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Abstract

Rainfall mechanisms in the Central American Isthmus are controlled by complex
physical interactions across spatial and temporal scales, which are reflected on the
dynamics of atmospheric circulation patterns affecting the region. However, physi-
cal mechanisms and their relationships with thermodynamic distributions con-
nected to overturning circulations remain elusive. Here, a set of six recurrent daily
atmospheric patterns, or weather types (WT), is defined using a k-means++ cluster-
ing algorithm on standardized fields of Convective Available Potential Energy
(CAPE) and winds at 925, 850, and 200 hPa. The relationships between these
weather types, their temporal characteristics, and anomalous distributions of
moisture flux divergence, equivalent potential temperature (saturated and
unsaturated), and observed rainfall are used to describe physical processes
controlling the latter, for all seasons. Regional observed rainfall is analysed
from a set of 174 automatic stations from all countries from Mexico to
Panama. By modulating vertically integrated moisture fluxes, these weather
types, and the different climate drivers linked to them, control the temporal
and spatial rainfall characteristics in the region, especially over the Pacific
side of the isthmus. During some stages of the regional rainy season,
described by two weather types, thermal anomalies in convective quasi-
equilibrium characteristic of the upward branch of the Hadley cell force
westerly flow over Central America, enhancing rainfall. While during other
stages, the enhancement of the trades and the displacement of convection
to the ITCZ area over the eastern tropical Pacific, characteristic of the mid-
summer drought, diminishes rainfall. This study sets the stage for a better
understanding of the mechanistic relationship between these weather types
and rainfall characteristics in general, like onset, demise, and duration of
rainy seasons. Hence, these results can inform process-based model diag-

nostics aiming at bias-correcting climate predictions at multiple timescales.
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INTRODUCTION

1 |

The region constituted by Central America and southern
Mexico (CA-SM) is a narrow land mass characterized by
pronounced topography and surrounded by the tropical
eastern tropical Pacific Ocean, the Caribbean Sea, and
the Gulf of Mexico. The spatial variability of precipitation
reflects the topography (Taylor and Alfaro, 2005; Mufioz-
Jiménez et al., 2019). Here, local precipitation climatol-
ogy relates to topography and its interaction with the
atmospheric circulation (Amador et al., 2016a; 2016b)
and its moisture transport from the adjacent oceans
(Duran-Quesada et al., 2017; Morales et al., 2021). The
main objective of this work is to inquire into the climato-
logical relationship between atmospheric circulation and
precipitation over the CA-SM region.

The climatological circulation over CA-SM is character-
ized by the seasonal migration of the North Atlantic sub-
tropical high (NASH; Taylor and Alfaro, 2005; Martinez
et al., 2019; Straffon et al., 2020) with its associated Carib-
bean Low-Level Jet (CLLJ; Amador, 1998; 2008; Cook and
Vizy, 2010; Hidalgo et al., 2015; Duran-Quesada et al., 2017;
Martinez et al., 2019; Garcia-Martinez and Bollasina, 2020;
Morales et al., 2021), the Inter-Tropical Convergence Zone
(ITCZ; Adam et al., 2016a; 2016b) and the Choco jet (CJ;
Poveda and Mesa, 2000). The seasonal migration and the
modes of interaction between these mechanisms are related
with the regional precipitation variability over CA-SM
(Cook and Vizy, 2010; Hidalgo et al., 2015; Amador
et al., 2016b; Duran-Quesada et al., 2017; Garcia-Martinez
and Bollasina, 2020; Mejia et al., 2021).

The CLLJ is an intermittent intense zonal flow (12—
14 m-s™!) over the Caribbean Sea, located between
925 and 700 hPa (Garcia-Martinez and Bollasina, 2020)
and characterized by an annual cycle with relative max-
ima during July and February and a minimum during
October. The CLLJ is a moisture conveyor belt for Cen-
tral America from the Caribbean Sea (Duran-Quesada
et al., 2017; Morales et al., 2021) and it determines the
position of the ITCZ over the eastern tropical Pacific on
monthly time scales (Hidalgo et al., 2015).

The CJ is a southwesterly flow formed by the interac-
tion between the cross-equatorial trade winds, the Pacific
Ocean and the Andes (Poveda and Mesa, 2000; Espinoza
et al., 2020; Cer6n et al., 2021) and its annual maximum is
during September, October, and November when it reaches
further north supplying moisture to southern Central
America and the ITCZ (Duran-Quesada et al., 2010; 2017,
Mejia et al., 2021).

Interannual variability of precipitation in CA-SM is partly
explained by the controls that variability modes of tropical
Sea-Surface Temperature (SST) exert on the low-level wind
fields (Duran-Quesada et al., 2017; Hidalgo et al., 2019). The
main SST mode that influences the regional precipitation

variability is El Nifio-Southern Oscillation (ENSO;
Trenberth, 1997; Waylen et al, 1996; Amador, 2008;
Maldonado et al., 2013; 2018). This mode influences both the
CLLJ (Amador, 1998; 2008; Hidalgo et al., 2019) and the CJ
(Morales et al., 2021). These jets are also influenced by the
tropical North Atlantic (TNA) SST (Alfaro, 2000; Maldonado
et al., 2013; Hidalgo et al., 2015), the Pacific Decadal Oscilla-
tion (PDO; Mantua et al, 1997, Fallas-Loépez and
Alfaro, 2012) and the Atlantic Multidecadal Oscillation
(AMO; Enfield et al., 2001; Maldonado et al., 2016). These
large-scale teleconnections partially modulate the frequency
of tropical cyclones in the region (e.g., Farfan et al., 2013;
Martinez-Sanchez and Cavazos, 2014).

Regional climatology over the CA-SM is also partially
modulated by the solstitial mode that connects the lower
tropospheric circulation and precipitation (Wang
et al., 2014) via the global monsoon (Trenberth et al.,
2000; Geen et al., 2020). This mode peaks during July
with significantly large amplitudes over this region and
the adjacent tropical Pacific (Wang et al., 2014). However,
Nie et al. (2010) found that during July the thermody-
namic structure over this region does not meet the condi-
tions for convective quasi-equilibrium (CQE; Arakawa
and Schubert, 1974; Emanuel et al., 1994) that couple the
circulation to large-scale convection and are normally
associated with monsoons (Tomassini, 2020). According
to Nie et al. (2010) for this time scale, moisture and tem-
perature advection by regional circulation mechanisms
may prevent this equilibrium.

