thus been 237 

calculated for both climatological and annual MSD signals. 238 
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The algorithm was applied and tested using multiple precipitation datasets (TRMM, 239 

CPC, ERA/H, and ERA/L), tasked with examining the frequency, duration, onset and 240 

end Julian dates, and climatological Imsd as calculated from Pclim at each grid location. 241 

Once evaluated, this algorithm was applied to the detection of the MSD signals over 242 

Mexico and Central America at each grid location, using CPC daily precipitation as 243 

input data. Evaluation of the method was undertaken using four datasets (CPC, 244 

TRMM, ERA/H and ERA/L); based on the results, the CPC data was then selected to 245 

conduct the following studies. The CPC data were constructed based on rain gauge 246 

observations of daily precipitation over global land areas from over 30, 000 stations 247 

(Xie et al., 2007). The version used here was initialised at 0.125o and released with 248 

0.5 o spatial resolution to minimise interpolation errors. Currently, the CPC 249 

precipitation data provides the most accurate observations covering both tide 250 

gauges and satellites with daily resolution over all tropical and subtropical regions 251 

where high gauge network density exists (Xie et al., 2007). The time span of the CPC 252 

data covers all periods since 1979, allowing extraction of the time series data from 253 

1993 to 2017 to reflect the behaviour of MSD events over the past 25 years. As the 254 

CPC data only include precipitation over land, the study focus is on MSD events over 255 

land. 256 

2.3 Self-Organising Maps 257 

Several statistical methods have been proposed to identify important patterns of 258 

variability in large spatial-temporal climate datasets. Empirical orthogonal function 259 

(EOF) analysis (Lorenz, 1956) offers a variance-based statistical dimensionality 260 

reduction technique that has been widely used in synoptic and theoretical 261 

climatology. This method separates the total variance of the variables into a set of 262 

orthogonal (statistically uncorrelated) modes (eigenvectors) by creating linear 263 

combinations of those variables. In this respect, EOF analysis is equivalent to 264 

principal component analysis (PCA). Nevertheless, it is important to recognise that 265 

EOFs are a mathematical construct, and that eigenvectors (modes) are not 266 

necessarily physically interpretable, although the first few modes that explain the 267 

highest percentages of the total data variance are often physically meaningful and 268 

may well be representative of real climate modes. 269 
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Another set of dimensionality reduction methods, cluster algorithms, have been 270 

applied to various aspects of synoptic climatology. K-mean clustering (Steinhaus, 271 

1956; Hartigan and Wong, 1979), one of the most frequently used cluster algorithms, 272 

is also often used to determine the dominant climatological patterns within oceanic 273 

and atmospheric variables. For a dataset with both spatial and temporal dimensions, 274 

K-mean clustering aims to identify a set of cluster centroids that minimise the 275 

distances between the temporal fields allocated to each cluster centroid while 276 

maximising the distances between pairs of cluster centroids. This procedure is 277 

mostly achieved by iteration with random selected initial cluster centroids.  278 

In terms of generating clusters, self-organising maps (SOMs) (Kohonen, 1990) 279 

achieve similar results to K-mean and other distance-based cluster methods. As with 280 

other dimensionality reduction methods, SOMs aim to reduce high-dimensional 281 

datasets into datasets with relatively low numbers of dimensions, typically only two 282 

(Vesanto et al., 1999); the generated patterns from SOMs are then organised 283 

topologically. SOMs tend to place similar clusters statistically into relatively closer 284 

locations in low-dimensional maps and to separate distinct clusters. This 285 

characteristic makes SOMs powerful visualisation tools where there are distinct 286 

characteristic states present in a given dataset. Previously, SOMs have been used to 287 

examine ocean current variability on the West Florida Shelf (Liu and Weisberg, 288 

2005), analyse North Atlantic climate variability (Reusch, 2007), detect El Niño-289 

Southern Oscillation flavours (Johnson, 2013), extract patterns from coastal model 290 

outputs (Williams et al., 2014), measure the variability of marine heatwaves off 291 

eastern Tasmania (Oliver et al., 2018), and determine weather regimes over southern 292 

Mexico (Díaz‐Esteban, and Raga, 2018). The basic mathematical and statistical details 293 

of SOMs can be found in Kohonen (1990). 294 

Here, the SOM approach is applied to analyse regional atmospheric states during 295 

each MSD event as detected in the CPC daily precipitation data from 1993 to 2017 296 

over Mexico and Central America, using the algorithm discussed in section 2.2. To 297 

achieve this, anomalous 2 m temperatures, 10 m winds, and surface pressures were 298 

temporally averaged across each detected MSD event from the start date to the end 299 

date in the domain (120oW to 60oW, 0o to 30oN), based on ERA-Interim reanalysis. 300 
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Prior to applying the SOM, these data were scaled by the mean and a spatial 301 

standard deviation. The variables in each SOM node were thus reconstructed to 302 

obtain physically explainable patterns by re-adding the mean and multiplying by the 303 

same standard deviation. 304 

Choice of SOM size (map size) is critical for the application of the technique (Gibson 305 

et al., 2016). An ideal SOM is expected to be large enough to discriminate between 306 

all possible characteristic states while reducing the dimensions of the datasets as 307 

much as possible. A suitable map size for SOMs should therefore maximise the 308 

similarity within each pattern and minimise the dissimilarity between each pair of 309 

patterns (Lourenco et al., 2004). Based on this, a correlation-based method was used 310 

to determine the optimal map size for the SOMs. As more nodes were included, the 311 

generated patterns were reconstructed into a dataset of the same size as the original 312 

data by duplicating each pattern based on its allocated temporal data; the 313 

correlations between these two datasets were then calculated. The final map size of 314 

the SOM was determined as the size at which the correlation tended to a constant 315 

and its first difference tended to be stationary, a procedure illustrated in Figure 2. It 316 

was determined that for SOM configurations greater than (3, 3), the increase in 317 

correlations tended to be small and the first difference tended to be stationary; thus, 318 

(3, 3) was chosen as an applicable map size for SOM in this study. It should be noted 319 

that this method of choice introduces some subjectivity; different observers may 320 

choose different map sizes. However, since the main use of SOMs in this research is 321 

to illustrate the variability of atmospheric states associated with MSD event 322 

signatures rather than accurately detecting all potential atmospheric characteristics 323 

of the MSD, any small biases are unlikely to significantly affect the conclusions. After 324 

obtaining the output of the SOM at (3, 3), the average atmospheric states during 325 

onset, peak, and end of the MSD event signatures in each node of the SOM were 326 

calculated based on the cluster results of the SOM.  327 

2.4 Atmospheric states during the MSD 328 

In our analysis, the atmospheric states during the MSD over Central America and 329 

