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Abstract: The present study aims to determine the factors influencing the transition from shallow
to deep convection in the trade winds region using an observational approach, with emphasis in
the Yucatan Peninsula in eastern Mexico. The methodology is based on a discrimination of two
regimes of convection: a shallow cumulus regime, usually with little or no precipitation associated,
and an afternoon deep convection regime, with large amounts of precipitation, preceded by a short
period of shallow convection. Then, composites of meteorological fields at surface and several
vertical levels, for each of the two convection regimes, are compared to infer which meteorological
factors are involved in the development of deep convection in this region. Also, the relationship
between meteorological variables and selected regime-transition parameters is evaluated only for
deep convection regime days. Results indicate the importance of dynamic factors, such as the
meridional wind component, in the transition from shallow to deep convection. As expected,
thermodynamic variables, such as the low-level specific humidity in the shallow cumulus layer,
also contribute to the regime transition. The presence of a southerly component of wind at low-
to mid-levels during the early morning in deep convection days provides the shallow cumulus
with a more favorable environment so that transition can occur, since abundant moisture from the
Caribbean is supplied through this prevailing southern wind. The results can be relevant for reducing
uncertainties regarding some important parameters in global and regional models, which could lead
to improved simulations of the transition from shallow to deep convection and precipitation.

Keywords: convective regimes; transition from shallow to deep convection; trade winds;
western Caribbean

1. Introduction

Convection over land in tropical regions shows a characteristic pattern throughout the diurnal
cycle, presenting shallow cumulus in the morning, which grow during the early afternoon transitioning
to deep convective clouds, with the development of precipitation. Under little or no synoptic forcing,
the cycle ends in the late afternoon and early evening [1,2]. In contrast, the presence of large-scale
forcing will favor the organization of convection and the presence of longer-lived systems.

Understanding the processes involved in the diurnal cycle is crucial, since several authors [3–10]
have documented that general circulation models (GCMs) often misrepresent the diurnal cycle of
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convection and precipitation, in terms of its amplitude as well as its phase, in both tropical and
extratropical regions.

In order to reduce the biases present in models there is a need for a deeper understanding
of the different convective regimes that can coexist during the rainy season in the tropics. In fact,
reference [11] has suggested that the lack of an intermediate stage in convection involving shallow and
mid-level topped cumulus and their effects in the atmosphere can contribute significantly to model
errors in the diurnal cycle of convective clouds and precipitation.

Several previous studies have addressed issues related to continental convection, and factors
that influence the onset of deep convection during the diurnal cycle, both from observational
and cloud-resolving modelling perspectives. The most relevant and conclusive studies have
identified important factors influencing the transition from shallow to deep convection. For example,
references [12–18] argued that environmental humidity influences the development of deep convective
clouds, through its role in parcel buoyancy. Other authors, such as [19–24], have highlighted the
importance of rain evaporation below cloud base, and associated cold pools that act as an important
mechanism for convective organization. Also, references [25,26] have suggested the existence of a
critical lapse rate of temperature for the deep convective initiation, which highlights the importance
of atmospheric instability in the lower layers. Moreover, reference [13] found that boundary layer
inhomogeneity is associated to rain statistics typical of deep convective regimes, while [27,28]
emphasized the effects of land surface heterogeneity at various horizontal scales on the transition
from shallow to deep convection. Finally, reference [29] has found that for certain continental regions,
surface meteorological conditions can determine a buoyancy profile that favors the shallow to deep
transition of diurnal convection.

Those previous works have highlighted some parameters that are involved in the development
of deep convection, however, there is no consensus on which factors are the most important for the
transition. Also, there are few studies that explore the transition of shallow to deep convection in the
trade winds region, since most of them have focused on broad continental areas or the deep tropics.

In this study we focus on the transition to deep convection in the Yucatan Peninsula in eastern
Mexico, a region of rather flat topography and with small variability in land cover. While rainfall
in the tropics may be synoptically-controlled or driven by large-scale dynamics, we concentrate on
cases when little (or no) synoptic forcing affects the area of interest, in order to isolate the process and
explore the mechanisms that control the transition from shallow to deep convection.