Observational analysis of the precipitation climatology
over Central America has shown that it can be represented
by two annual regimes: a Pacific regime and a Caribbean
regime (Alfaro, 2000). The Pacific regime that explains the
72% of the variability is composed of a dry season extending
from (boreal) winter to early spring and a wet season during
the remaining months, coherent with the solstitial mode
from Wang et al., 2014. This rainy season is characterized
by two precipitation maxima separated by a local mini-
mum: the “canicula”, “veranillo” or mid-summer drought
(MSD; Magana et al., 1999; Magafna and Caetano, 2005;
Karnauskas et al, 2013; Alfaro, 2014; Maldonado
et al., 2016; Alfaro and Hidalgo, 2017; Corrales-Suastegui
et al., 2020; Zhao et al., 2020). The Caribbean regime that
explains 8% of the variability is wet throughout the year,
with mild seasonality featuring maxima during winter and
summer, and minima during spring and autumn
(Alfaro, 2000; Taylor and Alfaro, 2005).

On intraseasonal and shorter time scales, exogenous
transient phenomena such as the Madden-Julian Oscilla-
tion (MJO; Madden and Julian, 1971; Barlow and
Salstein, 2006; Barrett and Esquivel-Longoria, 2013; Poleo
et al., 2014), easterly waves (Serra et al., 2010), tropical
cyclones (Amador et al., 2010), upper-tropospheric troughs
in westerlies (Fernandez et al., 1996; Allen and Mapes,
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2017), and cold surge intrusions from mid-latitudes (Henry,
1979; Schultz, 1998; Zarate-Hernandez, 2013; Luna-Nifio
and Cavazos, 2017) are also important factors shaping the
regional precipitation climatology. The forcing exerted by
endogenous convection on the atmospheric circulation
(Gill, 1980) over CA-SM has been reported for the cases of
robust convection over the Pacific slopes of Colombia affect-
ing the circulation in southern Central America and the
Panama Bight (Mesa-Sdnchez and Rojo-Hernandez, 2020;
Mejia et al., 2021), and of summer deep convection over
Central America and surrounding oceans producing anom-
alous lower-tropospheric (upper-tropospheric) cyclonic (anti
cyclonic) circulations over northern Central America,
Mexico, and southwestern United States (Siu and
Bowman, 2019; Chang et al., 2021).

Following the outlined above, the working hypothesis is
that rainfall variability in the CA-SM region is mostly driven
by the interaction of SST variability modes, global modes,
and regionally modulated mechanisms that impact low-level
circulation, moisture transport, and thermal anomalies
linked to convection. The main objective is to determine a
finite set of recurrent regional circulation patterns or
weather types (e.g., Ghil and Robertson, 2002) and relate
these patterns with the major features of regional precipita-
tion over the intra Americas seas. To accomplish this objec-
tive, we conduct a cross-time scale interference analysis
(Mufioz et al., 2015) connecting weather types (WT) with
regional precipitation anomalies, atmospheric thermody-
namic structures and climate variability modes. Weather
type classifications had been successfully implemented to
analyse the atmospheric circulation in the tropical Americas,
resulting in circulation patterns that are characterized by a
marked seasonality (Chadee and Clarke, 2015; Moron
et al., 2015; Sdenz and Duran-Quesada, 2015; Vigaud and
Robertson, 2017; Gouirand et al, 2020; Ochoa-Moya
et al., 2020).

Weather types are extracted from daily mean lower-
and upper-tropospheric wind fields and convective available
potential energy (CAPE). Lower-tropospheric circulation is
preferred over sea level pressure because the circulation is
far from geostrophic balance at these latitudes and these
deviations may be relevant for CA-SM climate. Upper-
tropospheric circulation is selected because it can be modi-
fied by exogenous mechanisms enhancing precipitation
(Allen and Mapes, 2017) and endogenous convective forc-
ing impacting the circulation (Siu and Bowman, 2019;
Chang et al., 2021). CAPE is included as a measure of
regional instability and low-level moisture availability
(Taszarek et al., 2021) and has been successfully incorpo-
rated into seasonal climate prediction schemes over Central
America (Alfaro et al., 2018).

The thermodynamic structures related with WT are
the contingent expected values of the equivalent potential
temperature (fp) and saturation equivalent potential

of Climatology

temperature (65), which are used to assess the possible
statistical thermodynamic coupling between lower and
upper tropospheric levels that is characteristic of CQE,
especially for rainy-season WT.

This paper follows with a description of the data and
methods in section 2. In section 3.1 WT occurrence cli-
matology, mean event duration and transition matrix are
presented to assess WT temporal features. Section 3.2 pre-
sents the constitutive characteristics of WT by displaying
the cluster centroids and, the expected mean low-level
circulations and CAPE values. The relationships between
WT and vertically integrated moisture flux divergence
(VIMFD) and precipitation are addressed in section 3.3.
In section 3.4 expected values for equivalent potential
temperature anomalies and mean values are presented to
describe the expected anomalous thermodynamic struc-
tures for each WT, a description of the relationships of
the mean values of these variables with precipitation and
circulation for the rainy-season WT is presented to
inquire into the physical mechanisms underlying the
rainy season stages. To relate relevant climate variability
modes and WT frequencies, section 3.5 explores the rela-
tionship between WT occurrence and ENSO, TNA, and
MIJO related indexes. Section 4 features the discussion
and in section 5 conclusions are provided.

2 | DATA AND METHODS

21 | Data

Gridded (30 km x 30 km) fields from ERA5 reanalysis
(Hersbach et al., 2020) for the period 1979-2019 were
extracted for computing WT and their influence on
VIMFD and thermodynamic structures: 6-hourly fields
(0000, 0600, 1200, and 1800 UTC) of wind (925, 850, and
200 hPa levels), column CAPE, specific humidity, tem-
perature, and geopotential height at 1000, 925, 850,
800, 700, 600, 400, 300, 250, 200, and 100 hPa levels. Ver-
tically integrated moisture flux divergence was extracted
at 1-hr resolution.

In the Central America and Caribbean regions ERAS5
has been utilized with reasonable success in precipitation
studies (Centella-Artola et al., 2020; Garcia-Franco et al.,
2020; Garcia-Franco et al., 2021; Giraldo-Cardenas et al.,
2021), in future projections of droughts and the CLLJ
(Depsky and Pons, 2020; Vichot-Llano et al., 2021, respec-
tively), drought related issues (Pascale et al., 2021; Stewart
et al., 2021) and in assessing the trends of the Caribbean
trade wind inversion (Ramseyer and Miller, 2021).

