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Abstract

:

Complex terrain features—in particular, environmental conditions, high population density and potential socio-economic damage—make the Trans-Mexican Volcanic Belt (TMVB) of particular interest regarding the study of deep convection and related severe weather. In this research, 10 years of Moderate-Resolution Imaging Spectroradiometer (MODIS) cloud observations are combined with Climate Hazards Group Infrared Precipitation with Station (CHIRPS) rainfall data to characterize the spatio-temporal distribution of deep convective clouds (DCCs) and their relationship to extreme precipitation. From monthly distributions, wet and dry phases are identified for cloud fraction, deep convective cloud frequency and convective precipitation. For both DCC and extreme precipitation events, the highest frequencies align just over the higher elevations of the TMVB. A clear relationship between DCCs and terrain features, indicating the important role of orography in the development of convective systems, is noticed. For three sub-regions, the observed distributions of deep convective cloud and extreme precipitation events are assessed in more detail. Each sub-region exhibits different local conditions, including terrain features, and are known to be influenced differently by emerging moisture fluxes from the Gulf of Mexico and the Pacific Ocean. The observed distinct spatio-temporal variabilities provide the first insights into the physical processes that control the convective development in the study area. A signal of the midsummer drought in Mexico (i.e., “canícula”) is recognized using MODIS monthly mean cloud observations.
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1. Introduction


Clouds play a key role in global climate regulation. Their interaction with large-scale atmospheric circulations primarily results from three processes: phase changes, radiative transfer and the turbulent transport of air parcels [1]. The study of these cloud feedbacks is essential to gain a better understanding of the association between atmospheric circulations and the cloudiness that characterizes the weather regimes [2]. It is also necessary for the correct parameterization of clouds in general circulation models (GCMs) [3,4,5].



Within the extensive diversity of clouds, those associated with strong vertical growth (i.e., towering cumulus/cumulonimbus) are of particular interest. In addition to their impact on atmospheric dynamic and thermodynamic processes, even towards climate scales (e.g., [6]), they may also affect their local environment in a socio-economic way. These kinds of deep convective clouds (DCCs) can develop into severe storms with associated severe weather patterns such as lightning, large hail, heavy rainfall leading to flash flooding, strong winds and even tornadoes, which in turn may have significant socio-economic impacts; for example, in the aviation industry (icing, downbursts) the agricultural sector (bad crops) and the insurance industry (damage due to storms).



In this sense, Hoeppe [7] reports, for the period 1980–2014, that 41% of loss events, property damage and bodily injuries worldwide are related to meteorological causes (including convective and local storms). These kinds of events also represent 25% of fatalities and 71% of insured losses. Weather-related disasters around the globe also show a positive trend in occurrence and damage [7]. In Europe, a similar trend for tornadoes, violent winds, flash floods and large hail is observed [8]. Likewise, in Mexico and Central America, weather-related disasters represent the largest percentage of the total societal impacts associated with natural hazards [9].



The link between severe storms, associated severe weather and deep moist convection is well known, though the accurate nowcasting remains a substantial challenge [10,11,12]. There are many parameters and complex processes at different spatial and temporal scales involved in the generation of severe weather. At the local level, the boundary layer processes, the terrain, and surface effects such as baroclinic vorticity or mountain-valley circulations are present. Furthermore, advective processes such as differential advection, convergence lines and moisture advection must be considered [13,14]. Finally, there are dynamical processes such as mesoscale instabilities and gravity waves [13]. Besides the study of processes leading to severe weather, another way to improve our understanding of these events is the characterization of the environmental conditions in which these systems form, as well as the observation and quantification of the spatio-temporal distributions of severe weather systems themselves.



The detection and monitoring of deep convection and associated severe weather and the characterization of the environments in which they form are based on on different perspectives. The ingredients-based approach [15] with reanalysis data, in which relationships are based on parameters as the convective available potential energy (CAPE) and deep-layer shear for the determination of severe weather environments, is one of the most employed methods. For example, in Brooks et al. [16] reanalysis data are used to estimate the frequency of favorable conditions to compute the spatial distribution of severe thunderstorm and tornado environments on a global scale. Furthermore, soundings and ground-based observations are widely used to forecast, detect and monitor deep, moist convection and associated severe weather. For example, in Taszarek et al. [17], a large set of sounding measurements is combined with ERA-Interim reanalysis to assess the spatial and temporal distributions of the prerequisites of deep, moist convection across Europe. In Matsudo and Salio [18], data from a surface station network are used to document the occurrence and spatial distribution of severe weather phenomena associated with deep, moist convection over southeastern South America. In Goudenhoofdt and Delobbe [19] reflectivity measurements from C-band weather radar are used to study the characteristics of convective storms in Belgium, such as the probability of occurrence of a storm and its correlation with orographic variations. In addition to using model, sounding and ground-based data, several studies regarding severe weather research focus on the use of satellite observations. One of the main advantages of satellite data is the large-scale spatial coverage as well as high temporal coverage, depending on the type of satellite and on-board instruments.