Mexico were determined by calculating the temporal average of the atmospheric 330 

variables in all identified annual MSD event signatures. From the annual MSD 331 
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signatures in the CPC data, anomalies in the 2 m temperature, 10 m wind, and 332 

surface pressure were temporally averaged across the start, end, and peak 333 

(corresponding to the minimum precipitation during an MSD signal) dates for all 334 

detected MSD events. The benefits of using this method to determine the mean 335 

states during MSD events include ensuring the continuity of the identified state at 336 

each grid location without reducing the resolution of the MSD detection. Similar 337 

approaches were used by Oliver et al. (2018). The atmospheric states for SOM nodes 338 

are determined in the same way, but only for detected signals in the corresponding 339 

nodes. 340 

3 Results 341 

3.1 Evaluation of the MSD detection algorithm  342 

The MSD detection algorithm was evaluated by applying the algorithm to four 343 

datasets containing daily precipitation measures in the region of Mexico and Central 344 

America with the aim of detecting all MSD event signatures at each grid cell location 345 

and thus examining the spatial frequencies (Figure 3a, S1a, S2a, S3a), the mean 346 

onset (Figure 3b, S1b, S2b, S3b) and end (Figure 3c, S1c, S2c, S3c) dates, and 347 

durations (Figure 3d, S1d, S2d, S3d ) of the events, as well as the climatological 348 

intensity Imsd, as calculated by Pclim (Figure 3e, S1e, S2e, S3e). Despite the use of very 349 

different datasets, the results proved to be remarkably consistent, offering 350 

confidence that the technique is robust to data choice and thus has increased utility. 351 

According to the results, the bimodal distribution of precipitation is evident across 352 

most of Mexico and Central America, with the exception of north-western Mexico 353 

and the Caribbean coast of Central America; this includes adjacent oceanic regions 354 

including the eastern Pacific warm pool. In most of these regions, the MSD 355 

signatures exhibit robust characteristics in terms of annual precipitation, revealed by 356 

the high frequency of MSD events (Figure 3a). The spatial variability of the MSD over 357 

this domain is also revealed by the algorithm. Towards the southeast, the MSD tends 358 

to start earlier and end later, creating a relatively longer duration, and some 359 

differences also exist between land and ocean signals, shown in the dramatically 360 

long MSDs over the North Atlantic close to Cuba and part of the Caribbean Sea 361 

(Figure 3b, c, d). The MSD signatures in central Mexico tend to start in early July and 362 
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end in early September, while those in southern Mexico and Central America are 363 

generally dominated by longer durations, from June to September and from late 364 

May to early October, respectively. It should be noted that the long MSD in Central 365 

America seems somewhat inconsistent with that observed in Costa Rica, however: 366 

although the first “Canicula” (a few days without rain) normally occurs in early June, 367 

the most consistent precipitation reduction tends to occur from mid-July to mid-368 

August, and in some years, this can extend to late August (Brito et al., 2014). This 369 

difference could be associated with the definition of the MSD used here, which 370 

defines the MSD as the period between two precipitation peaks; thus, using this 371 

definition, the MSD defined here contains periods with both precipitation reduction 372 

and rainfall peaks. Additionally, the application of daily precipitation data introduces 373 

more potential rainfall peaks, subsequently extending the detected periods of MSDs.  374 

The strength of the climatological MSD shows relatively large spatial variability 375 

(Figure 3e). Measured in terms of Imsd as calculated from Pclim at each grid location, 376 

intense climatological MSD signatures tend to exist in the oceanic regions around 377 

Jamaica, eastern Cuba, and western Bermuda, as well as on the Pacific coast of 378 

Mexico and Central America. The performance of detected MSD intensity can vary 379 

with data, shown by the fact that the anomalously intense MSDs in the coastal 380 

regions along the northern Yucatán Peninsula, could be observed in ERA/L (Figure 381 

S2e) and ERA/H (Figure S3e), while it is not shown in other datasets used in this 382 

study. Notably, any MSD signature was generally absent along the Caribbean coast 383 

of Central America, consistent with findings of previous research (Magaña et al., 384 

1999; Taylor and Alfaro, 2005; Small et al., 2007; Amador, 2008; Zhao et al., 2019). 385 

Although the results from the four datasets were generally consistent, some biases 386 

were evident. The detected MSD signals showed relatively high variability in TRMM 387 

compared to those seen in the other three datasets, as well as an absence of MSD on 388 

the Pacific coast of central Mexico and the Gulf of Mexico. The MSD signatures 389 

detected in the oceanic regions around Cuba and the Caribbean Sea were stronger in 390 

TRMM than in the ERA datasets. Additionally, robust, intense, and long MSD signals 391 

were observed over the Yucatán Peninsula using ERA/L (Figure S2) and ERA/H (Figure 392 

S3), with greater variability seen in other datasets for this region. In spite of these 393 

https://en.wikipedia.org/wiki/Yucat·n_Peninsula


 

 14 

differences, the spatial variability of the MSD signals detected in the different 394 

datasets was generally consistent, confirming that the algorithm is robust in terms of 395 

capturing the MSD signature across the domain for various data types and 396 

resolutions.   397 

3.2 Near-surface states during MSD 398 

Using all annual MSD events identified in the CPC datasets, the mean atmospheric 399 

states (anomalies of 2 m temperature, 10 m wind, surface pressure, CPC 400 

precipitation, cloud fraction, and sea surface temperature) were calculated for the 401 

start, end, and peak dates of MSD event signatures over Central America and Mexico 402 

(Figure 4). During the onset and end of the MSD events across the region, 403 

remarkably similar atmospheric states emerged. As MSDs begin and end, enhanced 404 

westerly wind anomalies approach the Pacific coast of southern Mexico and Central 405 

America, while enhanced easterly wind anomalies appear at the coast of Mexico and 406 

the nearby Gulf of Mexico, accompanied by positive precipitation anomalies over 407 

those regions exhibiting MSD characteristics. These two onshore wind anomalies 408 

contribute to an anomalous cyclonic centre in southern Mexico, and during this 409 

period, southern Mexico, Central America, and the eastern Pacific warm pool are 410 

generally dominated by negative temperature anomalies, which becomes more 411 

obvious at the onset of the MSD. During the onset and end of the MSD, a dipole 412 

pattern forms between surface pressure anomalies below and at 12oN; similar 413 

dipoles can be detected in temperature patterns; however, these are less obvious. 414 

At the driest point of the MSDs, opposing atmospheric patterns are exhibited in this 415 

region, dominated by reduced precipitation, anticyclonic anomalies in southern 416 

Mexico, and offshore winds in the Pacific coast of Central America and coast around 417 

the Gulf of Mexico. 418 

To dynamically illustrate the propagation of the atmospheric states during MSDs, the 419 

mean states were calculated for five different periods (onset dates, onset dates + 15 420 

days, peak dates, onset dates + 50 days, and end dates, as illustrated in Figure 4).  421 

These time points were chosen to highlight the climatological patterns in 422 

characteristic periods of MSD generation and to generally illustrate the process of 423 