A total of 174 rain gauges with daily rainfall observa-
tions from January 1979 to December 2010 (32 years)
were used. For Central America, data were provided by
the Meteorological Services in these countries and were
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quality controlled according to guidelines issued by
World Meteorological Organization (WMO 2010; 2014;
2018; 2019). This dataset has been employed in various
regional studies (Maldonado et al., 2016; 2017; Alfaro
et al., 2018).

For Mexico, data were provided by the Servicio
Meteorolégico Nacional and were quality controlled
using Climate Computing software (CLIMCOM) devel-
oped by United Nations Organization and incorporated
to Dunn et al. (2020) dataset.

From the total 174 available stations, 167 series have
less than 15% of missing or suspicious data points, but
7 (4% of total) series with missing values ranging from
21 to 28% were included to provide spatial coverage over
Honduras, where quality data are scarce. All the analysis
described in section 2.2.3 were performed to unfilled data
with no significant changes on the results. Time series
were filled using the updated methodology from Alfaro
and Soley (2009). This methodology fills datasets using
PCA for filling groups of nearby or climatologically simi-
lar stations and auto regressive models for single series.
No further quality control or homogeneity assessment
has been performed to this dataset. A table with station
metadata is provided as supplementary material.

In Central America, the spatial coverage of automatic
weather stations is in decline (Quesada-Montano et al.,
2019). Here, the period with more availability of daily
data is 1968-2012; however, as ERAS starts in 1979 and
only series with more than 85% of daily observation were
allowed, the period that grants the greatest spatial cover-
age was 1979-2010. The spatial distribution of the rain
gauges is shown in Figure 1.

Gridded precipitation data covering both ocean and
land surfaces were obtained from PERSIANN-CDR
dataset (Sorooshian et al., 2014), these data were
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obtained for the period 1983-2019 on daily resolution
in its native 0.25° x 0.25° grid. This dataset was evalu-
ated over Central America by Stewart et al. (2021) and
performed reasonably well.

The relationships between WT occurrence and cli-
mate variability modes were analysed with respect to
ENSO, TNA, and MJO. The following indices were used:
Multivariate ENSO Index version 2 (MEIv2; Zhang et al.,
2019), Real-Time Multivariate MJO Index (RMM;
Wheeler and Hendon, 2004), and the TNA index (Enfield
and Alfaro, 1999).

2.2 | Methods

2.2.1 | Definition of weather types

Weather types were obtained by applying the k-means++
clustering algorithm from scikit-learn Python library
(MacQueen, 1967; Lloyd, 1982; Arthur and Vassilvitskii,
2007; Pedregosa et al., 2011) to daily wind fields at 925, 850,
and 200 hPa, and CAPE.

Daily fields corresponded to means computed from
6-hourly data (0000, 0600, 1200, and 1800 UTC) for the
geographical domain 106°-70°W and 5.5°-22.5°N. These
data were converted into standardized anomalies,
weighted by the cosine of the corresponding latitude
(Chung and Nigam, 1999) and prefiltered in terms of
their principal components (PC; Wilks, 2020). The lead-
ing 20 principal components (75% of the total variance)
were retained after applying a North et al. (1982) test.

The number of clusters was selected as follows. A
population of 200 normally distributed surrogate datasets
with the same spectral features as the original data were
obtained by applying the Fourier phase randomization

of Nicaragua was artificially drawn.
[Colour figure can be viewed at

60°W wileyonlinelibrary.com]
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technique (Theiler et al., 1992) to data in PC space. For a
series from 2 to 12 the k-means++ algorithm was exe-
cuted 100 times to the original data, as well as for each of
the 200 members of the surrogate data population and
four metrics were computed: the classificability index
(CL; Cheng and Wallace, 1993; Michelangeli et al., 1995;
Mufiioz et al., 2017), the mean-square-error (MSE), vari-
ance ratio criterion (VRC; Calinski and Harabasz, 1974),
and Silhouette criterion (SC; Rousseeuw, 1987).

The optimal number of clusters was selected as the
smallest value for which the following conditions
were met:

CIdata>0~99; MSEdata<P2A5% [MSESurr] N
VRCyata>Py7.5% [VRCsurr]§ (1)
Scdata>P97.5% [Scsurr] .

2.2.2 | Weather types: Spatiotemporal
characteristics

Weather types were characterized by their climatology
and expected values for standardized anomalies and for
mean fields. The climatology of the probabilities of occur-
rence were computed and a Klee diagram (Muiioz
et al., 2015; 2017) plotted to visualize interannual vari-
ability. The transitions between WT were analysed by
means of the daily transition matrix.

Spatial characteristics of WT were defined and discussed
from the expected values of the standardized anomalies of
wind vectors at 925 hPa and CAPE, as well as mean daily
values of those variables and wind vectors at 200 hPa. Sta-
tistical significance for all expected values was assessed by
means of ¢ tests with 95% significance level.

Temporal ranges were selected to maximize sample
sizes. Temporal changes in the frequency of WTs were
evaluated by applying Mann-Kendall tests and no signifi-
cant trends were found.

2.2.3 | Weather types and precipitation

The relationships between WT series and each precipi-
tation series were established by means of categorical
linear regressions using MATLAB software. Precipita-
tion series were filtered with a low-pass filter with
9-days cut-off to filter out sub-synoptic variability.
Weather type sequence was transformed into a multi-
variate dummy predictor variable. Each precipitation
series was standardized and used as predictand. The
regression coefficients represent expected values for
each weather type and station.

of Climatology

Linear regression was chosen instead of conditional
composites because the adjusted coefficients of variation
represent the percentage of variability from each precipi-
tation series that is accounted for by the classification.

2.24 | Vertically integrated moisture flux
divergence and thermodynamic fields

The relationships between weather types and VIMFD, 6
and 65 were also analysed by means of categorical linear
regressions for each grid point. Thermodynamic variables
were computed from specific humidity, temperature, and
geopotential height using the Bolton (1980) methods in
Python library Metpy (May et al., 2020). Before
regressing, 0 (03) was vertically integrated from 1,000 to
600 hPa (400-200 hPa) and transformed to standardized
anomalies.

2.2.5 | Climate variability modes

For analysing the ENSO influence we adapted the
method of Mufioz et al. (2015). We selected the two sea-
sons corresponding to the Pacific regime: from November
to April (regional-scale dry season) and from May to
October (wet season). For each season, the Spearman cor-
relation between the seasonal mean MEIv2 index and the
relative frequencies of weather types (typical of that sea-
son) were estimated. For analysing the effect of TNA, the
same procedure as for ENSO was followed, changing the
MEI index for the TNA index.