In countries like Mexico, where, due to the lack of ground-based instruments such as weather radars for many regions, no wide-scale severe weather detection and monitoring exists, the use of satellite data turns into an affordable alternative. A broad spectrum of measurements from several passive and active instruments mounted on different types of satellites and the large set of atmospheric parameters that can be subsequently inferred is available. For example, Devasthale and Fueglistaler [20] analyzes, from a climatic perspective, the spatial distribution of deep convection over India using measurements from the Advanced Very-High Resolution Radiometer (AVHRR) and cloud datasets obtained from the Moderate-Resolution Imaging Spectroradiometer (MODIS) mounted on various polar-orbiting satellites. Matsudo and Salio [18] explores the relationship of severe weather documented with the surface station network to mesoscale convective systems (MCS) observed with measurements from the Geostationary Operational Environmental Satellite-12 Infrared (GOES-IR). Takahashi and Luo [21] utilizes a joint analysis of cloud profiling radar (CPR) observations from CloudSat and geostationary satellite data to characterize tropical deep convective clouds. In Carbajal Henken et al. [22], a combination of radar measurements and a set of cloud physical properties retrieved from measurements from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on the Meteosat Second Generation (MSG) geostationary satellites is exploited to investigate the possibility of automatic detection of deep convective clouds in the Netherlands. Rosenfeld et al. [23] presents a conceptual model for the detection of severe convective storms, producing tornadoes and large hail, based on satellite-retrieved vertical profiles of cloud top temperature and particle effective radius relations from AHVRR data and geostationary satellites. Although many other studies are dedicated to this type of research, those mentioned above give an idea of the multiple applications that satellite data can have for the study of deep convection-associated severe weather and the environments in which it forms.



In Mexico, there is little documentation of severe convective storms and their multiple manifestations. Recently, Valdés-Manzanilla [24] explored several characteristics of MCSs, and Zúniga and Magana [25] analyzed extreme precipitation events. Some characteristics of the convective storms and their relationship to the cloud-to-ground lightning have been studied as well [26,27]. Moreover, supercell storms and tornadoes in the northeastern part of Mexico have been studied [28,29]. Given that tornadoes are one of the most violent manifestations of severe weather, they can be used to delimit the areas where extreme meteorological events occur. In this sense, the TMVB stands out as a region of great importance. Previous studies highlight the influence of the environmental and topographic characteristics of the TMVB in the generation of non-supercell tornadogenesis [30]. This area in central Mexico experiences about 40% of total tornadic activity recorded in the country [31,32] (Figure 1a).



In this context, this research aims to exploit a combination of independent, well-established satellite-based observational datasets with large coverage to assess the frequency occurrence and natural variability of DCCs in the TMVB region. Thus, 10 years of MODIS Collection-6 cloud data are combined with the Climate Hazards Group Infrared Precipitation with Station (CHIRPS) data. The substantial sampling of the satellite observations provides the opportunity for the first estimation of the spatio-temporal distributions of deep convective cloud systems and associated severe weather in the form of extreme precipitation. For future model-based studies, the observed spatio-temporal characteristics can provide valuable information about the quality of physical parameterizations, which would be relevant for convective cloud development and associated severe weather.



The paper is organized as follows. Section 2 introduces the study area, while Section 3 describes the datasets and methods used. Section 4 presents the results and corresponding discussions. First, the MODIS-based spatio-temporal distributions of cloud fraction and deep convective clouds in the study area are characterized. Then, spatio-temporal relationships between observations of deep convection and extreme precipitation events, as well as the relation to geographical variations in the form of terrain height, are assessed. Then, a sub-region analysis allows a first examination of the possible influence of varying local and large-scale conditions and accompanying physical processes on the satellite-observed deep convection distributions. Finally, conclusions are given.




2. Study Area


The region selected for this study is located over the central part of Mexico, from 18.8   ∘  N, 105.4   ∘  W to 21.5   ∘  N, 95.7   ∘  W, with an area coverage of ∼324,483 km   2  . The criteria for this selection were based on the significant number of tornado reports in the area (taken as a trace of severe weather), the prevalent complex terrain (serving as a static parameter in the generation of deep convection) and the large population exposed to these natural phenomena (considered as one of the risk components). Due to the amount of recently documented tornadic activity in this part of the country (Figure 1a), it is also known as the Mexican Tornado Alley (MTA). Given that these tornado climatologies are based on documentary information (i.e., social networks, eyewitnesses, newspapers and official information from authorities), it is evident that the total number of tornadoes in Mexico is underestimated [32].



The study area extends along the influence zone of the TMVB. The TMVB has a complex orography with elevations between 0–5000 m above sea level; see Figure 1a. It is defined as a transition zone among the Nearctic and the Neotropical regions [33], separating drier climates to the north from the humid ones to the south; see Figure 1b. Likewise, the mountain ranges of the TMVB represent a great natural barrier in the propagation of cold fronts from the north and moisture fluxes from the Pacific Ocean and the Gulf of Mexico [31].



Due to its geographical position between the Pacific Ocean and the Gulf of Mexico, the study area is influenced by tropical cyclones, cold fronts and easterly waves. These weather systems have a significant impact on the natural characteristics of this zone; see Figure 1d. For example, the center-north region is dominated by drylands, pastures and shrublands (in yellow tones), associated with the drier portion of the domain. In contrast, the center-south shows abundant vegetation with evergreen and deciduous forests (in green tones). In the eastern part, the coastal plain of the Gulf of Mexico, irrigated and dryland croplands dominate, while at the highest elevations, woodlands dominate. The western sub-region is dominated by cropland/woodland. It is important to mention that two of the most populated cities in Mexico, Mexico City and Guadalajara, are located in the study area (in red tones).



The mean annual precipitation rate over the study area, computed for the years 2008–2017, shows the greatest values (near the 3000 mm/year) in the east sub-region; see Figure 1c. In general, high precipitation amounts are aligned with higher terrain elevations; i.e., the contribution of convective precipitation is high, at least in this part of Mexico. Along the TMVB, values between 600–1200 mm/year are shown. The area at the west of the Eastern Sierra Madre mountain range displays the minimum values (∼300 mm/year), coinciding with an area affected by the Föhn effect and the dryer portion of the domain [34]. In summary, the relationship between precipitation–terrain–land-use and vegetation is clear.