MSD development. When MSDs start over Central America and Mexico, the 424 
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atmospheric states in the region are dominated by a cyclonic anomaly centre 425 

accompanied by multiple positive precipitation anomalies. At about 15 days after 426 

onset, the cyclonic anomalies weaken and the westerly (enhanced eastward) wind 427 

anomalies in the Pacific approaching the Pacific coast are replaced by easterly 428 

(westward) wind anomalies that are accompanied by reduced precipitation. At the 429 

same time, an extension of the NASH occurs over Florida and Cuba. Later, in the 430 

period around the peak dates (40 days after onset dates on average), anomalous 431 

westerly winds become prominent in the Gulf of Mexico, inducing an anticyclonic 432 

anomaly circulation centred in southern Mexico. This anticyclonic system is also 433 

contributed to by the westward propagation of the NASH extension determined in 434 

the previous period (15 days after onset dates). At the same time, the intensity of 435 

negative precipitation anomalies over land increase. After about 10 more days, 436 

roughly 50 days after the onset date, the dominant anticyclonic anomaly circulation 437 

becomes insignificant, and the easterly wind anomalies from the Caribbean Sea 438 

develop into westerlies that head towards the Pacific coast, while precipitation 439 

increases. This pattern expands to form a significant cyclonic anomaly system around 440 

90 days after the onset date. 441 

Several notable characteristics can be identified in these results. The wind field over 442 

land is generally insignificant compared to that over oceanic regions, except for 443 

coastal regions in Central America and Mexico near the Gulf of Mexico. This may be 444 

associated with topographic influences, in that high and steep topographies over 445 

Central America and Mexico tend to block coming winds and induce topographic 446 

uplift (Figure 1a). In addition, constant dipole patterns exist to the north and south 447 

of 12oN, especially at the onset, end, and peak of MSD events.  448 

It is also notable that offshore wind anomalies are generally weaker than onshore 449 

wind anomalies during the MSD. For example, onshore winds approaching the Pacific 450 

coast of Central America are clearly more significant than offshore winds at the 451 

Caribbean coast, during the onset of the MSD (Figure 4a) . During the development 452 

of bimodal precipitation, the onshore winds uplift as they approach mountains, 453 

discharging most of their moisture as precipitation. The major part of these now-dry 454 

winds passes over the mountains to become offshore winds on the other side of the 455 
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domain, while a relatively small part of the winds is reflected back. This feature 456 

induces the phenomena that onshore winds in one side of the domain are generally 457 

larger than the offshore ones on the other side, a characteristic discussed by Zhao et 458 

al. (2019). 459 

As an important factor influencing the MSD over the Caribbean region and Central 460 

America, the Caribbean low-level jet shows some signatures in the presented results, 461 

such as the strong easterlies passing from the Caribbean Sea to the tropical Pacific 462 

during the development of the MSD (Onset + 15 days to Peak, as seen in Figure 4). 463 

During the onset to the peak of the MSD events, the strength of this flow tends to 464 

increase, while a decrease occurs during the peak and then to the end of the MSD 465 

event. This feature indicates that a stronger Caribbean low-level jet is positively 466 

correlated with the precipitation reduction seen during the MSD, corresponding to 467 

effects identified in previous work (Amador, 1998; Chelton et al., 2000; Wang, 2002; 468 

Gamble et al., 2008). 469 

3.3 Typologies of atmospheric states during MSDs 470 

The mean MSD metrics, including onset, peak, and end dates of MSD, and Imsd, are 471 

calculated for each SOM node and are shown as differences from the mean for all 472 

MSD events (Figure 6). Atmospheric mean states (anomalies of air temperature, 473 

wind, and surface pressure) during MSDs are shown in Figure 5 (based on our SOM 474 

analysis) along with their mean states during the onset (Figure 7), peak (Figure 8), 475 

and end (Figure 9) periods of MSDs in each SOM node. The precipitation (Figures 10 476 

to 12) and sea surface temperature (Figure S4-6) anomalies in each SOM node during 477 

onset, peak, and end periods for the MSD are also reconstructed. Each node is 478 

denoted as Node (i, j), where i and j range from 1 to 3, resulting in a total of nine 479 

node types. With respect to the atmospheric mean states, which are the 480 

reconstructed outputs from the SOM, the pattern of typologies is well-organised in a 481 

dynamic manner. In cases of increase of i, Node (i, j) tends to exhibit opposing 482 

patterns to the original node. Node (3, 2), for instance, is dominated by negative 483 

pressure anomalies on the Caribbean side, positive pressure anomalies in the 484 

eastern Pacific warm pool, and westerly (eastward) wind anomalies towards the 485 

Pacific coast of Central America in remarkable opposition to Node (1, 2). In cases of 486 
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increase of j, Node (i, j) tends to exhibit cooler temperature anomalies, higher 487 

pressure anomalies, and enhancement of the easterly wind flow. Specifically, for 488 

Nodes (2, j) (j=1,2,3), the pressure anomalies tend to increase as j increases, 489 

corresponding to enhancement of the easterly wind anomalies. The four nodes with 490 

the most extreme atmospheric states during MSD periods are allocated to the 491 

corners of the SOM maps. 492 

In terms of the atmospheric states during the onset, end, and peak of MSD events 493 

and the associated MSD metrics for each SOM node, many interesting features arise 494 

in the generated patterns. Based on the revealed signatures, the nine nodes can be 495 

further classified into five groups (G1 to 5) divided by the dominant atmospheric 496 

states and MSD characteristics revealed by the SOM. 497 

G1. G1, which includes only Node (1,1), represents the most intense and longest 498 

(starting earlier and ending later) MSD event (see Node (1,1) in Figure 6). 499 

Precipitation patterns around the Pacific coast of the domain in this group are 500 

negative or insignificantly positive during the onset and end of the MSD (see Node 501 

(1,1) in Figures 10 and 12), and are generally negative during the peak of the MSD 502 

(see Node (1,1) in Figure 11), indicating that MSD events in this group are focussed in 503 

that area. During the MSD period, the atmospheric states are consistently 504 

dominated by low-pressure systems in the eastern Pacific, insignificant near-surface 505 

anticyclone centring in the Gulf of Mexico, and clear wind transports from the 506 

Caribbean regions to the Pacific side (see Node (1,1) in Figure 5). The near-surface 507 

wind-pressure systems are generally constant across all typical time points (onset, 508 

peak, end) of the MSD, with the exception of relatively strong anticyclonic activity in 509 

the Gulf of Mexico during the peak and end of the MSD (see Node (1,1) in Figure 8), 510 

which indicates the westward propagation of the NASH. Significant air (Node (1,1) in 511 