The interest in this region is mainly due to two reasons: (i) Despite the homogeneity of the
land surface, the proximity of two important basins (the Caribbean Sea and the Gulf of Mexico)
and the different wind regimes add complexity to convection over the peninsula, and (ii) during
summertime—under no significant synoptic influence—two regimes of convection coexist: a shallow
cumulus regime, mostly with no precipitation associated; and a late afternoon deep convection regime,
with large amounts of precipitation associated and a short period of shallow convection preceding it.
During the latter, a thermal trough develops over the peninsula, typically oriented in a north–south
direction, and shifts westward. However, on some days convection remains shallow, which leads to the
question: What are the conditions that prevent the transition to deep convection clouds? Or conversely,
what are the factors that favor the development of deep convection in this region?

In order to answer that question, we analyze differences between atmospheric fields in those two
regimes, under no significant synoptic-scale forcing. The aim is to understand the factors that influence
the transition of convection in the Yucatan Peninsula, which could have important implications for
numerical forecast in the area, and can also provide complementary information for this important
research topic. Also, the results will be useful in order to improve the understanding of the controls on
deep convection in tropical land regions, which is still poorly understood.
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2. Materials and Methods

2.1. Data and Study Area

The study focuses on the Yucatan Peninsula, in eastern Mexico, an area encompassed between
17.5 and 21.5° N in latitude and 91.5 and 86.5° W in longitude. As seen in Figure 1 the topography in
the peninsula is quite homogeneous.

Figure 1. Topography of the study region. Black boxes represent areas where synoptic forcing is filtered
(See Section 2.2).

The dataset employed for the filtering and classification is the reanalysis from the European
Center for Weather and Forecasting (ECMWF), ERA5, a new generation of reanalysis that combines
large amounts of historical observations (satellite and in-situ) into global estimates using advanced
modeling and data assimilation systems [30]. The horizontal resolution used is 0.25 degrees (∼28 km),
with 27 pressure levels. In addition, soundings from the University of Wyoming database and ground
based GPS network SuomiNet [31] were employed, which provided an estimate of the validity of
the reanalysis for this study. We also employed precipitation data from the Climate Hazards Group
InfraRed Precipitation with Station (CHIRPS) dataset, which incorporates 0.05 degrees resolution
satellite imagery with in-situ station data to create a gridded time series [32].

2.2. Selection of Cases with Small Synoptic Forcing

The analysis focuses on the rainy season in eastern Mexico, from 1 May to 31 October. During
this period some synoptic systems can produce precipitation in the region, such as tropical cyclones,
easterly waves, low pressure centers as well as mid- and low-level troughs. All of those systems have
an associated circulation, typically displaying curvature in the surface isobars. Our methodology
filters the daily data at 10:00 Local Time (LT) of 850 hPa relative vorticity (ζ850) and of the Laplacian of
850 hPa geopotential height (∇2Φ850), to remove days with appreciable synoptic forcing, based on the
following values:

(i) thresholds for ζ850 (1) are based on the planetary vorticity (∼1.4586 ×10−4 s−1)

− 10−4 s−1 ≤ ζ850 ≤ 10−4 s−1, (1)

(ii) thresholds for ∇2Φ850 (2) are based on typical values for tropical disturbances in the region:

− 20 s−2 ≤ ∇2Φ850 ≤ 20 s−2. (2)

In order to select cases for further analysis, thresholds are applied only in areas close to the
Yucatan Peninsula (indicated by the two black boxes in Figure 1), taking into account the characteristic
scales of tropical disturbances. Since we employ data from 1980 to 2018 (39 years) selecting only days
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from the rainy season, a total of 7176 days are analyzed, of which only 3145 days passed both filters
specified in Equations (1) and (2).

2.3. Classification of Convection Regime

Once days with little or no synoptic forcing are selected, a method was applied to classify them in
days when convection remained shallow throughout the diurnal cycle (“SC”) or in days when clouds
experienced a transition to deep convection (“DC”). The classification criterion is based on cloud
fraction (CF) at 21 UTC (16:00 LT) at different vertical levels, according to the thresholds for maximum
values of cloud fraction displayed in Table 1. The analysis is performed at every grid point and only at
21 UTC. Convective events that are generated locally in the peninsula during the rainy season reach
their maximum around 21 UTC, justifying our selection. If at least one grid cell is classified as DC
(even though all others are SC), then that particular day is said to be a deep convection day (DC).
Otherwise if all grid cells are classified as SC (or DC) the day is assigned to the SC category (or DC).
A cloud regime classification based on cloud fraction is also used in [17].