3. Material and Methods


3.1. MODIS Data


MODIS is a passive imager mounted on both the Terra and Aqua sun-synchronous polar-orbiting satellites, with equator crossings for the descending and ascending nodes at approximately 10:30 A.M. and 1.30 P.M. local time, respectively. It is a 36-channel whiskbroom scanning radiometer measuring between 0.405 and 14.385  μ m. It has a viewing swath width of 2330 km and nadir spatial resolutions of 250 m, 500 m and 1000 m, depending on the channel. A large number of data products from MODIS observations are useful to describe features of the land, the oceans and the atmosphere. MODIS observations can be used, for example, in studies of geophysical processes and phenomena from local to global scales. MODIS atmosphere products are archived into two categories: pixel-level retrievals (Level-2) and global gridded statistics (Level-3).



In this study, Collection 6 (C6) of the cloud optical and micro-physical data at a 1 km resolution as well as macro-physical products at a 5 km resolution from Level-2 MODIS data were collected [35]. The C6 algorithm contains several changes and improvements compared with C5, as described in Platnick et al. [36]. In the Level-2 products, the MODIS cloud mask was used to discriminate clear-sky pixels from clouds. In the next step, the cloud optical and micro-physical properties were retrieved for cloudy pixels. Additionally, cloud properties derived from thermal infrared bands were obtained [37]. MODIS data were stored in Hierarchical Data Format (HDF) and divided into MOD06_L2 (collected from the Terra platform) and MYD06_L2 (collected from the Aqua platform). Ten years (2008–2017) of different parameters, such as cloud top pressure (CTP), cloud optical thickness (COT) and cloud fraction (CF), were collected for the study area. The temporal coverage of MODIS observations from Aqua and Terra was from 16:00GMT to 22:00GMT (11:00 to 17:00 local time) in the study area.




3.2. Definition of Deep Convective Cloud


There are several established ways to detect and characterize deep convection from satellite-based passive imagery. In general terms, deep convective clouds have pronounced vertical growth, leading to low observed brightness temperatures and thus to retrievals of low values of cloud top temperature (CTT) and cloud top pressure (CTP). They also have high liquid/ice contents that produce high reflectances in the solar part of the spectrum, which leads to, e.g., retrievals of high cloud optical thicknesses (COTs). Cloud classification schemes based on joint histograms of two or more cloud parameters retrieved from passive observations have been widely used in the satellite research community. For example, in King et al. [5], a combination of cloud top properties, optical and micro-physical properties were used to describe MODIS-observed spatial and temporal distributions of cloud regimes on a global scale; among others, those associated with deep convective activity. Threshold values of MODIS-based cloud brightness temperature (BT) and COT have been used for the detection and DCC property description over different locations of the globe by Yuan and Li [38], while Jin et al. [39] used a combination of MODIS-based CTP and COT to describe large-scale characteristics of tropical convective systems. Similar parameters were used by Ntwali and Chen [40] to estimate the probability of deep convection in Africa.



For this study, we used a straightforward cloud type definition of deep convective cloud taken from the well-established International Satellite Cloud Climatology Project (ISCCP) [41,42]. For many years, in a time period starting in the early 1980s until 2015, ISCCP has been providing a large set of gridded atmospheric products with temporal resolutions ranging from 3 h to monthly means and spatial resolutions ranging from 2.5 degrees up to 10 km in more recent efforts. The cloud climatologies are based on a combination of measurements from geostationary satellites and AVHRR instruments mounted on several National Oceanic and Atmospheric Administration (NOAA) polar-orbiting satellites. Specifically, a satellite pixel covers a deep convective cloud when the retrieved CTP is equal or less than 440 hPa and the retrieved COT is equal or greater than 23.



Here, we took advantage of the advanced MODIS cloud retrievals, higher pixel resolution and large sampling. The MODIS-based deep convective cloud observations were collected for a grid with resolution 0.1   ∘  , which allowed the analysis of deep convection frequencies and their relationship with local characteristics such as the topography. The DCC frequency per grid cell was obtained from average CTP and COT values, which were computed from the collected MODIS cloudy pixels that fell within the grid cell for each daytime satellite overpass. Note that only cloudy pixels with successful CTP and COT retrievals were used (and that the cloud phase was not explicitly taken into account). To count a MODIS-observed DCC event, both CTP and COT average values needed to fulfill the threshold requirements mentioned above. The monthly values of the total number of observed DCCs, or DCC frequencies, were obtained by adding daily DCC counts.



A CTP of 440 hPa relates to a height of about 6.5 km. In the study area, parts of the Transition and Nearctic sub-regions consist of high plains (altiplano) with an elevation height of about 2 km. In addition to a horizontal extent of at least about 10 km × 10 km, meaning that single clouds at the very beginning of convective development are not considered, the clouds can still have a considerable vertical extent, also at higher elevations. Moreover, the combination with the COT threshold ensured that only clouds with a high liquid/ice content, which depends on thermodynamic variables, were included. In that sense, COT can be considered as additional information on cloud vertical development, noting that the retrieval of COT is largely independent of cloud top height.



Although the temporal coverage of the daytime MODIS observations ranges from 16:00–22:00 GMT, it allows the characterization of developing convective cloud systems, including (part of) their mature stage. Taking into account the fact that in the process of convection initiation, the daytime heating has a significant influence [43], the MODIS cloud observations within these 6 h serve as a good indicator of the general conditions that determine the generation and frequency of deep convective cloud systems in this part of Mexico.




3.3. CHIRPS Data


The CHIRPS is a 30+ year quasi-global rainfall dataset. It spans from 50   ∘  S–50   ∘  N with a high spatial resolution of 0.05   ∘  . CHIRPS data contain information only from continental areas and at multiple temporal resolutions. This dataset includes three principal components: global climatologies, satellite measurements (at infrared wavelengths) and in-situ observations [44]. Among the advantages of CHIRPS are their great geographical coverage, temporal uniformity, their validation processes and the quasi-real-time updates. Several studies have been conducted worldwide to validate this dataset [45,46,47]. Mexico is one of the principal collaborators in in-situ observations of CHIRPS [44], and recently, different investigations have been realized in the country using this dataset [48,49]. For example, in 2017, an average of 335 meteorological stations per month were used in the CHIRPS dataset, only for the area of the TMVB. In this study, the 2.0 version of the CHIRPS dataset was used to assess the spatio-temporal distribution of precipitation and extreme events in the TMVB. Daily data [50] from 2008–2017 with a spatial resolution of 0.05   ∘   were processed. Although the CHIRPS dataset used includes the entire diurnal cycle, the significant contribution of the afternoon and early night precipitation in the study zone just before or even through the last MODIS observations [51,52] helped us to understand the contribution of these convective clouds to the precipitation regime.