The influence of MJO events in the weather types
occurrence was evaluated through the computation of
conditional changes of the weather types frequencies
upon the occurrence of MJO phases (RMM with ampli-
tudes larger than one). These computations were done
following a method employed by Cassou (2008), Riddle
et al. (2013), and Mufioz et al. (2015) among others. It
consists in applying Equation (2) to both the dry and the
wet seasons as defined above,

(NWT,MJO _ NWT)
Nwio Nr
C(WT,MJO)=100

~ = 7
Nwr
Nr

where N7 is the total number of days for the season in
question, Nyt the number of days when a particular
weather type is present (weather type = 1,...,N), Nyyo the
number of days when the MJO was in a particular phase
(MJO =1,...,8), and Nwrmjo the number of days when a
particular weather type and MJO phase were

(2)
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simultaneously present. Statistical significance was
assessed by constructing a null distribution for each of
both seasonal C's by computing it for 10,000 random
resamplings of the weather type sequence for each season.

3 | RESULTS

3.1 | Temporal features

The clustering procedure produced six WT, labelled from
WT1 to WT6 according to the timing of its first dominant
peak. The probabilities of occurrence are characterized
by well-defined annual cycles (Figure 2). In a typical
year, WT1, WT2, and WT3 dominate the regional clima-
tology by occurring 97.5% of days from December
through April while WT4, WT5, and WT6 dominate by
occurring 87.9% of days from May through November.
Hence, there are three regional circulation patterns for
the Pacific dry season and three for Pacific wet season.
The climatologies corresponding to WT1, WT2, WT3, and
WT5 (WT4 and WT6) are unimodal (bimodal). Nonethe-
less, for WT6 the second peak of the climatology is almost
6 times larger than the first. The Klee diagram in
Figure 3 shows that these climatologies feature great
inter annual variability. In section 3.4 this is related with
climate variability modes.

Figure 3 and Table 1 show that the duration of events
varies among weather types. Dry season types: WTI1,
WT2, and WT3 tend to occur in shorter runs with mean
lengths of 5, 4, and 5 days, respectively. Only WT1
occurred in an event persisting for more than 20 days.
While wet season types: WT4, WT5, and WT6 tend to last

longer, with mean lengths of 9, 11, and 6, respectively.
Types WT4 and WT5 tend to occur in long runs once or
twice a year (Figure 3).

The transition matrix is presented in Table 1. In abso-
lute terms, persistence dominates and only two types
(WT1 and WT2) show transition probabilities greater
than those expected by chance.

3.2 | Regional atmospheric circulation
patterns
3.21 | Weather type centroids

This subsection analyses the WT in terms of their cen-
troids emphasizing on the circulation at 925 hPa and
CAPE. The expected values of the standardized anoma-
lies (referred to as anomalies in the remaining text) of
these variables are shown in Figure 4.

Type WT1 is characterized by northeasterly low-level
anomalies, with CAPE anomalies that are negative over
land and over the Caribbean while positive over the trop-
ical eastern Pacific (Figure 4a).

Type WT2 features spatial patterns similar to those of
WT1, but low-level wind anomalies over the Caribbean
Sea and the isthmus are northwesterly, while over the
Pacific, anomalies are northeasterly and stronger over the
Tehuantepec and Papagayo Gaps (Figure 4b). Positive
CAPE anomalies over the Pacific are displaced southward
with respect to those under WT1.

Under WT3 nearly neutral low-level wind anomalies
are found over the Caribbean Sea and some areas of the
near Pacific Ocean, hence, there the circulation is close

1 T T T T T T T T T T T T T
WT1
0.9r WT2 -
WT3
0.8 WT4 7
WT5
0.7 WT6 7
0.6 -
0.5F i
0.4+
03} IV\\
0.2+
0.1+ gd
0 1 1

Jan Feb Mar Apr May Jun ul

Aug Sep Oct

FIGURE 2
observed occurrence probabilities for

Climatology of

each weather type. Each line
represents the probabilities of
occurrence of each weather type on
each Julian day and were smoothed
with a 10-day moving average.

[Colour figure can be viewed at

Nov Dec Jan wileyonlinelibrary.com]
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FIGURE 3 Klee diagram. The
horizontal axis represents each year
from 1979 to 2019. Vertical axis
represents the Julian days of each
year. Colour scale represents the

Weather Type present for each day. 2
[Colour figure can be viewed at S
wileyonlinelibrary.com] t
£
©
]
=
1979 1984 1989 1994 1999 2004 2009 2014 2019
Year
TABLE 1 Columns 2-7 show Mean run
transition probabilities from WT in row WT1 WT2 WT3 WT4 WT5 WT6 length
to WT in column
WT1 75.3 8.7 13.9 0.0 0.6 1.5 5.4
WT2 21.9 63.5 13.0 0.0 0.0 1.6 3.5
WT3 7.3 11.5 74.1 1.5 1.3 4.3 4.8
WT4 0.0 0.0 0.3 85.2 10.4 4.1 8.6
WT5 0.3 0.0 0.4 6.9 89.4 3.0 11.2
WT6 4.0 5.2 5.7 6.2 3.6 75.3 5.7

Note: Transitions occurring with probabilities above chance at the one-sided 95% level are bold typed (WT
time series was shuffled 1,000 times to estimate the null distribution). Column 8 shows the mean length
(days) of WT runs.

(a) WT1 0.17656% (b) wT2 0.11519%

(C) WT3_0.1825% 15

A

) 1.3
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FIGURE 4 Composites of mean standardized anomalies for each WT. Vectors represent wind fields at 925 hPa vectors. Shaded contours
represent CAPE. Dark (light) stippling indicate nonsignificant anomalies at 5% from a two-sided ¢ test for wind fields (CAPE) [Colour figure
can be viewed at wileyonlinelibrary.com]|
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to the climatological mean (Figure 4c). Northward low-
level wind anomalies over Central America relate with
reduced topographically induced flow ascent over the
Caribbean slopes. CAPE anomalies remain negative over
land except for coastal areas in the Gulf of Mexico and
over Guatemala. Positive CAPE anomalies are at their
largest values for the area south of 10°N over the eastern
tropical Pacific.

Type WT4 features southwesterly anomalies over the
whole area south of 15°N across the analysis domain
(Figure 4d). These anomalies are part of an anomalous
cyclonic circulation centred over Tehuantepec. CAPE
anomalies feature positive values over land areas (with up
to ~1 standard deviations over large portions of Honduras,
Costa Rica, and Nicaragua) and the Caribbean Sea while
over the eastern tropical Pacific anomalies are negative.