Figure 7, 9) and oceanic (Node (1,1) in Figure S4, S6) near-surface warming around 512 

the tropical Pacific exist during the onset and end of the MSD at this node, while a 513 

relatively weak signal is detected in the pattern during the peak (Figure 8, S5). This 514 

feature agrees with Magaña et al. (1999), which used the vertical convection induced 515 

by the warming and cooling of the sea surface temperature to reveal the 516 

mechanisms of the MSD. 517 
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G2. G2, which includes Node (1,3), Node (2,2), and Node (2,3), represents a group of 518 

relatively strong and long MSD events (see corresponding nodes in Figure 6). MSD 519 

events in this group happen mainly in southern Mexico, with enhanced rainfall 520 

patterns during the onset and end of the MSD (Figure 10, 12) and opposite patterns 521 

during the peak of the MSD (Figure 11). The near-surface atmospheric states during 522 

MSD events in this group are generally dominated by high pressure systems over the 523 

domain, weak convergence, and relatively significant winds from the Caribbean 524 

areas to the eastern Pacific, passing through Central America (Figure 5). The MSD 525 

events in this group start with onshore wind anomalies over the Pacific coast of 526 

Central America and an extension of NASH, which is seen more significantly in Nodes 527 

(2,2) and (2,3) (Figure 7). The subtropical high then moves east, bringing enhanced 528 

easterlies from the Caribbean Sea, corresponding to the increased strength of the 529 

Caribbean low-level jet during July (Figure 8). These easterlies could strengthen the 530 

moisture flux divergence, weakening the vertical convection, and finally contributing 531 

to the low-level high pressure system and weak anticyclonic system seen over 532 

southern Mexico, corresponding to the precipitation reduction observed during the 533 

onset to peak phase of the MSD. The major source of internal variability in this group 534 

exists in the wind-pressure patterns during the end of MSD (Figure 9), with generally 535 

low-level low pressure cyclonic systems in Node (2,2), dipole patterns located in the 536 

Gulf of Mexico and North Atlantic in Node (1,3), and generally high pressure systems 537 

in Node (2,3). This variability indicates three potential propagation vectors of the 538 

westward extension of the NASH after precipitation reduction begins. For Node (2,2), 539 

the extension moves northward, inducing relatively high pressure over the southern 540 

part of the United States during late summer in corresponding years (Rajagopalan, 541 

2000; Dominguez et al., 2010); for Node (1,3), the energy of the westward extension 542 

dissipates and is replaced by a low-pressure system, forming dipole patterns with the 543 

original NASH; in Node (2,3), the westward extension of the NASH is relatively 544 

prolonged, inducing a generally dry late summer. There is also general cooling over 545 

the domain during the onset and end of the MSD in this group, while weak warming 546 

is observed around the Pacific coast of southern Mexico during the peak of the MSD, 547 

which may be induced by the high-pressure system centred over southern Mexico at 548 

that time, indicating that the temperature may play a role in the events seen in this 549 

group, albeit weakly. 550 

https://scholar.google.com/citations?user=IvIhqgQAAAAJ&hl=en&oi=sra
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G3. G3, which includes only Node (2,1), consists of moderately strong and long MSD 551 

events (Figure 6). During MSD events in this group, the domain is dominated by 552 

generally low pressure systems and offshore wind anomalies from westerlies from 553 

the central Pacific, accompanied by weak but consistent positive temperature 554 

anomalies over the Caribbean Sea (Figure 5). During the onset of the MSD, a low-555 

level cyclonic system with significant low pressure anomalies exists over the Gulf of 556 

Mexico, inducing north-westerlies along the eastern coast of southern Mexico 557 

(Figure 7). The westerlies from the Pacific warm pool then bring onshore wind 558 

anomalies to the western coast of Central America. The near-surface wind-pressure 559 

systems seen during the peak and end of the MSD in this group exhibit similar 560 

signatures, being characterised by weak NASH, generally low surface pressure, and 561 

weak cyclonic systems contributed to by the onshore winds in the Gulf of Mexico 562 

and the Pacific coast of Central America (Figures 8, 9). The MSD events in this group 563 

are potentially determined by the precipitation changes brought on by the 564 

suppression then enhancement of the low pressure cyclonic system during the onset 565 

to peak, then peak to end, phases of the MSD, which appear to weaken or 566 

strengthen, respectively, the convergence and vertical convection over the domain. 567 

G4. Consisting only of Node (1,2), G4 represents MSD events of insignificant strength 568 

and duration, with earlier onset and end dates (Figure 6). Climatologically, the near-569 

surface atmospheric states during the MSD in G4 are dominated by high surface 570 

pressure over the Caribbean Sea and the northern part of the land, with low surface 571 

pressure in the eastern Pacific and strong westerlies from the central Pacific (Figure 572 

5). Across the typical time points (onset, peak, and end) of MSD events in this area, 573 

one of the most significant features of this group is the onshore wind anomalies that 574 

appear separately in the Pacific and Caribbean Seas, thus existing on both coasts of 575 

Central America (see Node (1,2) in Figures 7 to 9). During the onset and end of the 576 

MSD in this group, these two-sided onshore wind anomalies induce orographic uplift 577 

due to the existence of significant mountains across Central America (Figure 7, 9), 578 

which enhance the rainfall corresponding to the two peaks during the MSD (Figure 579 

10, 12). During the peak of the MSD in this group, a significant extension of the NASH 580 

also induces south-easterly wind anomalies (Figure 8), which could potentially be 581 

due to the Caribbean low level jet (Maldonado et al., 2018), seen along the coast of 582 
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the Gulf of Mexico, transporting water vapor from the Caribbean Sea to eastern 583 

Mexico. This feature reduces the amount of moisture arriving at Central America, 584 

corresponding to a precipitation reduction compared to that observed during the 585 

onset and end of the MSD.  586 

G5. G5 consists of the weakest and shortest MSD events (Figure 6), thus including all 587 

Nodes in the (3, j) system (j = 1,2,3). During the MSD events in this group, relatively 588 

high and low pressure systems exist below the 12oN level, respectively, separated by 589 

significant westerlies and north westerlies (Figure 5). During the onset and end of 590 

MSDs in this node, low-level low pressure systems and associated cyclonic 591 

circulation bring onshore wind anomalies to the coast of Central America and the 592 

Gulf of Mexico, enhancing the precipitation in these regions (Figure 7, 9). The 593 

geostrophic balance of strong westerlies from the Pacific indicates the existence of a 594 

pressure gradient across the 12oN line. During the peak of MSDs in this group, the 595 

low pressure cyclonic system moves eastward to centre itself in the Gulf of Mexico 596 

or the North Atlantic (Figure 8), removing some of the moisture from this area to the 597 

Caribbean Sea. This feature partially induces the precipitation reduction seen during 598 

the MSDs in this node, although westerlies from the Pacific remain and contribute to 599 

rainfall generation, making the MSDs in this group relatively weak with shallow 600 

precipitation troughs. 601 

Despite various features appearing across the SOM typologies, some general 602 

signatures of MSD characteristics can be summarised as follows: 603 

1) Consistent easterlies from the Caribbean Sea to Central America throughout 604 

all relatively strong MSD events, as included in G1 to 4 (with the exception of Node 605 