4. Results and Discussion


4.1. Spatio-Temporal Distribution of Cloud Fraction


In the first step, the observed spatial and temporal distribution of cloud fraction is presented in Figure 2. The CF distribution represents the average of 10 years by grid point, where 1 means a zone completely covered by clouds and 0 represents a cloud-free region. In this analysis, high, middle or low clouds are not differentiated. The primary purpose is to establish the first impression on the cloudy situation in the region and relate these spatio-temporal distributions of clouds to dry and wet seasons. Such a behavior can be a result of the interaction of local static conditions (such as terrain features) and dynamic parameters (such as moisture fluxes, frontal activity, mesoscale systems or even climatic oscillations). From the analysis of the CF monthly climatologies, two principal phases have been identified. First, there is a wet season, from June–September, which mostly includes the summer months. The highest values of CF correspond to topographic features such as mountain ranges in the TMVB, Eastern and Western Sierra Madre and the coastal plains of the Gulf of Mexico and the Pacific Ocean. The other factor relating to this distribution is the sea breeze effect in coastal areas [52]. The impact of this type of circulation, for example, on cloud development, fog production and storm initialization, has been well-documented [53]. Second, the months from November to April are characterized by a constant decrease in CF values across the domain. CF values less than 0.3 are typical in most parts of the territory, except in the Gulf of Mexico. From November to February, these high values of CF are associated with the passage of cold winter fronts in this region of Mexico [54]. March and April are the drier months in this phase. Lastly, two smaller transition phases can be identified: first, in May as a dry transition; and second, in October as a wet transition. Maximum values of CF are located over the east during the May transition, while during the October transition, the maximum CF values are located over the central and the western portions of the domain. Such a situation suggests a transition from east to west as discussed above.




4.2. Spatio-Temporal Distribution of Deep Convective Clouds and Severe Weather Events


The monthly distribution of observed DCC frequencies on a grid with a spatial resolution of 0.1 degrees in the study area is presented in Figure 3. Note, the numbers are considered to represent single convective events for each grid box. As for the cloud fraction, wet, dry and transition phases are noticed. In the first two winter months, the higher frequencies are located over the Gulf of Mexico and can be related to the passage of mid-latitude frontal systems enhanced by orographic effects [55], which may also consist of high COTs and low CTPs. In the next two months, in the dry season, not more than 30 DCCs are observed. May is the first transition phase, and it is when the terrain features start to play a significant role in the increase of observed DCC frequency. Between June and September, the wet phase is established. In this period, the highest observed DCC frequencies are extended along the mountains of the TMVB. Some portions of the domain show total values of over 100 DCC events per month; i.e., about 10 events per month on average or one-third of total days with convective activity. The spatial distribution of observed DCC frequency, especially in this active phase, is consistent with the spatial distribution of cloud-to-ground lightning activity described by Kucieńska et al. [26], mainly in the western part of the domain. In this wet season, the interaction of the moisture fluxes from the Gulf of Mexico and then from the Pacific Ocean (in late summer) with the terrain features seems to modulate the deep convection activity. The spatio-temporal behavior of the convection shown here shares some main characteristics with the results of Cavazos and Hastenrath [56] who described the convection and rainfall in Mexico and their relationship with the Southern Oscillation using highly reflective cloud data, upper air soundings and surface ship observations; for example, the peak activity in September along the east coast of the domain and the highest DCC frequency in the summer months in central Mexico. Another remarkable aspect is the spatial transition from east to west of the observed DCC frequency; possible reasons for this are discussed later. October is identified as a second transition phase. Although the observed DCC frequencies are low, the most active zone is over the western portion of the TMVB. The last months, November and December, follow the same pattern as January and February, but with a general decrease, even in the Gulf of Mexico. A possible explanation comes from the change of atmospheric circulation patterns and moisture availability. At this stage, dry and cold air masses from the north begin to have some influence on the study area [56,57]. These air masses work as convective inhibition elements, mainly in the northern portion of the complex terrain of the TMVB.



To assess the spatio-temporal relationships between the observed DCC frequency and extreme precipitation events, the monthly distribution of the number of days with daily precipitation exceeding 10 mm (Figure 4) and the monthly distribution of precipitation threshold for the 90th percentile (Figure 5) were computed using the CHIRPS dataset. The 10 mm threshold of daily precipitation represents heavy precipitation days and is useful to identify the regions in which these events are common (adopted from the European Climate Assessment (ECA) indices of extremes). On the other hand, the 90th percentile helps to characterize the behavior of the extreme precipitation events within the study area. The similarity between the spatial-temporal distributions of heavy precipitation days (from CHIRPS, Figure 4) and convective frequency (from MODIS, Figure 3) is evident. Between June and September, the wet phase is identified, with the higher values (i.e., the most days) also located over the higher elevations. The mountainous areas at the west of the Gulf of Mexico, the central part of the TMVB and the Pacific Ocean hold the highest values, with a maximum of 175 heavy rainy days in August. Taking into account the fact that the total number of days analyzed is 3653 for 10 years, the wet areas have about a 5% occurrence (using all the days available). Concerning the precipitation thresholds obtained from the 90th percentile (Figure 5) the Gulf of Mexico stands out with more than 75 mm of daily precipitation in the summertime. The average of the wet phase (June to September) ranges higher than 40 mm/day over the regions identified with more intense rainfall activity. Again, higher values are associated with higher elevations, but in this case, the area of the Gulf of Mexico is dominant. This situation can be associated with moisture fluxes and their interaction with the local topography, as suggested by Giovannettone and Barros [58], and the possible contribution of the sea breeze. For the area of the central part of the TMVB, the threshold values range between 20–25 mm/day. One of the most important findings here is the exceptional variety of the behavior of the extreme precipitation events in a relatively small geographical area. Whereas the precipitation thresholds in the mountains near the Gulf of Mexico reach 50 mm/day or more, just a few kilometers to the west, the thresholds decrease to values close to 10 mm/day, indicating the great importance of local conditions.