Table 1. Thresholds of the maximum values of cloud fraction (maxCF) at different altitudes to
discriminate between convection regime: shallow (SC) versus deep (DC).

Vertical Intervals

Convection Regime 0.5–4 km 4–8 km 8–13 km

SC maxCF ≥ 0.2 maxCF < 0.05 maxCF < 0.05
DC maxCF ≥ 0.2 maxCF > 0 maxCF ≥ 0.2

The classification yielded a total of 1156 days within the “SC” category and 1570 within the “DC”
category. It is worth mentioning that some days were discarded because they did not fall into any
of the categories, corresponding, for example, to days with CF only in the upper levels (e.g., cirrus)
or days with rain in the late afternoon and evening. However, those are only about 13% of the total
population. The next step then was to generate composites of atmospheric parameters at the surface
and several vertical levels.

3. Meteorological Conditions during SC and DC Regimes

3.1. Characteristics of SC and DC Regimes

The diurnal cycle of area-averaged cloud fraction, as well as the average daily precipitation,
are shown in Figure 2, in which it is clear that the methodology identifies the different patterns of
cloud fraction in the two regimes. Note also that days with shallow convection exhibit clouds during
the afternoon with tops below 5 km and bases around 1 km. At higher levels, a small fraction of cloud
cover, possibly related to cirrus, is observed, and CF is zero in the mid-troposphere throughout the
diurnal cycle. The vertical distribution is different on deep convection days, with a maximum in CF
at around 12 km between 16 and 21 LT. Note that on those days convection starts with a shallow
cumulus phase until approximately 10–11 LT, followed by slightly larger clouds that transition into
deep cumulus or cumulonimbus often reaching the tropopause, with a maximum at 18–19 LT. As can
be clearly seen, there are marked differences between both regimes, validating this approach for the
study of shallow to deep transition of convection. Furthermore, the composites of daily precipitation
indicate average values of up to 10 mm/day for deep convection days, with much lower values
(<4 mm/day) observed during shallow convection days.
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(a) (b)

Figure 2. Diurnal cycle of cloud fraction (top panel) and daily precipitation composites (bottom panel)
for convection regimes: (a) SC and (b) DC.

Figure 3 shows the vertical velocity for SC and DC cases, as area-averaged composites and as a
function of the diurnal cycle. In SC cases, mostly subsidence prevails throughout the day, particularly
in the morning hours and in the mid-troposphere between 5 and 12 km. Vertical ascent is confined
to the layer below 4 km where shallow convection occurs. In DC cases, subsidence is also observed
during the morning hours, but it is smaller in magnitude than in the SC days, and the ascending air
during the afternoon can reach beyond 14 km, indicating large vertical development.

3.2. Surface Conditions

The main surface meteorological variables as a function of the diurnal cycle are shown in Figure 4,
which are computed as area-averaged composites for all days in each of the two convection regimes.
Note that there are clear differences throughout the diurnal cycle in each regime. The largest differences
are found at around 16 and 17 LT, as a result of large differences in convective processes. Nevertheless,
our intention is to focus on the behavior of surface meteorological parameters in the morning hours
(up to 10 LT), to detect possible factors causing the onset of deep convection. In this regard, there
are very small differences in temperature and relative humidity in the early morning, although it is
noticeable that surface relative humidity is a bit larger in DC days. Also the dew point temperature is
larger in DC than in SC days, while mean sea level pressure (mslp) and 10 m wind speed are smaller
in DC than in SC days during the early morning. A large difference is observed in the total column
water vapor (tcwv) throughout the diurnal cycle, with DC days about 7 kg/m2 larger than SC days.
This implies that the atmospheric column has about 17.5% more water vapor available in DC days.
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(a) (b)

Figure 3. Diurnal cycle of vertical velocity for convection regimes: (a) SC and (b) DC.