(2,1)), accompanied by relatively high pressure systems in the northern domain and 606 

opposing pressure patterns in the southern domain, which are significant in Nodes 607 

(1, j) (j=1,2,3), but less significant in Nodes (2, j) (j=1,2,3). In contrast, weak MSD 608 

events are dominated by contrasts (G5; Nodes (3, j) (j=1,2,3)). Here, changes 609 

between easterlies and westerlies suppress and enhance the orographic 610 

precipitation over the Pacific side of Central America, respectively, inducing generally 611 

drier or wetter summer periods and subsequently stronger and weaker MSD events. 612 
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This feature is highly consistent with the mechanisms proposed in Section 2, as 613 

observed in previous studies (Magana et al., 1999; Small et al., 2007; Amador, 2008). 614 

  2) The development of relatively strong MSDs (G1 to 4 and Node (3,3) in G5) is 615 

highly influenced by the NASH. The westward propagation and further extension of 616 

this to the continental high-pressure system over southern Mexico reduces levels of 617 

moisture transport from the Caribbean Sea to Central America and adjacent areas, 618 

contributing to the precipitation change seen during the MSD. Easterlies originating 619 

from Caribbean areas also contribute to this process, which can thus be associated 620 

with the peak in the Caribbean low-level jet in summer (Small et al., 2007; Hidalgo et 621 

al., 2015; Martinez et al., 2019).  622 

3) The general dominance of onshore wind anomalies during the onset and end 623 

of the MSD, and the prevalence of offshore wind anomalies during the driest point of 624 

each MSD (MSD peaks) is no longer significant when shown in terms of atmospheric 625 

mean states during MSD events. Additionally, any consistency between onset and 626 

end patterns, and the contrast between onset/end and peak patterns, is not 627 

expressed in the SOM nodes. 628 

To explain this variability, Figure 13 illustrates the MSD occurrence time series by 629 

plotting the proportion of MSDs detected in each SOM node. The colours in Figure 630 

11 indicate whether at least four months in the period from September to February 631 

can be identified as an ENSO event (El Niño or La Niña phase), based on data 632 

adopted from NOAA CPC. If so, the year corresponding to September to December in 633 

the period during September to next year’s February is identified as an ENSO year. 634 

The NOAA CPC specifies an ENSO episode when the three-month running mean 635 

Niño-3.4 region sea surface temperature anomaly in the domain [5oN-5oS, 170oW-636 

120oW] is greater than 0.5oC (El Niño) or less than -0.5oC (La Niña) for at least five 637 

consecutive three-month periods. Figure 11 reveals that MSDs evident in certain 638 

years thus dominate most SOM nodes: for instance, 83.13% of MSDs in Node (1, 2) 639 

existed in 2016 and 41.71% of MSDs in Node (2, 2) existed in 2013. This characteristic 640 

causes the time series of SOM nodes to become low-frequency signals with less 641 

variability, significantly distinct from those of total MSDs (see ‘Total’ in Figure 13). 642 

Thus, each SOM node only displays variability for MSDs over a relatively short time 643 
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scale (several years) rather than the total variability from 1993 to 2017. A working 644 

hypothesis for this is that the absence of consistency at onset and end, and contrast 645 

between peak and onset/end in the atmospheric mean states of MSDs in the SOM 646 

nodes indicates that consistency and contrast during MSDs can only be detected over 647 

relatively long time-scales.  648 

To quantify the statistical connections between occurrences of MSDs and ENSO 649 

events, the proportion of MSDs in three specific ENSO periods (El Niño years, La Niña 650 

years, and neutral years) was calculated for both the total number of MSDs and for 651 

each SOM node (Table 2). Statistical significance at the 90% level for each SOM node 652 

was determined by using a bootstrap approach with 1,000x duplication. The 653 

tendency for MSDs to occur in particular ENSO years was not found to be statistically 654 

significant, as suggested by the similarity between “Year” and “Total” in Table 3. 655 

Nevertheless, the atmospheric states of the MSD signatures in the SOM nodes do 656 

show some variability driven by ENSO events. Nearly all nodes tend to be dominated 657 

by MSD signatures in a particular ENSO phase: a large proportion of the MSDs in 658 

Node (1,1) exist in El Niño years, for example, indicating that ENSO could be a 659 

classifier for atmospheric states during MSDs in Central America and Mexico, and 660 

thus may modulate MSDs by influencing atmospheric states. The teleconnections 661 

between ENSO events and MSD SOM nodes are shown by the opposing influences of 662 

positive and negative ENSO phases. Relatively intense MSD events tend to happen in 663 

El Niño or neutral years (Nodes (i,j) (i=1,2, j=1,2,3)), while, generally, weaker ones are 664 

more prevalent in La Niña years. Positive ENSO phases could produce higher pressure 665 

systems in the North Pacific and enhance the NASHs in the boreal summer, inducing 666 

easterlies with generally geostrophic balance, corresponding to those revealed in the 667 

near-surface pressure patterns of these SOM nodes. Additionally, positive ENSO 668 

phases produce positive sea surface temperature anomalies along the Central 669 

American coasts (see Node (1,1) in Figures 7 to 10), inducing low atmospheric 670 

pressure over the sea and a pressure gradient between the Caribbean Sea and the 671 

Pacific Coast. This enhances the easterly winds and favours dry atmospheric 672 

conditions over the Pacific Coast and Pacific slope of Central America, particularly 673 

where there are gaps in the mountains such as the north side of Costa Rica. 674 
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4 Discussion 675 

This paper has proposed a new MSD detection algorithm that utilises daily 676 

precipitation data to more accurately characterise MSD signatures and their spatial 677 

and temporal variability. The advantages of the outlined approach are 1) the 678 

unprecedented use of both climatological and annual precipitation to examine MSD 679 

characteristics in particular areas, allowing separate identification and 680 

characterisation of MSD regional and temporal signatures at all grid locations, and 681 

thus providing richer information about the mean states and variability of MSDs; and 682 

2) the application of daily precipitation information rather than monthly data, as 683 

typically used in existing MSD detection methods, which greatly increases the 684 

temporal resolution of MSD detection and reduces the likelihood of aliasing the MSD 685 

signatures, thus providing greater potential for the exploration of MSD variability 686 

over different time scales.  687 

As daily precipitation data are inherently noisy, which is problematic for detection of 688 

the MSD signal above such noise, the proposed algorithm uses two additional linear 689 

regressions to better estimate and identify the bimodal distribution of the 690 

characteristic MSD event annual precipitation signatures. The algorithm was also 691 

evaluated using four different datasets, covering multiple data types; it was found 692 

that there was remarkable consistency of the results, including similar patterns with 693 

results from previous research (Karnauskas et al., 2013; Perdigón‐Morales et al., 694 