In Figure 6 the time series of the tropical cyclone activity, the total observed DCC and precipitation rates over the study area are shown. For the deep convective clouds and precipitation, the active season starts in June, with the first peak in July. Then, in August, the frequency of these two parameters has a relative minimum. The second observed peak in precipitation and deep convection activity in September indicates the influence of the passage of tropical cyclones over the study area. This time series was assessed using the analysis of the International Best Track Archive for Climate Stewardship dataset [59]. To this end, tropical cyclone tracks (2008–2017) that affected the study zone were extracted. Only systems classified as tropical depressions, tropical storms and hurricanes of categories 1–5 were used in this analysis. The results show that the maximum tropical-cyclone activity is in September, which is consistent with Jáuregui [60]. Such results relate well to the observed behavior of precipitation and deep convective cloud frequencies in the second part of the active phase. The rest of the months are identified as the transition phase (April–May and October–November), and the passive phase (December–March). Taking into account all monthly means of DCC frequency and accumulated precipitation (i.e., 120-time steps), the domain-averaged temporal correlation coefficient is 0.84, which demonstrates the strong correlation between the two observational datasets. Per season, correlation coefficients are found to be 0.79, 0.77, 0.81 and 0.93 for December–February, March–May, June–August and September–November, respectively. The variation indicates the impact of seasonal changes in weather patterns and associated phenomena (e.g., tropical cyclones, easterly waves and cold fronts) affecting the study area on the relationship between the MODIS-based DCC frequencies and CHIRPS observed precipitation.




4.3. Relation to Terrain Height


Another feature connected to the observed DCC frequency in the study area is the terrain height. As previously mentioned, the TMVB holds a complex topography that seems to favor the development of deep convection. In this sense, the correlation value between terrain height and DCC frequency over the entire domain is 0.32. This correlation value takes into account all the grid points in inland Mexico. By dividing the domain into sub-regions (see Figure 1b), the correlation values change to 0.54, 0.57 and −0.19 for the Transition, Nearctic and Neotropical sub-regions, respectively. The relatively high correlation value in the Nearctic sub-region is associated with the comparably low terrain height variations and the subsequent low DCC frequency. A similar case is the Transition sub-region, where high terrain height variations relate to the high DCC frequency.



In order to analyze in more detail how the variations in terrain features relate to observed DCC frequencies, cross-sections at constant latitudes (20.5   ∘  N, 19.5   ∘  N, and 19.0   ∘  N) of the total number of observed DCC events and the total number of observed DCC events limited to the corresponding wet phase (June to September) are shown in Figure 7.



For the cross-section at the constant latitude of 20.5 degrees north (northern part of the domain), the observed DCC frequency shows the Gulf of Mexico as the most active region. The western part also shows relatively high frequencies. As expected, this cross-section shows a relatively stable behavior since the transect includes the dry highlands of the domain and fewer terrain height differences. The correlation coefficients for this section are −0.67 for the full period and −0.45 for the wet phase. In the second cross-section, at the constant latitude of 19.5 degrees north, which is just over the TMVB, the influence of the Pacific Ocean is evident in the western part of the domain, with peaks of frequency just over the windward side. The altitude differences mark, in this plot, the higher frequencies of the observed DCC. The correlation values for this transect are 0.63 for the full period and 0.53 for the wet phase. Finally, in Figure 7c at the constant latitude of 19.0 degrees north, including the southern portion of the TMVB and highest elevations, the correlation values increase to 0.77 for the full period and 0.76 for the wet phase. The increase in the frequency of the DCC observed in the eastern part of the domain indicate the significant role that the fluxes from the Gulf of Mexico and mountainous areas play in the generation of deep convective clouds. The relatively high correlation coefficient between observed deep convective clouds and terrain height is a strong indicator of the considerable role of complex topographic features in the forced convection processes within the TMVB region. For spatial distribution maps of seasonal correlation values between MODIS-based frequencies of DCC and CHIRPS accumulated precipitation, we refer to the Figure S1 of the Supplementary Material.




4.4. Sub-Region Analysis


The study area has been divided into three sub-regions (see Figure 1b). The Neotropical region includes the coastal plains of the Pacific Ocean and the Gulf of Mexico. The lowlands of the Balsas Basin are considered to be part of this sub-region as well. This sub-region is under the immediate influence of moisture fluxes from the oceans [30]. The Nearctic region is dominated by high and drylands affected by frontal systems from the north [61]. This sub-region covers the southern portion of the Chihuahua Desert. On the other hand, the Transition region holds the main topographic features from the TMVB, the Western Sierra Madre, the Eastern Sierra Madre and the Southern Sierra Madre. This sub-region is influenced by moisture fluxes from both the Pacific Ocean and the Gulf of Mexico. Furthermore, the position of these terrain features represents a natural barrier perpendicular to the coastal lines [31]. The geographical location of each area represents unique land surface, meteorological and climatic characteristics.