(a) (b)

(c) (d)

(e)

Figure 4. Diurnal cycle of surface variables for convection regimes SC and DC: (a) temperature and dew
point, (b) relative humidity, (c) sea level pressure, (d) wind speed, and (e) total column water vapor.
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The average diurnal cycle for the meteorological variables is also computed using GPS
ground-based observations SuomiNet (Figure S1 of Supplementary Material), for the period 2011–2017.
As can be easily seen, the relationship between SC and DC regimes is well preserved in ERA5 as well as
in observations, particularly for Mérida station, which according to this analysis, is more representative
of the behaviour of meteorological variables in the peninsula.

The diurnal cycle of surface latent and sensible heat fluxes for both regimes are displayed in
Figure 5. Those fluxes are coupled with the daily cycle of solar radiation, thus exhibiting their
maximum around 13–14 LT. Following sunrise, the latent heat flux increases slightly more in DC
than in SC days, consistent with the higher humidity and mixing ratio (not shown) present in DC
days. As expected, the sensible heat flux is smaller in DC than in SC days, particularly from 10 LT
onward, as a result of the temperature decrease associated with reduced solar radiation at the surface
due to the larger cloud fraction and precipitation. This behavior of sensible heat flux during diurnal
deep convection has been also reported by [13,17] for the southern Great Plains in the US and central
Amazonia, respectively.

Figure 5. Diurnal cycle of the surface latent flux (top panel) and the surface sensible heat flux (bottom
panel) for convection regimes SC and DC.

3.3. Tropospheric Humidity Profiles

To explore the relevance of tropospheric moisture in regime transition, we present in Figure 6 the
difference in specific humidity between DC and SC days as a function of time and height. The vertical
profile is displayed only up to 8 km, since differences between both regimes were zero above that level.
The largest contrast between DC and SC days is located in a layer from 2 to 4 km, especially from 6
to 14 LT. This indicates that, from sunrise to the time when deep convection initiates, there is more
humidity available in DC than in SC days. The specific humidity in DC days in the 2–4 km layer is
larger than in SC days, by about 1.6 g/kg on average. This is also observed near the surface, but to a
lesser extent, with differences below 1 g/kg.

The spatial distribution of specific humidity differences for the 700 hPa level (∼3 km) at 10 LT is
shown in Figure 7. Note that, as in Figure 6 all differences are positive, meaning that moisture is always
larger in DC days. Note that 10 LT is selected to highlight the behavior of this variable before the
regime transition occurs. As can be seen, the largest differences are concentrated at the center-northern
part of the Peninsula. This spatial structure provides also insight of the pattern of convection in the
afternoon DC regime in the Peninsula.
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Figure 6. Vertical distribution of the diurnal cycle of the difference (DC–SC) in specific humidity
between the DC and SC regimes.

Figure 7. Spatial distribution of the difference (DC–SC) in specific humidity between the DC and SC
regimes at 700 hPa over the region of study, at 10 LT.

3.4. Wind Field

The area-averaged zonal (u) and meridional (v) wind components as a function of time and
height are shown in Figure 8. Note that the field for the zonal component is quite similar under both
SC and DC regimes, with almost the same pattern throughout the diurnal cycle, which is typical
of the trade wind region in summertime. However, the evolution of the meridional component
shows important differences between both regimes. Although near the surface there is a layer with
a southerly component in both cases, on DC days this layer is deeper than on SC days, reaching
up to 5 km. Furthermore, at mid-levels there is a northerly component that is stronger on SC days,
from 5 km to the tropopause, with a maximum around 11 km during the early morning, up to 11 LT.
In contrast, on DC days northerly winds are observed above 7 km in the early morning and above
10 km after 11 LT, and are much weaker in magnitude. Another noteworthy aspect is that during the
early morning the southerly wind is close to zero in the layer around 4 km on SC days, while on DC
days there are southerly winds penetrating deep in the troposphere, which may have implications for
moisture advection since a major source of moisture, the western Caribbean Sea, is located south of the
Yucatan Peninsula. Those southerly winds persist at mid-levels throughout the afternoon, coinciding
with the deep convection observed on DC cases.
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(a) (b)

Figure 8. Vertical distribution of the diurnal cycle of the zonal wind component (u) (top panel) and the
meridional wind component (v) (bottom panel), for convection regimes: (a) SC and (b) DC.