2018). 695 

The oceanic regions off the Caribbean coast in Central America have been treated as 696 

an MSD event region in some prior research (Karnauska et al. 2013); however, a 697 

distinct absence of MSD signatures was found in this region within these analyses, 698 

mostly due to the large proportion of secondary peaks occurring outside of the 699 

period from August 15th to October 15th, the assumed period for the second peak of 700 

MSD within the algorithm. The study followed the MSD definition in the recent 701 

literature, with the minimum precipitation falling between the two separate peaks 702 

identified in May to July and August to October (García-Martínez, 2015), instead of 703 

seeking a critical annual bimodal distribution (Karnauskas et al., 2013). However, the 704 

algorithm could be easily modified to identify other such signatures by finding peaks 705 
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of precipitation with different temporal gaps, rather than using these pre-defined 706 

periods. 707 

The characteristics of MSDs over Central America and Mexico were thus identified in 708 

this study. Climatologically, MSDs display robust characteristics over a large 709 

proportion of this region, though with earlier onsets, later ends, and correspondingly 710 

longer durations towards the southeast. It is also notable that stronger and longer 711 

MSDs exist off the Pacific coast of Central America, where agriculture represents a 712 

large proportion of the economic activity (Gallai et al., 2009). This high spatial 713 

variability of MSDs over the domain is consistent with previous studies (Gamble et 714 

al., 2008; Gamble and Curtis, 2008; Karnauskas et al., 2013), although here it is 715 

shown at a higher resolution. 716 

The physical drivers of the MSD over the domain revealed in this study can be 717 

summarised as several separate mechanisms:  718 

 Large-scale Dynamics: Generally, the large-scale dynamics during the MSD are 719 

dominated by low-level atmospheric patterns. During the onset of the MSD, 720 

geostrophically balanced westerlies approach the Pacific coast of the domain, 721 

inducing a dipole pressure pattern below and upon 12oN. Some of this system 722 

passes through the mountains over Central America and transforms into the 723 

south-easterlies that transport moisture from the Caribbean Sea to the Gulf of 724 

Mexico and the associated coast. These flows, together with the onshore wind 725 

around the Gulf of Mexico, contribute to a low-level cyclonic system centred in 726 

the Gulf of Mexico, and this low-pressure cyclonic system covers most of 727 

southern Mexico and part of Central America, being accompanied by both land 728 

and oceanic cooling. This convergence induces strong upward convection, 729 

contributing to enhancement of cloud quantity over the corresponding region, 730 

and subsequently inducing an increase in rainfall, corresponding to the onset of 731 

the MSD.  732 

After the onset of the MSD, the westward propagation of the NASH offsets this 733 

anticyclonic system, bringing strong easterlies from the Caribbean Sea to the 734 

domain and the tropical Pacific. These easterlies, corresponding to 735 
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enhancement of the Caribbean low-level jet seen during the boreal summer 736 

(Wang, 2002; Hidalgo et al., 2015), may induce significant moisture flux 737 

divergence over the Caribbean regions, reducing vertical convection and 738 

subsequently inducing a reduction in rainfall. When the westward extension of 739 

the NASH approaches the Gulf of Mexico, it induces a low-level divergence 740 

zone, which further suppresses vertical convection, reduces rainfall, and 741 

induces continental and oceanic heating around the domain. This corresponds 742 

to the peak of the MSD. The strength of the anticyclonic system decreases later, 743 

weakening the easterlies to the Pacific and subsequently inducing dominance of 744 

the westerly trade winds. These westerlies from the tropical Pacific, together 745 

with easterlies induced by the NASH, generate a low-level convergence zone, 746 

resulting in strong vertical motion, increased cloud quantity, and increased 747 

precipitation, creating a second peak of precipitation. 748 

These large-scale dynamics reveal the importance of low-level climate patterns 749 

for the generation of the MSD, converging well with the mechanisms proposed 750 

in previous studies. As with Magaña et al. (1999), Small et al. (2007) and 751 

Martinez et al. (2019), this study highlights the association between the 752 

development and decay of the MSD and the reversals in the trade winds. Other 753 

factors, such as westward propagation of the NASH and the Caribbean-low level 754 

jet, are also fully or partially revealed in the results presented here. 755 

 Regional forcing: Regional forcing is another important contributor to the 756 

generation of the MSD. It is notable that the southern part of Central America, 757 

particularly Panama and Costa Rica, is not covered by the 758 

convergence/divergence zone during the generation and development of the 759 

MSDs. The MSD in these regions is therefore most likely to be influenced by 760 

local factors. During MSD onset, anomalous westerlies and easterlies exist 761 

separately in the Pacific off the coast of Central America and the Gulf of Mexico. 762 

Influenced by the steep topography that is widely distributed across this region, 763 

these wind anomalies tend to move upward (orographic uplift), resulting in 764 

enhanced rainfall on the windward coast (orographic precipitation) 765 

corresponding to the onset of the MSD in a manner consistent with the link 766 
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between the Madden-Julian Oscillation and MSD (Zhao et al., 2019). When 767 

easterlies are enhanced during MSD events, this brings precipitation over the 768 

Caribbean Sea and dry conditions over the Pacific, with most of the atmospheric 769 

humidity precipitated over the mountains as orographic rain. When the 770 

easterlies weaken, precipitation moves over the Pacific side as low pressures 771 

from the west Pacific approach the Pacific coast due to the weak pressure 772 

gradient between the Caribbean Sea and the Pacific Coast of Central America, 773 

indicating the end of the MSD, particularly in Panama and Costa Rica. 774 

This regional forcing demonstrates the important contribution of topography to 775 

the characteristic bimodal annual rainfall signature. Orographic uplift (forcing) 776 

of moisture-laden air by onshore winds and the reverse pattern play an 777 

important role in rainfall variability, contributing to the characteristics of the 778 

MSD. Recognition of the important influence of topography on the MSD over 779 

Central America and Mexico is likely to be beneficial to further research on 780 

MSDs in other areas. Such bimodal distributions of annual precipitation have 781 

been climatologically identified in southern Japan, the east coast of China, the 782 

coast of the Gulf of Guinea, and coastal Australia (Karnasuskas et al., 2013), all 783 

areas characterised by significant topography; the current research could thus 784 

potentially contribute to an understanding of MSD signatures in these areas as 785 

well. 786 

 Combing the large-scale dynamic and regional forcing to explain the mechanisms of 787 

the MSD also highlight the spatial variability of physical drivers across the domain 788 

under investigation. These physical drivers, including varying low-level atmospheric 789 

patterns, contiguous prolonged climate modes such as the North Atlantic Oscillation, 790 

dominant wind flows, and regional signatures, induce varying performance and 791 

spatial variability in the MSD across the domain. Individual factors may also 792 

contribute to the formation of bimodal annual precipitation over parts of the 793 

domain; however, these fail to explain total spatial variability. 794 

This study used an artificial neural network approach to classify the atmospheric 795 

states during MSDs over Central America and Mexico into nine patterns (self-796 

organising maps). In the atmospheric states identified, the otherwise clear 797 
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similarities between MSD onsets and ends and contrasts between MSD centres and 798 

onsets/ends were generally absent. Further, the shift between onshore and offshore 799 

wind anomalies during the development of MSD was not as significant as shown by 800 

examination of the atmospheric mean states during MSDs. The mechanisms 801 

underpinning the MSD explain the existence and development of climatological 802 

MSDs over longer time periods (here, 25 years); however, short-term unexplained 803 

variabilities among the atmospheric states of MSDs across this region appear to be 804 

most highlighted by the varying atmospheric states in the SOM nodes.   805 

The MSD is thus recognised as a regionally significant feature forced by several 806 

physical drivers and contributing factors. Previous studies have proposed various 807 

mechanisms to explain the signature of the bimodal precipitation, and many of these 808 

are fully or partially revealed in the typology of the SOM nodes. These mechanisms 809 

include 1) the consistent easterlies during strong MSD events, observed in Nodes (i,j) 810 