Monthly means of observed DCC frequencies and CF for each sub-region are shown in Figure 8. The values shown here represent a sub-region average per month of the total number of the observed DCCs and are calculated depending on the extension of each sub-region. There is a clear dominance of the Transition sub-region with the highest values (and with the highest variability as well) of observed DCC frequencies throughout almost the entire annual cycle. In this sub-region, two key elements are present: the moisture advection from both the Gulf of Mexico and the Pacific Ocean and the mountainous areas located over the TMVB and the Sierras Madres, enabling orographic convection. Such elements seem to modulate the high frequency of DCCs, mainly over the highest elevations. In the Neotropical sub-region, the presence of a sea breeze over the coastal plains with large mountainous areas perpendicular to the fluxes spread is considered to be the main element in the second-highest observed DCC frequencies. The peak shown in September in this sub-region is related to the passage of tropical cyclones (Figure 8a), and the generation of stratiform clouds (by sea breeze effect) is the cause of the high values of CF (Figure 8b). The Nearctic sub-region holds the minimum frequency of DCCs and the lowest values of CF. This part of Mexico is characterized as the southernmost zone of the dry portion of the country (Chihuahua Dessert) [62]. In general terms, in the Transition sub-region, all the necessary key elements for deep convection activity converge, in the Neotropical sub-region, here is a significant influence of sea breeze and the pass of tropical cyclones, while the Nearctic sub-region holds the dryer characteristics.



A decrease in frequency is detected in August for both CF and DCC. Such behavior has been identified in all the sub-regions, but is most evident in the Transition sub-region. This period can be related to the midsummer drought—i.e., canícula—in Mexico. Such a signal of the midsummer drought was also observed in a daily precipitation dataset based on a combination of station and satellite data for Mexico [63]. However, an in-depth and more detailed analysis of the midsummer drought event and how it relates to our observations is necessary for future studies. To the best of our knowledge, the identification of a drought marker in the summertime, the “canícula”, in the deep convective cloud frequencies obtained from satellite measurements (in this case MODIS) in this part of the country is new.



Similar behaviors can be observed in the precipitation values obtained from the CHIRPS dataset (Figure 8c,d). In the threshold values for the 90th percentile, the Neotropical sub-region holds both higher values and variability. The peak of September is again related to the passage of tropical cyclones. On the other hand, the Nearctic sub-region holds the lowest frequencies and variability, which means relatively steady dry environments. The Transition zone shows intermediate variability. As with the MODIS cloud observations, a clear decrease in August is present. The number of days with precipitation exceeding 10 mm shows the similarities between the Neotropical and the Transition sub-regions. Although these values are consistently higher in the Neotropical sub-region, the curves show a high correlation (Figure 8d). The variability shown in the Neotropical and Transition sub-regions is related to dynamic processes (as moisture fluxes) and static features (as the complex terrain). The patterns shown here prove the significant influence of the Pacific Ocean and the Gulf of Mexico in the modulation of deep convective clouds and precipitation regimes over the central parts of the country. Finally, the minimum value between two maximums values (i.e. the canícula signature) in the Nearctic sub-region is less clear than in the previous analysis.




4.5. Inter-Annual Variability


Changes in wind regimens, climatic oscillations and tropical cyclone activity can play a significant role in the spatio-temporal distribution of precipitation [64,65]. In the study area, where convective precipitation is relevant, research to improve the understanding of the reasons behind spatio-temporal variations of deep convective activity, also on larger temporal scales, can further benefit from estimates of inter-annual variabilities of deep convective cloud frequencies obtained from satellite observations. To this end, the annual anomaly of the total number of observed DCC is presented for the 10 year time period; see Figure 9. The annual DCC anomaly results from the difference between the annual mean (2008–2017) and the value of the year of analysis. From this, the presence of relatively dry (e.g., 2011, 2017) and wet (2010, 2013, 2015) years can be identified within this 10 year time period. The transition between wet or dry years can be divided into an explosive stage—i.e., the change comes from one year to another; for example, 2010–2011—or a progressive stage, where the change comes with an intermediate year; for example, 2011–2012–2013. Interestingly, the transitions identified through the anomalies in Figure 9 are more distinct over the coastal regions, at the east and west edges of the domain, suggesting that these regions are more sensitive to large-scale dynamic changes. It is important to mention that the increase or decrease of observed DCC frequency can be concentrated in only a couple of months within the 10 year time period. For example, from Figure 8a it is evident that the Transition sub-region shows a significant variability mainly in the summer months. Moreover, for the coastal regions, especially in the east, the annual mean DCC frequency difference between two subsequent years (2010 and 2011) can be about twice as large as the largest difference between monthly means inferable from Figure 8a (Neotropical sub-region), indicating the relevant impact of (changes in) large-scale dynamics on observed annual DCC distribution in the study area.



A one-sample, two-sided student t-test was performed to identify where external events (such as climatic oscillations) could be mainly responsible for the modification of the annual statistical values of the number of convective events in the Trans-Mexican Volcanic Belt and where local events predominate. The hypothesis was applied that the mean value of the number of convective events of a specific year did not vary significantly concerning the mean value of the data set of the entire 10 year period considered. Figure 9 includes the results for the period 2008–2017 for a confidence level of 95%. In the year 2011, it is observed that there is a large region in the northeast where the hypothesis is rejected. This indicates that external processes might influence and modify the number of convective events. There are other small regions, predominantly in the southern part, where the hypothesis is also rejected. Changes in weather regimes derived from the influence of climatic oscillations could have an impact on the study area and the DCC frequency. These preliminary findings indicate the necessity to perform more in-depth analyses on observational datasets that extend beyond 10 years to further investigate which dynamics cause these modifications. Furthermore, climatic oscillations (e.g., the Madden–Julian Oscillation (MJO), El Niño Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO)) must be taken into account in the study of processes that might influence the generation and observed frequency of DCC.