The vertical wind shear is computed for the layer between 1 and 5 km (Figure 9); note that shear
is always larger on SC than on DC days, particularly during the hours prior to regime transition,
when the largest differences are observed. For both convection regimes, shear starts decreasing at
6–8 LT before shallow convection initiates and increases back again at ∼18–20 LT, coinciding with
the dissipation of the remnants of convection. However, the diurnal cycle on DC days displays its
minimum earlier in time (∼13–14 LT) than on SC days (∼15 LT).

Figure 9. Diurnal cycle of the wind shear calculated between mid- (5 km) and low- (1 km) levels.



Atmosphere 2019, 10, 700 10 of 18

3.5. Stability

To illustrate the mechanisms related to atmospheric stability Figure 10a displays the differences
in the area-averaged vertical lapse rate of temperature (dT/dz) between the DC and SC regimes.
Note that in the shallow layer near the surface there are small differences during the early morning,
and from 9 LT onward dT/dz is larger on SC days. However, in the layer between 2 and 4 km,
the temperature lapse rate is about 0.4 °C/km larger on DC than on SC days throughout the diurnal
cycle. This implicates that the atmosphere in the shallow cumulus layer is on average more unstable in
DC days. The fact that the environmental temperature lapse rate has implications for the stability of
rising parcels, has been emphasized in previous work by [25,26]. In Figure S2 of the Supplementary
Material the diurnal cycles of temperature lapse rate for both SC and DC cases are shown, denoting
that, in fact, the most noticeable differences are located in the 2–4 km layer.

As other authors [26,33] have remarked, the convective available potential energy (CAPE) is an
important metric for quantifying the intensity of convection. In Figure 10b we present the diurnal
pattern of CAPE for the convection regimes. During the early morning and up to 8 LT CAPE evolves
similarly in both SC and DC cases, although it is about 200 J/kg larger in the latter. At 10 LT CAPE
in SC days decreases largely consistent with a more stratified atmosphere in those days. In contrast,
on DC days CAPE increases from 9 LT onwards indicating the availability of convective energy and a
more unstable environment.

(a) (b)

Figure 10. (a) Vertical distribution of the diurnal cycle of the difference (DC–SC) in vertical temperature
lapse rate, (b) diurnal cycle of CAPE for convection regimes SC and DC.

To determine the significance of some of these parameters during the transition, a Mann–Whitney
non parametric test for the difference of the medians was applied to the datasets for SC and DC days.
Figure 11 shows the results obtained for some of the parameters evaluated. The differences were
evaluated at 10 LT, since the aim was to identify the atmospheric conditions during the morning
that could lead to regime transition. Note that the total column water vapor is the most important
parameter in terms of the difference between regimes, proving to be much larger for DC than for SC.
Other variables, such as specific humidity, CAPE, dT/dz, v-wind at low and mid-levels, and surface
latent heat flux are also significantly larger on DC than on SC days. On the other hand, both surface
sensible heat flux and temperature at 10 LT are lower on DC days. Also vertical wind shear and 10 m
wind speed are lower on DC days. Neither the mean sea level pressure nor the zonal wind component
had statistically different medians. The analysis of the parameters at 11 LT yielded similar results to
these presented for 10 LT.
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Figure 11. The Mann-Whitney test for the difference of the medians. The value of the z-statistic for
the 99% confidence level is shown; positive values indicate that the median of the DC datasets is
significantly larger than the median of the SC datasets, and negative values indicate the opposite.
Unfilled bars correspond to parameters that are not significant at the 99% level.