(i=1,2,j=1,2,3) (Douglas, 1995; Amador and Magaña, 1999; Magaña et al., 1999; 811 

Anderson et al., 2000; Small et al., 2007; Gamble and Curtis, 2008; Gamble et al., 812 

2008; Herrera et al., 2015; Martinez et al., 2019); 2) the northward propagation of 813 

the ITCZ, indicated by the extension of a low pressure system to the northern part of 814 

the eastern Pacific and the near surface convergence during the peak of MSD events 815 

(significant in Nodes (2,1) and (2,2)) (Ramírez, 1983; Magana et al., 1999; Curtis, 816 

2002; Hastenrath, 2002; Small et al., 2007; Martinez et al., 2019); 3) the westward 817 

extension of the NASH, obvious in various Nodes (Hastenrath, 1976; Taylor et al., 818 

2002; Small et al., 2007; Gamble et al., 2008; Hidalgo et al., 2015; Maldonado et al., 819 

2017; Martinez et al., 2019); and 4) the influence of sea-air-coast interactions 820 

motivated by the warming and cooling of the surface sea around the Pacific coast of 821 

Central America and Mexico (significant in Node (1,1)) (Magaña et al., 1999; Herrera 822 

et al., 2015). These indicate that multiple or individual factors may induce different 823 

types of MSD events, suggesting that MSD events with distinct features could be 824 

forced by different mechanisms and making their development difficult to 825 

summarise in a single theory. 826 

A comparison between this study and results presented in Díaz‐Esteban and Raga 827 

(2018; DR18 hereafter) is finally made here since both studies used SOMs to analyse 828 
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the signature of the MSD, as well as its connection to ENSO. DR18 applied the SOM 829 

technique with map size (4, 4) (16 nodes) to daily precipitation patterns during May 830 

to October in a 17–year record of the Climate Hazards Group InfraRed Precipitation 831 

with Station (CHIRPS) dataset, and subsequently generated 16 weather regimes, 832 

each of which corresponds to a series of time points. The SOM analysis applied in 833 

DR18, therefore, treated data in time point (day) as a single element, which was 834 

different from that used in this study, treating composites of climate variables during 835 

each MSD event as a single element. DR18 identified several nodes representing 836 

MSD periods characterized by a strong signature of the NASH and easterlies over the 837 

Caribbean basin. DR18 also clarified that nodes associated with MSD patterns tended 838 

to be more frequent in El Niño years, and the ENSO modulation was also shown by 839 

significant correlation between ENSO signals and rainfall anomalies. The results in 840 

DR18 are generally consistent with those presented here in this study. DR18, 841 

however, did not specifically determine the bimodal shape of the annual 842 

precipitation during the MSD, meaning that the composites of climate properties in 843 

typical MSD time points (e.g. onset, end, and peak dates) could not be explicitly 844 

quantified. Further, by only considering MSD events as nodes with precipitation 845 

reduction during July and August, various signatures of the MSD (e.g. durations and 846 

intensity in this study) were unable to be quantified, with some climate signatures 847 

during relatively rare MSD events possibly going undetected, such as the westerlies 848 

over the Caribbean coast of Central America during MSD events corresponding to 849 

Nodes (i, j) (i=3, j=1, 2, 3) (Figure 5). While DR18 successfully capture the generation 850 

and development of the MSD by quantifying the transition among nodes 851 

representing different periods of MSD events, here we were able to present a more 852 

complete visualization of the major climate patterns during typical time points of 853 

MSD events in each SOM node and groups, with greater detail of the spatial 854 

variabilities and local signatures. 855 

ENSO influences on MSD events over the domain remain unclear, however. While 856 

some studies have suggested that the MSD signal may be weaker during El Niño 857 

years (Magaña et al., 1999, 2003; Peralta-Hernández et al., 2008), others have 858 

argued that these positive ENSO phases strengthen the tendency to MSD occurrence 859 

(Anthony Chen and Taylor, 2002; Curtis, 2002; Hidalgo et al., 2017). Our results 860 
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suggest that ENSO could be a potential classifier for the relevant atmospheric states, 861 

based on the tendency for MSD occurrence in particular ENSO phases in the 862 

examined nodes. Specifically, ENSO’s potential to influence MSDs over Central 863 

America and Mexico is most likely realised through modulation of the atmospheric 864 

states, which have themselves been shown to be contributors to the generation and 865 

maintenance of MSDs. As revealed in previous studies (e.g. Jury et al., 2007), these 866 

results suggest that positive and negative ENSO phases tend to enhance or suppress, 867 

respectively, the intensity of the MSD by inducing or strengthening various 868 

atmospheric features, such as the NASH, that are associated with the generation and 869 

development of MSDs – and provides us with some optimism for the identification of 870 

potential seasonal predictability of MSDs over Central America and Mexico. 871 
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FIGURES 1086 

 1087 

Figure 1. (a) Topography in [120 – 60oW, 0 – 30oN] and average precipitation in (b) 1088 

dry seasons (January – April, November and December), (c) rainy seasons (May – 1089 

October) and (d) full seasons. Precipitation used to calculate (b), (c) and (d) is 1090 

extracted from CPC data during 1993 to 2017.  1091 

 1092 

Figure 2. (a) Correlations and (b) associated first difference in different SOM map 1093 

sizes. Determined SOM map size is indicated by red dashed lines. 1094 
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 1095 

Figure 3. Metrics of MSD signatures over Central America and Mexico from TRMM. 1096 

Five panels separately indicate (a) annual frequency, (b) average Julian onset dates, 1097 

(c) average Julian end dates, (d) average durations and (e) climatological Imsd. 1098 