Under WT5 easterly anomalies over the Caribbean
and Central America are characteristic, while over the
eastern tropical Pacific anomalies are southeasterly near
the coast, turning southwesterly south from 12°N
(Figure 4e). CAPE anomalies are positive north of 12°N
across the entire domain and are the largest among types,
over the Caribbean Sea.

Type WT6 is characterized by large (~1 standard devi-
ations) low-level northerly anomalies over land areas

north of 15°N that turn westerly over the Caribbean con-
necting to an anomalous cyclonic circulation centred
northeast from Cuba (Figure 4f). Southwesterly anoma-
lies from offshore the Pacific coast of Colombia cross the
Isthmus south of 10°N. CAPE anomalies are mostly nega-
tive, except over offshore the Pacific coast of Mexico and
northern South America (Venezuela).

3.2.2 | Expected mean daily circulations

This subsection analyses the expected values for the
925 and 200 hPa wind fields for each WT; Figures 5 and
6 show these fields. Type WT1 features a low-level circu-
lation with enhanced trade winds (>15 m-s™*) over the
CLLJ region and Central America, this flow turns to the
south crossing the Isthmus at the Papagayo and Panama
gaps, generating easterlies over the adjacent eastern trop-
ical Pacific (Figure 5a). At 200 hPa, WT1 is characterized
by a southwesterly flow connected with the mid-latitude
westerlies (Figure 6a).

Under WT2, the 925 hPa circulation features north-
easterly flow over the north Caribbean, land areas, and
offshore the Pacific coasts, where it is enhanced by the
Tehuantepec and Papagayo gaps. Convergence of this
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FIGURE 5 Composites of mean daily 925 hPa wind fields for each WT. Shaded contours represent wind speed in meters per second.

Stippling indicate nonsignificant values at 5% from a two-sided ¢ test [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Composites of mean daily 200 hPa wind fields for each WT. Shaded contours represent wind speed in meters per second.

Stippling indicate nonsignificant values at 5% from a two-sided ¢ test [Colour figure can be viewed at wileyonlinelibrary.com]

flow with the trades forms a shear line over the southern
Caribbean, off the coasts of Nicaragua and Costa Rica
(Figure 5b). The circulation at 200 hPa features enhanced
westerlies with respect to WT1, especially over northern
Central America (Figure 6b).

As stated before, low-level circulation for WT3 is the
closest among WT to the climatological mean over the
Caribbean. Easterly winds are present over northern
Costa Rica and Nicaragua while the remaining land areas
of CA-SM feature wind speeds near zero (Figure 5c).
Upper tropospheric circulation is similar to the contin-
gent on WT1 (Figure 6¢c). Upper-level westerlies show a
diminishing of the wave activity seen under WT1
and WT2.

For the rainy season circulations, WT4 features a sus-
pension of the 925 hPa easterlies over Central America
and the intrusion of the equatorial westerlies offshore
Pacific coasts (Figure 5d). A cyclonic circulation centred
over Tehuantepec is hinted by this figure but is clearly
seen at the level 100 m above surface (see Figure 11). At
200 hPa, an anticyclonic circulation is formed above the
low-level cyclone (Figure 6d). This atmospheric configu-
ration is indicative of deep regional scale convection.

The 925 hPa level wind field under WTS5 is character-
ized by a zonal flow larger than 15 m-s™" over the CLLJ
region, displaced slightly to the north with respect to the

maximum under WT1. This flow impacts Nicaragua and
crosses the Isthmus at the Papagayo gap, with less
intense gap winds than WT1. Most of CA-SM feature
calm winds (Figure 5d). At 200 hPa, westerlies over the
Caribbean are the slowest among all WT, an anticyclonic
circulation is centred to the west of the characteristic of
WT4 at the same latitude (Figure 6d).

Under WT6, 925 hPa level circulation shows calm
(<5 m-s™") northeasterly flow over Central America con-
verging with southerly flow from the Pacific over the
southern extreme of the Caribbean. Gap winds are pre-
sent southwest from Tehuantepec (Figure 5e). At
200 hPa, the mid-latitude westerlies are present over the
northern parts of CA-SM, while an anticyclonic circula-
tion is present to the south, centred above the low-level
convergence mentioned above (Figure 6e).

3.2.3 | Expected mean daily CAPE values

This subsection presents the expected values of mean daily
CAPE. In general, values are smaller over CA-SM than over
adjacent oceanic areas. Under WT1 the largest CAPE values
(approximately between 900 and 1,300 J-kg™') are found at
the southern flank of the CLLJ and at the flanks of the gap
wind areas over the Pacific, offshore Mexico, Costa Rica,
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and Panama coasts. Over CA-SM values are below
100 J-kg™" (Figure 7a).

For WT2 the spatial distribution of the maxima is
similar to that under WT1 but with smaller values (>800
Tkg™). A significant difference is that for WT2, CAPE
values decrease from ~400 J-kg™" to near 0 over the Gulf
of Mexico (Figure 7b).

Under WT3 the largest CAPE (>1,000 J-.kg™") is
located at the southern flank of the CLLJ. Smaller values
(~1,000 J-)kg™") are found over the Gulf of Mexico and
the Pacific Ocean near the coasts, from southern Mexico
to El Salvador, with values reaching ~400 J-kg™" over the
land areas between these oceanic maxima (Figure 7c).

For the rainy season, CAPE values increase signifi-
cantly with respect to dry season. Under wet season WT
the spatial distribution of mean daily CAPE is skewed to
the Caribbean. The largest CAPE values (~1,700 J-kg™")
under WT4 are located near the Gulf of Venezuela and
between Cuba and Hispaniola. Mean daily values over
the entire Caribbean basin surpass 1,000 J -kg_l, while
over much of CA-SM CAPE is in the 500-1,000 J-kg™*
range (Figure 7d).

The spatial pattern of CAPE under WT5 is shaped
similarly to that under WT4 over the Caribbean, but the
values are the largest among all WT. Spatial maxima are
located slightly westward from the correspondent to
WT4, specifically west of Cuba and offshore from the
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CAPE composites for each WT. Stippling indicate nonsignificant means at 5% from a two-sided ¢ test (J-kg™") [Colour figure

Caribbean coast of Colombia. These CAPE maxima reach
2,500 J-kg~" while over the Caribbean basin values sur-
pass 1,500 J-kg™'. Large values (1,500 J-kg™') are also
found over the Pacific coastal areas from Mexico to
El Salvador (Figure 7e).