4. Relationship of Atmospheric Variables with the Transition

4.1. Definition and Calculation of the Transition

As other authors have noted before [26,34], it is useful to define the transition in terms of the
approximate time in the diurnal cycle when deep convection starts to develop. Some arbitrary metrics
have been used to define it, such as total cloud condensate, precipitation rate, or cloud top height.
Here we will use the concept of the center of mass of the cloud condensate as in [26], but defining
instead the cloud condensate C as the sum of cloud liquid water and cloud ice mixing ratios. The center
of mass of the cloud condensate is then defined as:

Mc(t) =

h

∑
j=1

Ctj zj

max

(
h

∑
j=1

Ct=1,
h

∑
j=1

Ct=2, ...
h

∑
j=1

Ct=24

) (3)

where h is the total number of vertical levels (h = 27 for this study), C is the area-averaged cloud
condensate at each vertical level j and time step t, and z is the height of each vertical level, in km.
As can be seen, Mc is estimated for every time step by multiplying the condensate in each level by its
corresponding altitude and adding it for all vertical levels, and finally weighting it by the maximum
value observed in the diurnal cycle. In this way, Mc provides an estimate of the vertical location of the
cloud mass as a whole and not the location of any individual convective tower.

The transition is thus defined based on the computed center of mass. In [26] they considered the
rate of growth of the shallow convection as a reference for the transition time (τ). Instead, we search
for the time within the diurnal cycle of Mc when there is a “change point”, by computing the slopes of
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Mc for every one-hour interval. The maximum value of the slope in the interval 12–15 LT is then found,
indicating the time when the condensate experiences the largest change in its growth rate. In essence,
this assumes that the cloud mass grows at different rates during shallow and deep convection.

This analysis is performed for each DC day in the period considered, in order to determine the
time when the transition is observed, e.g., τ = 12, τ = 13, τ = 14, and τ = 15 LT. From the total of
DC cases, 13.6% of them transitioned at 12 LT, 16.3% at 13 LT, 29.5% at 14 LT, and 40.6% at 15 LT.
The percentages do not add up to exactly 100% because of round-off; nevertheless, it provides insight
into the behavior of regime transition in the region in terms of the definition used.

Once the time of transition is noted for each DC day, we estimate the behavior of selected
parameters as a function of τ. Figure 12 shows box-plot diagrams for the most relevant meteorological
parameters at 10 LT from the previous analysis. These plots show how data are distributed for each τ.

(a) (b)

(c) (d)

(e) (f)

Figure 12. Box-plots of meteorological parameters for different transition times (12, 13, 14 and 15 LT):
(a) total column water vapor, (b) specific humidity between 1 and 5 km, (c) surface sensible heat flux,
(d) temperature lapse rate, (e) meridional wind component (v) between 1 and 5 km, and (f) between 5
and 10 km.
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The behavior is similar for the tcwv and the specific humidity at lower levels (Figure 12a,b),
showing that for large values of atmospheric moisture the transition from shallow to deep convection
tends to occur earlier, while for lower moisture values the transition occurs later. This result is in
agreement with several previous studies and in particular, with a couple of recent studies over the
Amazon, [16–18]. The surface sensible heat flux (Figure 12c) is lower for days where the transition
occurs earlier, which may be explained by the larger amount of cloudiness in early hours typical of
those days. This fact could evidence that neither the diurnal heating near the surface nor the surface
heat flux are factors that trigger the deep convection and therefore, are not influencing the transition.
Figure 12d shows the behavior of temperature lapse rate for every transition time. Although dT/dz has
similar values for all the transition times, it appears to be slightly larger on days when transition occurs
later. This suggests that a more unstable environment is related to a delayed transition. A possible
explanation for this behavior is that in an atmosphere with a high amount of moisture, a more stable
environment can cause the boundary layer to grow more slowly, and at the same time the accumulation
of moisture is produced with more efficiency [33]. Other authors, such as [13], have found that more
unstable conditions are associated with a later precipitation onset time in continental convection,
in agreement with our results. The last parameter analyzed is the meridional wind component
(Figure 12e,f). Even though this variable showed large differences between convective regimes, a well
defined relationship with the transition is not evident, since similar values are seen irrespective of
transition time. However, it is noticeable how the meridional wind component between 1 and 5 km is
mostly positive, indicating that larger southerly winds at lower levels could favor an earlier transition.