5. Conclusions


The Trans-Mexican Volcanic Belt is a complex orography zone in central Mexico in which a large number of manifestations of severe weather has been documented. This area concentrates a large population exposed to severe weather events such as tornadoes and heavy precipitation with accompanying flash floods, making the improved forecasting, detection and monitoring of deep convective cloud systems and associated severe weather of great importance. Due to the lack of a dense ground-based observational network for the extensive detection and monitoring of severe weather phenomena in the country, satellite observations of cloud and precipitation events provide a suitable and affordable alternative to characterize and improve our understanding of deep convective events in Mexico.



This work contributes to an improved understanding of the occurrence and natural variability of deep convective events in the TMVB region by performing a first estimation and assessment of satellite-observed spatio-temporal distribution of deep convective clouds using well-established MODIS cloud products. The study area exhibits large variations in elevations, including mountainous areas with heights of up to 5000 m along the TMVB. It serves as a transition zone between a drier (north) and more humid (south) climate, leading to a large variety of land surface characteristics [33], and is known to be subject to the differential influence of the Gulf of Mexico (east) and the Pacific Ocean (west) [58,66] with corresponding moisture fluxes and large-scale dynamics [67]. The substantial climatic and environmental regional differences within the study area allow, by studying geographical variations, first indications of the impact of local conditions, such as terrain features, to be considered, as well as the impacts of large-scale conditions on the observed distinct spatio-temporal variabilities of DCCs.



Monthly climatology data for 10 years (2008 to 2017) of the cloud fraction and the frequency of deep convective clouds along the TMVB in Mexico on a 0.1 degree resolution have been produced using a combination of MODIS Coll. 6 cloud products. The analysis of 10 years of satellite observations shows the clear establishment of wet and dry phases characterized by cloud abundance, and more specifically, deep convective cloud frequency, preceded by transition phases. The first peak observed in the deep convective cloud frequency in July can be related to the change in the wind patterns that increase the moisture advection from both the Pacific Ocean and the Gulf of Mexico [66,68]. The second observed DCC frequency peak in September is related to the frequent passage of easterly waves and tropical cyclones during that time of year [60]. The spatial variability within the study area is greatest for the summertime period, though large, persistent cloud fields can be found in the eastern part throughout the entire year.



The spatio-temporal patterns of deep convective cloud frequency have been related to extreme weather events; i.e., extreme rain episodes obtained from precipitation data from the CHIRPS in-situ and satellite-based dataset. A very similar pattern of the spatio-temporal distribution of extreme precipitation days and deep convective clouds was found. For both, the highest frequencies align just over the higher elevations of the TMVB, indicating the important role of orography in the development of convective systems. Calculations of the 90th percentile of precipitation show extremely high variations in a relatively small geographical area. Again, higher values are related to the higher regions with a complex orography.



For domain-averaged seasonal patterns, a strong correlation was found between observed DCC frequency and precipitation (with a correlation coefficient of 0.84). The frequencies of the DCCs and precipitation events show a clear decrease in August, which corresponds well with the description of the midsummer drought phenomena in Mexico—the so-called “canícula”—provided by others [49,63]. To our knowledge, the midsummer drought is observed and documented for the first time using satellite-observed deep convective cloud frequencies as an identification marker in the region. Whereas the first peak in the DDC frequency and precipitation can be associated with the moisture advection from the oceans [66,68], the second peak observed in September might be affected by the increase in tropical cyclone activity [60], as mentioned before.



Another relevant outcome is the solid relationship between the terrain configuration and the observed DCC frequency with the higher correlation coefficient of 0.77 computed along a cross-section with the highest elevations. The complex terrain of the TMVB seems to be essential for the generation of deep convective clouds by forced convection and significantly controls the satellite-observed DCC and extreme precipitation frequencies. Similar results have been reported before in central Mexico using model simulations [69]. Moreover, observations from one radar site covering Mexico city show a similar behavior [27]. Due to their geographical position, the mountains of the TMVB, located in central Mexico, have a direct influence on wet air masses from both the Pacific Ocean and the Gulf of Mexico [66,70] and dry air masses related to the cold fronts propagated from the north [31,61]. This is also reinforced by the analysis from the sub-region perspective, which provides a first insight into the relative impact of different local and large-scale conditions and accompanying physical processes that lead to the observed spatio-temporal variability of deep convective clouds and associated severe weather. The high cloudiness over all of the Gulf of Mexico allows the identification of the possibly important role of sea breeze [52] and the position of the mountains (perpendicular to moisture advection) for the eastern portion of the Neotropical sub-region. Cold fronts and Föhn effects [34,55] influence the Nearctic sub-region; i.e., drylands in the north portion of the domain. The analysis of the behavior of convective events allowed the identification of similarities across the Transition sub-region. This relation is associated with the influence of moisture advection processes from the Pacific Ocean and the Gulf of Mexico [66]. The greatest observed DCC frequency in this sub-region seems to be a result of complex interactions between terrain, moisture fluxes and relatively cold air masses from the north.



Finally, the analysis of the inter-annual variability of observed deep convective clouds shows years with clearly positive and negative anomalies, though both the variability within the domain for one year and the domain-averaged variability within one year can be as large as between years. A future study regarding this topic will benefit from a temporal extension of the observational datasets. Even though the development of deep convection here seems to have a strong regional component (i.e., terrain configuration), the moisture availability for their initiation is related to changes in wind patterns. Changes in the weather patterns can be associated with the El Niño Southern Oscillation, the Pacific Decadal Oscillation or the Madden–Julian Oscillation [64,71,72,73]. In this sense, a larger dataset is required to investigate the relative impact of these climatic oscillations on DCC frequency, and future work should be focused on this topic as well.