For WT6, CAPE values decrease significantly with
respect to those under WT4 and WT5. Maxima reaches
1,500 J-kg™! and are confined to a small area near the Gulf
of Venezuela over the Caribbean and to the flanks of the
Tehuantepec gap winds over the Pacific. Large areas of the
Caribbean basin feature values near 1,000 J-kg™" (Figure 7f).

3.3 | Vertically integrated moisture flux
divergence and precipitation

This section analyses the spatial dependency of the rela-
tionships between the circulation represented by WT and
moisture convergence and precipitation. Figure 8 shows
the adjusted coefficients of determination (R adjusted) of
each linear regression between WT and VIMFD at each
grid-point (Figure 8a) and between WT and precipitation
at each station (Figure 8b). R adjusted measures the vari-
ance of the dependent variable that is explained by the
regression model.

The explanatory power of WT over low-passed
(9 days) VIMFD is the largest (between 35 and 50% of the
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FIGURE 8 Adjusted coefficients
of determination (R-adjusted) from
regressing weather types

(as categorical time series) against
daily standardized anomalies filtered
with a low-pass filter (10 days cut-
off) of VIMFD at each grid point
(panel a) and precipitation at each
station (panel b). Regression models
for all grid-points and stations are
significant at 99% (F test). These
values reflect the strength of the
linear relationship between weather
types and the response variables
[Colour figure can be viewed at
wileyonlinelibrary.com]

variability) along the Pacific coast of Central America, an
adjacent oceanic area between 103°-85°W and 10°-15°N,
and the western Caribbean between Nicaragua and
Colombia (Figure 8a). Consistently, the explanatory
power of WT over low-passed (9 days) precipitation is the
largest (between 30 and 50% of the variability) along the
Pacific coast of CA-SM. Hence, over the land, where the
WT impact on VIMFD and precipitation coincide (Pacific
slopes of CA-SM), the greater influence of WT classifica-
tion on precipitation variability is explained by the for-
mer's capacity to partly explain the mechanisms of
VIMFD variability.

Standardized precipitation anomalies under each WT
are approximated by the regression coefficients shown in
Figure 9. Weather types typical of boreal winter and
spring (WT: 1-3) entail regional-scale dry conditions.
Nonetheless, WT1 is associated with wet conditions along
the Caribbean coast of Costa Rica (Figure 9a) while WT2
produces the wettest conditions along certain points of
the Caribbean coasts of Honduras and Costa Rica
(Figure 9b). Hence, enhanced trades (Figure 5a) are
related with wet conditions over Caribbean slope coastal
areas, while northeasterly flow (Figure 5b) produce wet-
ter conditions over those areas via topographically forced
ascent. Under WT3 there are the driest conditions along
the Caribbean coasts and dry conditions elsewhere

of Climatology
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(Figure 9c), these conditions are contingent of near zero
925 hPa wind anomalies over the Caribbean (Figure 4f).

Coefficients for WT typical of summer and autumn
(WT: 4-6) entail mostly wet conditions. WT4 is associated
with the wettest conditions along the Pacific slopes of CA-
SM (Figure 9d). Wet conditions over northern areas of Cen-
tral America are due associated with cyclonic anomalies
inducing westerly flow (Figure 4d), while wet conditions to
the south may be produced by moisture convergence and
locally forced ascent. Dry conditions are present over the
Caribbean areas of Costa Rica and Honduras.

Although WTS5 is characterized by regional wet condi-
tions, it is drier than WT4. Furthermore, dry conditions
prevail over a small region along the Pacific coasts from
northwest Costa Rica to southwest Honduras (Figure 9e).
This spatial configuration, in conjunction with WT occur-
rence climatology, shows that WT5 represents the pattern
of the MSD over the Pacific slopes of CA-SM. Recalling
that the MSD constitutes a diminishing in rainfall and
not a proper drought.

Precipitation anomalies under WT6 are characterized
by dry conditions over the Pacific slopes of southern
Mexico and Guatemala, and over the Caribbean coast of
Costa Rica (Figure 9f). Wet conditions are present over
the southern Gulf of Mexico mainly induced by north-
easterly winds (Figure 5f), and over the Pacific coasts of
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Regression coefficients from regressing weather types as categorical variable against standardized anomalies of precipitation

at each station. These values represent the expected value of the standardized precipitation anomaly for each WT at each location. Stippling

represent statistically significant coefficients at 95% [Colour figure can be viewed at wileyonlinelibrary.com]

Costa Rica and Panama, where westerly low-level anom-
alies are linked to a cyclonic circulation (Figure 4f).

This analysis was also performed using CHIRPS data
(Funk et al., 2015), covering the period 1979-2019
resulting in consistent patterns (not shown).

3.4 | Thermodynamic structures
3.4.1 | Equivalent potential temperature
anomalies

In this subsection the anomalous thermodynamic struc-
tures contingent on WT are analysed. The coefficients
from regressing weather types against standardized
anomalies of vertically integrated 65 (1,000-600 hPa) and
65 (400-200 hPa) for a domain containing most of tropi-
cal Americas are shown in Figure 10. Boreal winter and
spring WT (WT: 1-3) are characterized by lower

troposphere cold patterns and suppressed convection
over CA-SM, coherently with the negative anomalies of
CAPE shown in Figure 5. Under WT2 large (~1.6) nega-
tive standardized anomalies are located over the Gulf of
Mexico with the largest cold anomalies over CA-SM,
resembling the spatial patterns associated with cold surge
intrusions. An interesting feature is the magnitude of
lower-tropospheric warm anomalies over South America
and over the southern tropical eastern Pacific, especially
between 5°S and the equator, under WT3 (Figure 10c).
These are consistent with warm ENSO conditions.

The analysis of these structures is more relevant for
the rainy season. Two weather types (WT4 and WT6) are
characterized by anomalous fields in which maxima of 0g
and 65 show covariability over certain regions, signalling
an anomalous thermodynamic coupling mediated by
convection. In the case of WT4, these maxima are found
over the Yucatin peninsula (Figure 10d), under WT6
these are found over the Caribbean Sea (Figure 10f). For
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Regression coefficients from regressing weather types as categorical variable against standardized anomalies of equivalent

potential temperature vertically integrated from 1000 to 600 hPa (shaded contours) and saturation equivalent potential temperature
vertically integrated from 400 to 200 hPa (line contours). Values represent expected values of the standardized anomalies of each variable at
each grid point for each WT [Colour figure can be viewed at wileyonlinelibrary.com]

WTS5, there is a marked southeast to northwest thermal
gradient from the Caribbean to the Gulf of California
(Figure 10e).