4.2. Convection Parameters

In order to further examine the relationship between atmospheric factors and the transition of
shallow to deep convection in our region of interest, the 25th, 50th, 75th and 100th percentiles of
the variables that showed the strongest relationship were calculated. Then, the maximum height
reached by Mc (Equation (3)) corresponding to those percentiles was plotted, as shown in Figure 13.
Note that the temperature lapse rate in the 2–4 km layer evidences a positive relationship with
the height of Mc (Figure 13c), denoting that an increase in the atmospheric instability could lead
to a vertical deepening of convection, although as shown before, is also associated with a delayed
transition. Large values of CAPE are related to an increase in vertical development of cloud mass
(Figure 13d), a result that highlights the importance of environmental instability for the intensity of
deep convection. Also, larger humidity in the atmosphere corresponds to a vertical increase in height
of Mc (Figure 13a,b). The meridional wind at low and mid-levels (between 1 and 5 km) indicate that an
increase in the intensity of positive v-component (southern wind) is associated with a deeper vertical
ascent (Figure 13e). Similarly, at higher levels (5–10 km), larger negative v-wind correspond to a
smaller vertical elevation of the condensate, which suggests that a stronger northerly component of v
does not favor deep convection (Figure 13f).

(a) (b) (c) (d) (e) (f)

Figure 13. Maximum height reached by the centers of mass of the cloud condensate observed for
different percentile ranges of atmospheric variables. The abscissa axis shows the average values
of the intervals in terms of the percentiles: 1th ≤ x ≤ 25th; 25th < x ≤ 50th; 50th < x ≤ 75th;
and 75th < x ≤ 100th, respectively.
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A similar analysis performed for the total precipitation is shown in Figure 14. Note that increasing
water vapor in the atmospheric column is associated with larger precipitation amounts (Figure 14a,b).
The parameters of atmospheric stability, although showing a positive relationship with the deepening
of clouds and with convection development, do not seem to have a relationship with the total
precipitation, as evidenced in Figure 14c,d. Regarding the meridional wind component, a subtle
behavior is seen, since for different ranges of winds the rainfall only varies by ∼2.5 mm/day. Similarly
to the results from the analysis of the transition time and the maximum height of the condensate, large
southerly winds (positive values) below 5 km are associated with more rainfall (Figure 14e), while
large northerly winds (negative values) above 5 km are linked with less precipitation (Figure 14f).

(a) (b) (c) (d) (e) (f)

Figure 14. Total precipitation observed for different percentile ranges of atmospheric variables.
The abscissa axis shows the average values of the intervals in terms of the percentiles: 1th ≤ x ≤
25th; 25th < x ≤ 50th; 50th < x ≤ 75th; and 75th < x ≤ 100th, respectively.

5. Discussion and Conclusions

The study of deep convection and particularly the transition from shallow cumulus to deep
cumulonimbus has received renewed attention recently, since some aspects have not been fully
understood, affecting the quality of numerical forecasts. We address here the problem of the transition
from shallow to deep convection over the Yucatan Peninsula from an observational point of view.

First, the full dataset was filtered (see Section 2) to select only days in which the synoptic forcing
was small, to focus on local forcing of convection. The following step was to classify those selected
days into two convective regimes: shallow convection versus deep convection. The results presented
in the previous section indicate that there are some clear differences in surface and tropospheric
meteorological variables in the morning between the two convective regimes. This comparison
revealed large differences in low- and mid-level moisture at 10 LT, as expected, but more surprisingly,
in the meridional wind component. Many observational and modeling studies have reported that
the presence of low-level specific humidity favors deep convective development. A more humid
troposphere not only benefits cloud processes by positively affecting buoyancy of rising parcels,
but also it reduces evaporation of cloud droplets due to entrainment of sub-saturated air at different
levels. However, there is less evidence discussing the relevance of the early morning behavior of
the meridional wind component in the process of the transition from shallow to deep convection in
tropical regions. This factor appears to be key in the region of interest.

The Yucatan Peninsula in eastern Mexico, located in the trade wind region has a fairly uniform
and flat topography that prevents orographic forcing of convection. Moreover, it is near two major
sources of moisture: the western Caribbean Sea and the Gulf of Mexico. The preferential flow over this
region is the easterly trade wind regime, so that between May and October the humidity source is the
Caribbean Sea. Our analysis indicates that a strengthening of the low- and mid-level meridional wind
component can trigger the vertical development of the summertime shallow clouds and then favor the
transition to a deep convective regime.