Regions exhibiting MSD signatures are shaded by colours.  1099 

 1100 

Figure 4. Dynamic propagation of atmospheric states across all detected MSDs. Each 1101 

row indicates atmospheric states in a particular MSD period (onset, onset + 15 days, 1102 

peak, onset + 50 days and end), while each column represents a particular 1103 

atmospheric property (anomalous of 2m temperature (oC), 10m winds (m/s), surface 1104 

pressure (hpa), precipitation (mm/day), sea surface temperature (oC), and total 1105 

cloud fraction (%), from left to right column). Precipitation data are extracted from 1106 

CPC, sea surface temperature data are extracted from NOAA OI SST V2, and others 1107 
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are extracted from the ERA/L. The reference arrow of wind anomalies (1m/s) is 1108 

located in Figure 4c. This reference arrow is also adapted to Figure 5, 7-10. 1109 

 1110 

Figure 5. Atmospheric states (wind, pressure and temperature) from reconstructed 1111 

SOM outputs. Colours indicate 2m air temperature anomalies and arrows indicate 1112 

anomalous winds. Contours indicate the surface pressure anomalies (hPa). The 1113 

percentage of MSD events assigned to each node with respect to the total count is 1114 

labelled in the panel titles. Contours here are mapped for every 0.1 hPa. 1115 

 1116 

Figure 6. Averaged MSD metrics in each SOM node. Colours here indicate the 1117 

difference between average MSD metrics in each SOM node and mean calculated 1118 

from all MSD events. Four panels separately indicate MSD onset dates, end dates, 1119 

peak dates, and Imsd . The percentage of MSD events assigned to each node with 1120 

respect to the total count is labelled in each pixel. 1121 
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 1122 

Figure 7. Average atmospheric states (wind, pressure and temperature) during onset 1123 

dates of MSDs in each SOM node. Colours indicate 2m air temperature anomalies 1124 

and arrows indicate anomalous winds. Contours indicate the surface pressure 1125 

anomalies. The percentage of MSD events assigned to each node with respect to the 1126 

total count is labelled in the panel titles. Contours here are mapped for every 0.2 1127 

hPa. 1128 

 1129 

Figure 8. Average atmospheric states (wind, pressure and temperature) during peak 1130 

dates of MSDs in each SOM node. Colours indicate 2m air temperature anomalies 1131 

and arrows indicate anomalous winds. Contours indicate the surface pressure 1132 

anomalies. The percentage of MSD events assigned to each node with respect to the 1133 
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total count is labelled in the panel titles. Contours here are mapped for every 0.2 1134 

hPa. 1135 

 1136 

Figure 9. Average atmospheric states (wind, pressure and temperature) during end 1137 

dates of MSDs in each SOM node. Colours indicate 2m air temperature anomalies 1138 

and arrows indicate anomalous winds. Contours indicate the surface pressure 1139 

anomalies. The percentage of MSD events assigned to each node with respect to the 1140 

total count is labelled in the panel titles. Contours here are mapped for every 0.2 1141 

hPa. 1142 

 1143 

Figure 10. Average daily precipitation during onset dates of MSDs in each SOM node. 1144 

Colours indicate precipitation composites in each SOM node. The percentage of MSD 1145 
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events assigned to each node with respect to the total count is labelled in the panel 1146 

titles. 1147 

 1148 

 1149 

Figure 11. Average daily precipitation during peak dates of MSDs in each SOM node. 1150 

Colours indicate precipitation composites in each SOM node. The percentage of MSD 1151 

events assigned to each node with respect to the total count is labelled in the panel 1152 

titles. 1153 

 1154 

Figure 12. Average daily precipitation during end dates of MSDs in each SOM node. 1155 

Colours indicate precipitation composites in each SOM node. The percentage of MSD 1156 

events assigned to each node with respect to the total count is labelled in the panel 1157 
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titles.1158 

 1159 

Figure 13. Occurrence time series for each SOM node and total number of MSD 1160 

events. Lines indicate proportion of MSDs in each year, i.e. sum of each line should 1161 

be 1. Colours indicate El Niño (red) and La Niña (blue) years.  1162 

 1163 

 1164 

TABLES 1165 

 1166 

Table 1. Datasets used in the evaluation of proposed algorithm. 1167 

Data Type Grid size Time step Temporal 

Coverage 

Spatial 

Coverage 

TRMM Observations 

(satellite only) 

0.25o × 

0.25o 

Daily 1998-2017 Land and 

Ocean 

CPC Observations 

(gauge-satellite 

blend) 

0.5o × 0.5o Daily 1993-2017 Land 

ERA/H Reanalysis 0.25o × 

0.25o 

Daily  1993-2017 Land and 

Ocean 

ERA/L Reanalysis 0.5o × 0.5o Daily  1993-2017 Land and 

Ocean 

 1168 

 1169 



 

 43 

Table 2. Proportion of years and MSD signals in each ENSO mode. Row ‘Year’ 1170 

indicates the proportion of years in each ENSO mode for 1993-2017. Row ‘Total’ 1171 

represents the proportion of MSD signals in each ENSO mode for all detected MSD. 1172 

Row ‘(i, j)’ (i=1,2,3, j=1,2,3) indicates the proportion of MSD signals in each ENSO 1173 

mode for detected MSD signals labelled in corresponding SOM node. Colours 1174 

indicate corresponding proportion is statistically significant in 90% level (red; >= 90th 1175 

percentile) or 10% level (blue; <=10th percentile).  1176 

 1177 

 El Niño La Niña Neutral 

Year 32.00% 36.00% 32.00% 

Total 31.57% 35.51% 32.92% 

(1, 1)  95.89% 0.00% 4.11% 

(2, 1) 26.20% 3.73% 70.07% 

(3, 1)  0.00% 99.94% 0.06% 

(1, 2)  3.52% 0.12% 96.36% 

(2, 2)  53.89% 3.61% 42.50% 

(3, 2)  0.12% 81.16% 18.72% 

(1, 3)  73.60% 0.00% 26.40% 

(2, 3)  4.65% 20.41% 74.95% 

(3, 3)  4.13% 95.52% 0.35% 

Supplementary Material 1178 

 1179 
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Figure S1. Similar to Figure 3, but for CPC data. 1180 

 1181 

Figure S2. Similar to Figure 3, but for ERA/L data. 1182 

 1183 

Figure S3. Similar to Figure 3, but for ERA/H data. 1184 
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 1185 

Figure S4. Average daily sea surface temperature anomalies during onset dates of 1186 

MSDs in each SOM node. Colours indicate SST anomalies. The proportion of MSD 1187 

events assigned to each node is labelled in the panel titles. 1188 

 1189 

 1190 

 1191 

Figure S5. Average daily sea surface temperature anomalies during peak dates of 1192 

MSDs in each SOM node. Colours indicate SST anomalies. The proportion of MSD 1193 

events assigned to each node is labelled in the panel titles. 1194 
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 1195 

Figure S6 Average daily sea surface temperature anomalies during end dates of 1196 

MSDs in each SOM node. Colours indicate SST anomalies. The proportion of MSD 1197 

events assigned to each node is labelled in the panel titles. 1198 
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