3.4.2 | Mean thermodynamic structures and
circulation under rainy season WT

This subsection analyses the expected values for #p and
0,55 under WT4, WT5, and WT6; in conjunction with an
analysis of streamlines at 100 m above the surface and
precipitation from PERSIANN-CDR, to display a compre-
hensive vision of this variable (Figure 11).

Under WT4, low-level 0y is maximum over the west-
ern flanks of the Sierra Madre del Sur (Figure 11a). Fur-
thermore, g over CA-SM is the warmest among rainy
season WT, with relative maxima centered over Guate-
mala and western Colombia. Upper-tropospheric 9}3 max-
imum is located slightly (~3°) to the west of the Og

absolute maximum. The atmospheric columns are ther-
modynamically coupled with the upper levels and strong
convection is in statistical equilibrium with low-level
thermal forcing (Figure 11a). Streamlines (100 m above
surface) show convergence to the southeast of the Oy
maximum, while precipitation contours show a large area
where daily mean values are greater than 10 mm-day ™"
located to the south of the &g, 9155, and convergence
maxima.

For WT5 0 over CA-SM decreases nearly by 4 K with
respect to the values under WT4. The absolute maximum
is located over western Colombia and the Panama bight
and extends to the Pacific becoming a regional maxi-
mum, while the Sierra Madre del Sur maximum becomes
relative. The upper-tropospheric 65 maximum is displaced
nearly 10° to the west (Figure 11b). An area of low-level
convergence is located over the Panama bight and
extends to the Pacific where Atlantic, cross-equatorial
south, and north, Pacific trades converge. Precipitation
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FIGURE 11 Thermodynamic structures, low-level circulation,
and precipitation under wet WT. Equivalent potential temperature
vertically integrated from 1000 to 600 hPa (shaded contours) [K],
saturation equivalent potential temperature vertically integrated
from 400 to 200 hPa (light contours) [K], stream lines 100 m above
surface and PERSIANN-CDR mean daily precipitation greater
(dark contours) than 10 mm-day ™" [Colour figure can be viewed at
wileyonlinelibrary.com]

contours greater than 10 mm-day~"' are located on this
convergence zone.

Under WT6, the maximum of low-level @5 is located
on western Colombia and the Panama bight, with similar

(+1 K) g values over the other Colombian areas of the
study domain. The relative maximum extends to the
Pacific centred nearly at 10°N, with a decrease of ~6 K in
5° of latitude to north and south. The upper-tropospheric
07 maximum is located over western Colombia, the
Panama bight and the southern Caribbean, thus strong
convection is in statistical equilibrium with low-level
thermal forcing (Figure 11c). Low-level convergence and
precipitation greater than 10 mm-day ' are colocated
with the 0 oceanic maximum.

3.5 | Climate variability indexes

3.51 | El Nino-Southern Oscillation
ENSO conditions, measured with MEIv2 index, influences
the frequencies of occurrence of five WT. Specifically, WT
characterized by zonal anomalies over the Caribbean, indif-
ferently of the sign. Types WT1 (—0.44) and WT3 (0.68) pre-
sent significant correlations (95%) with the MEIv2: during
boreal winter, warm ENSO decreases the trades intensity
producing drier conditions along the Caribbean coasts. The
occurrence of WT2 is not modified by ENSO conditions.
During the wet season all WT have significant corre-
lations with the MEIv2: WT4 (-0.76), WT5 (0.70), and
WT6 (—0.31); for the last case the analysis encompasses
the months of May and from September to December.
Warm ENSO during summer is associated with an
enhancement of the CLLJ (more WT5 days) and a reduc-
tion of westerly low-level flow over Central America,
hence less WT4 and WT6 days.

3.5.2 | Tropical North Atlantic

In this analysis we replicated the procedure followed for
ENSO using the TNA index. During the dry season only
WT1 presents a significant correlation (—0.46): WT1
reflects an enhanced winter NASH that cools the ocean
surface. During the wet season WT4 (0.51) and WT5
(—0.39) present significant correlations (95%). The former
is related to anomalous subsidence allowing ocean sur-
face heating over the Caribbean while the latter is associ-
ated with conditions similar to that of WT1.

3.5.3 | Madden-Julian Oscillation

In Figure 12 we show the relative changes in weather
types frequencies contingent on MJO events. In general,
WT characterized by enhanced zonal anomalies (WT1,
WT4, and WT5) are more sensible to the occurrence of
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FIGURE 12
weather types frequencies contingent

Relative changes in 150

on MJO events. These computations
were done following a method 100
employed by Cassou (2008), Riddle
et al. (2013), and Muifioz et al. (2015)
among others [Colour figure can be

50
viewed at wileyonlinelibrary.com]

-100 '
MJO1

MJO events. Easterly phases of MJO (RMM phases 4, 5,
and 6) are related with larger (smaller) than normal fre-
quencies for WT1 and WT5 (WT4). While westerly phases
of MJO (RMM phases 1, 2, and 8) are related to inverse
frequency changes. To inquire for causal relationships,
we produced a histogram of current and previous MJO
conditions during the beginning of WT spells but found
no significant relationship (not shown). Consequently,
MIJO events do not trigger WT spells.

4 | DISCUSSION
The weather type analysis applied to the wind and CAPE
fields resulted in six WT that are taken as snapshots of
the atmospheric circulation (Mufioz et al., 2015). This set
of circulation patterns is characterized by a climatology
of occurrence that is consistent with the precipitation cli-
matology, particularly over the Pacific slopes of CA-SM.
The spatial relationship between WT and supra-
synoptic precipitation was quantified by the R adjusted
coefficients from the linear regression. The influences
WT have on precipitation is more relevant over the
Pacific coasts of Central America and southern Mexico
(between 30 and 50% of the variability) than over the
southern Gulf of Mexico and the Caribbean slopes
(between 5 and 15% of the variability). Moreover, these
regressions were repeated using the 11 circulation pat-
terns from Sdenz and Durdn-Quesada (2015) as regressor
series, resulting in a similar spatial pattern with smaller
(~0.1 less) R adjusted over the Pacific side and R adjusted
between 5 and 20% over the Caribbean side. To address
the lack of explanatory power over the Central American
Caribbean slopes it is important to recall that these areas

MJO2

MJO3 MJO4 MJO5 MJO6 MJO7

MJO8

are mostly wet throughout the year, with mild seasonal-
ity (Alfaro, 2000; Taylor and Alfaro, 2005). Furthermore,
some studies (Biasutti et al., 2012; Rapp et al., 2014; Saenz
and Amador, 2016) have shown that over these areas the
prevailing easterlies, the land—ocean breeze systems and
the coastal curvatures interact to produce diurnal cycles
of precipitation characterized by morning maxima in
contrast with the adjacent Pacific slopes. These may be
the reasons why the daily regional scale circulation pat-
terns that are related with regional scale convection
(or its absence) have no explanatory power for precipita-
tion over a region full of complex local interactions.