The near surface layer has a southerly component during the early morning, which is the typical
pattern during summertime in this region. However, on deep convection days the southerly winds
are observed in a deeper layer and are also more intense in magnitude. This fact has implications
for convective development since the southerly flow advects moisture and heat from the western
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Caribbean Sea and from lower latitudes. To further explore this idea, the atmospheric moisture flux
through the southern and eastern boundary of the Peninsula was computed (qn, Equation (4)). Here ~Q
is the vertically integrated moisture flux between two layers, which is given by Equation (5), where g
is the acceleration of gravity, q is the specific humidity, ~V is the vector of horizontal wind, and Pin f
and Psup are the surface pressure of the inferior and superior layers, respectively. In Equation (4),
L is the length of the boundary and n is the outward-pointing normal vector of the boundaries of the
region [35,36].

qn =
∫

L
~Q ·~ndl (4)

~Q =
1
g

∫ Pin f

Psup
q~Vdp. (5)

We estimate qn for two layers: below and above 5 km, following from the previous analysis,
to explore the importance of the humidity advection in each layer. Figure 15 shows that moisture
transport is always larger in the eastern boundary for both layers, although with an order of magnitude
of difference between the two layers. As expected, the humidity that enters the Peninsula is always
larger on DC days. However, a more surprising result is that on SC days the humidity entering
through the southern boundary in the 5–10 km layer is near zero during the morning and up to 10 LT
(Figure 15b, top panel). This indicates that an important source for convective development—moisture
advection from the Caribbean Sea—is missing; in contrast, in DC days there is a strong moisture flux
through the southern boundary in this layer, with values up to 2 × 106 kg s−1. This moisture flux is an
important element to trigger deep convection, since low- to mid-levels during the early morning are
more humid providing shallow convection with a more favorable environment for the transition.

(a) (b)

Figure 15. Atmospheric moisture transport in Yucatan Peninsula via the: (a) eastern and (b) southern
boundary, for DC and SC days integrated in the 5–10 km layer (top panel) and the 1–5 km layer
(bottom panel).

In addition, our results reveal that the importance of the meridional wind component is not
confined only to near surface layers. There appears to be also a modulation of the transition and
convection characteristics by the meridional component at upper levels. As shown in Figure 8,
the magnitude of meridional wind component around 10 km is smaller on days that experience deep
convection. In fact, when analyzing the relationship of convection parameters with the meridional
wind component between 5 and 10 km, the strong northerly component flow (negative v-wind) was
associated with less precipitation and—although less clear—with a slightly later transition. This strong
upper level northerly wind, which comes from continental North America is cooler and drier. Therefore,
the presence of these intense winds prevents the preconditioning of the upper troposphere through
the evaporation of cloudy parcels at the congestus stage. This behavior of the meridional wind in the
upper troposphere could be an important factor in determining that developing convective clouds
cannot transition into deep cumulonimbus.
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Furthermore, the vertical wind shear was much stronger in shallow convection days than in deep
convection days. However, it did not show any significant relationship with the transition and with
convection parameters (not shown). This may be due to the fact that for the latter analysis we only
selected deep convection days, when wind shear has small values, and less data dispersion.

It should be noted that there are feedback effects between winds and convection, and we are
not ignoring the fact that the onset of deep convection affects wind behavior. However, in this work,
emphasis has been made in the behavior of wind in the early morning (up to 10 LT), so it is ensured
that, as far as this analysis concerns, winds are affecting the transition, and not the opposite way.

Future work should focus on a modeling approach to evaluate the sensitivity of convection in the
region to the parameters that we have determined as relevant for the transition. This study validated
the ERA5 database against the available observations (not explicitly shown here) in order to perform
the analysis, but it would be also interesting to assess the sensitivity of the regime classification to
other reanalysis databases such as North American Regional Reanalysis (NARR) or Modern-Era
Retrospective analysis for Research and Applications (MERRA).

Supplementary Materials: The following are available at http://www.mdpi.com/2073-4433/10/11/700/s1,
Figure S1 and Figure S2.
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