Considering that the independent types of observational datasets used in this study show a clear relationship, this represent an encouragement to continue and extend these kinds of satellite-based studies on deep convective clouds and associated severe weather, especially in situations with an absence of large-scale radar coverage, as is the case for Mexico. In that sense, this study contributes considerably to a first characterization of the environment in which extreme weather phenomena occur. Furthermore, the study brings to light the possibility of identifying and quantifying region-specific climatological characteristics, such as the “canícula”, with the use of satellite observations of clouds and precipitation. Knowing that a wide range of dynamical processes controls the formation of deep convective cloud systems and the accompanying variability in characteristics, observational-based approaches can obviously benefit from reinforcement through in-depth studies including extensive numerical weather simulations. In turn, satellite-observed distributions of clouds and precipitation can provide modelers with valuable information about the quality of parameterizations related to convective processes in large-scale models. While the straightforward CTP–COT threshold-based DCC cloud typing method used in this study can provide a first estimate of the frequency of clouds with considerable vertical extent and liquid/ice content, more sophisticated cloud classification schemes should be considered in future studies. For example, k-means clustering methods might provide (deep convective) cloud regimes that are tuned to the particular meteorological/climatological conditions in a study area.



Several satellite-based observations can be added to further improve our understanding as well as the monitoring of deep convective processes in Mexico. For example, cloud observations obtained from advanced imagers, with relatively high spatial resolution and high temporal coverage of minutes, mounted on the NOAA Geostationary Operational Environmental Satellite (GOES)-R series [74,75], can be used to investigate the diurnal cycle of convective clouds in Mexico. Furthermore, satellite observations of, e.g., water vapor and surface temperature, can be used to characterize and study the conditions in the pre-convective and convective initiation environment.
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The following abbreviations are used in this manuscript:



	AVHRR
	Advanced Very-High Resolution Radiometer



	CHIRPS
	Climate Hazards Group Infrared Precipitation with Station data



	CF
	Cloud fraction



	COT
	Cloud optical thicknesses



	CTP
	Cloud top pressure



	DCC
	Deep convective cloud



	GOES
	Geostationary Operational Environmental Satellite



	ISCCP
	International Satellite Cloud Climatology Project



	MCS
	Mesoscale convective systems



	MODIS
	Moderate Resolution Imaging Spectroradiometer



	TMVB
	Trans-Mexican Volcanic Belt










Appendix A


Land cover legend (INEGI-USGS) for Figure 1d.



	1
	Urban and built-up land



	2
	Dryland cropland and pasture



	3
	Irrigated cropland and pasture



	4
	Mixed dryland/irrigated cropland and pasture



	5
	Cropland/grassland mosaic



	6
	Cropland/woodland mosaic



	7
	Grassland



	8
	Shrubland



	9
	Mixed shrubland/grassland



	10
	Savanna



	11
	Deciduous broadleaf forest



	12
	Deciduous needleaf forest



	13
	Evergreen broadleaf forest



	14
	Evergreen needleaf forest



	15
	Mixed forest



	16
	Water bodies



	17
	Herbaceous wetland



	18
	Wooded wetland



	19
	Barren or sparsely vegetated



	20
	Herbaceous tundra



	21
	Wooded tundra



	22
	Mixed tundra



	23
	Bare ground tundra



	24
	Snow or ice



	100
	Unclassified
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Figure 1. Distribution of (a) terrain elevation, (b) Mexican regions [33], (c) annual mean precipitation rate (mm) (2008–2017) and (d) land-use and vegetation (see Table in Appendix A) over the study area. In (b), the sub-areas of the transition zone, Trans-Mexican Volcanic Belt (TMVB), Southern Sierra Madre (SSM), Eastern Sierra Madre (ESM) and Western Sierra Madre (WSM) are indicated with the following fill patterns: black squares, white squares, white dots and black dots, respectively. In (a), the red points indicate the locations of reported tornadoes (2008–2017) [32]. 
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Figure 2. Monthly distribution of mean cloud fraction based on Moderate-Resolution Imaging Spectroradiometer (MODIS) cloud data (2008–2017) with a horizontal resolution of 0.1 degrees. 
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Figure 3. Monthly distribution of the total number of observed deep convective clouds based on MODIS cloud data (2008–2017) with a horizontal resolution of 0.1 degrees. 
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Figure 4. Monthly distribution of the total number of days with daily precipitation exceeding 10 mm based on Climate Hazards Group Infrared Precipitation with Station (CHIRPS) data (2008–2017) with a horizontal resolution of 0.05 degrees. 
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Figure 5. Monthly distribution of precipitation thresholds (mm/day) for the 90th percentile based on CHIRPS data (2008–2017) with a horizontal resolution of 0.05 degrees. 
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Figure 6. Monthly domain-average of deep convective cloud frequency, accumulated precipitation and tropical cyclone activity. The red line represents the domain-averaged total number of observed DCC based on MODIS data with a horizontal resolution of 0.1 degrees; the blue line represents the domain-averaged monthly mean precipitation amounts based on CHIRPS data with a spatial resolution of 0.05 degrees, and the grey bars represent the number of tropical cyclones that affected the study region. All parameters are shown for the period 2008–2017. 
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Figure 7. Cross-section at constant latitudes (a) 20.5, (b) 19.5, and (c) 19.0 degrees north of deep convective cloud frequency. The red line represents the total number of observed DCCs (2008–2017) and the blue line the corresponding values for the wet phase only (June, July, August, and September) based on MODIS data with a horizontal resolution of 0.1 degrees. The grey area shows the terrain height in meters. 
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Figure 8. Monthly means (lines) and one standard deviation (shaded areas) of (a) observed deep convective cloud (DCC) frequency, (b) cloud fraction (CF), (c) precipitation threshold values and (d) number of days with precipitation exceeding 10 mm per Nearctic, Neotropical, and Transition sub-regions. 
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Figure 9. Annual anomaly of the total number of observed deep convective clouds (2008–2017) based on MODIS cloud data, with a horizontal resolution of 0.1 degrees. The black lines indicate the grid boxes with a significant anomaly. 
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