The CA-SM Pacific side precipitation climatology can
be described in terms of WT occurrence: three WT domi-
nate the dry season (WT: 1-3), a wet pattern (WT6) that
is more frequent during the transition phase, WT4 with
its separated markedly bimodal distribution as that of the
rainy season and WT5 long spells that represent the
MSD. Dry and transition patterns tend to be less persis-
tent (mean durations between 4 and 5 days) than wet
season patterns (mean durations from 9 to 11 days). We
proceed the discussion by analysing the correspondence
between the unfolding of the WT climatology and the
more relevant features of the regional atmospheric con-
figurations and precipitation patterns, considering cli-
mate variability modes.

The canonical annual cycle of WT occurrence begins
with an alternation between an enhanced-trades pattern
(WT1) and a northerly low-level flow pattern (WT2), the
latter is a transient state that commonly transitions to the
former. Both are characterized by the lowest CAPE
values over CA-SM, largest negative anomalies of 8z and
large negative precipitation anomalies, except for the
Caribbean coast of Costa Rica. WT1 is interpreted as
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constitutive of the winter maxima of the CLLJ with wind
speeds larger than 15 m-s~' and featuring a negative cor-
relation with ENSO, as does the CLLJ during boreal win-
ter (Amador et al., 2016a). This WT is also negatively
correlated with TNA, because enhanced trades cool the
sea surface.

Type WT2 resembles the “Winter North Cold Surge”
pattern found by Sdenz and Duran-Quesada (2015), asso-
ciated with the signal of a cold surge originated in Cen-
tral Canada which enters the Gulf of Mexico and reaches
further south (Henry, 1979; Schultz et al., 1998; Zarate-
Hernandez, 2013). However, WT2 does not constitute an
identifier for cold surges reaching Central America. For
example, a comparison with the hand-made climatology
for November-February of Zarate-Hernandez (2013) sug-
gests that using WT2 spells as cold surge intrusions
underestimates the later by 52%. While a comparison
with the cold surge climatology of Reding (1992) showed
that WT2 spells were present in 70% of the 177 cold
surges during the season from October to March in the
1979-1990 period and that both, WT1 and WT3, were
present in ~50% of these events.

As the year unfolds WT3 becomes more frequent
until it becomes dominant during April-May, WT3 is
characterized by a circulation close to the climatological
mean over the Caribbean, similar to the pattern typical of
spring from Moron et al. (2015). The distribution of
CAPE under WT3 displays larger values than those from
WT1 and WT2, especially over Yucatan peninsula, the
Gulf of Mexico coasts and adjacent ocean areas, probably
because the southerly low-level anomalies produce
anomalous moisture transport. Nonetheless, dry condi-
tions are present across the entire domain. Regarding
variability modes, WT3 is correlated (0.68) with ENSO,
consistently with warm anomalies over the Southern
Hemisphere tropical Pacific displayed by 0z and neutral
925 hPa anomalies over the Caribbean. For warm (cold)
ENSO phases occurring during boreal winter WT3 (WT1)
becomes more frequent partially at the expense of WT1
(WT3), this implies less (more) days with enhanced win-
ter CLLJ and drier (wetter) conditions over the Caribbean
coast of Costa Rica.

Generally (31 out of 40 years), WT6 is the first wet type
(see section 3.1 for an explanation of the enumeration).
These WT6 spells tend to happen during May and are char-
acterized by a reduction of the low-level easterlies and the
influence of northerlies over the Pacific areas north of 12 N,
which may reflect some cold surge intrusions. Under WTS6,
low-level thermal forcing is maximum over western
Colombia, close to the Panama border where the CQE con-
ditions are found. Coherently with these conditions, the
precipitation maximum is located equatorward of the g
maximum (Nie et al., 2010). The reduced low-level

easterlies converge in a cyclonic circulation centred over
the thermodynamically coupled area and an upper-
tropospheric anticyclonic circulation is also observed.
These circulations are a response, probably in Ekman
balance, to the pressure gradients generated by convec-
tion. The ITCZ extends from this area to the Pacific
nearly at 10°N. WT6 is characterized mostly by small pre-
cipitation anomalies (<0.3), negative over the Pacific
slopes north of 11 N, Yucatdn Peninsula, the western
flanks of the Bahia de Campeche and the Caribbean coast
of Costa Rica. Positive anomalies are large (~1 SD) over
the South Pacific coast of Costa Rica and Panamad. This
pattern is more frequent during cold ENSO events.

For WT4, which begins to occur during May and is
dominant during June, September and October, analo-
gous thermodynamics and dynamics to those under WT6
are present, but centred over the western flanks of the
Sierra Madre del Sur. The building up of warm lower tro-
pospheric air masses over land areas, especially over
southern Mexico, generated by the northward march of
the isolation maximum, produces an atmospheric
response that reinforces the westerly flow reaching the
Pacific slopes of Central America. Circulation anomalies
at 925 hPa are similar to those reported by Zhao et al.
(2020) for the period before the MSD onset. Anomalous
subsidence outside the anomalous cyclonic circulation
may contribute to the building of the thermal low over
southern United States that Garcia-Martinez and
Bollasina (2020) propose as one of the forcing factors for
CLLJ enhancement. This strengthening of the CLLJ is
characteristic of the subsequent WT5 run.

Although the convection over the Panama bight is
not as organized as in the WT6 case, it is still present and
connected with westerly flow inducing precipitation over
the Pacific slopes of Costa Rica and Panamad. These con-
ditions result in large (>1 SD) positive anomalies along
the Pacific slopes from the Peninsula de Azuero in
Panamd to the northern limit of the study domain in
southern Mexico. The frequency of this WT strongly
responds to ENSO, TNA, and MJO.

The midsummer climatology is dominated by WTS5,
which is characterized by the westward expansion of the
NASH and the enhancement of the CLLJ. Although WTS5 is
characterized by the largest CAPE values among WT, there
is no signs of organized convection occurring, except for
over the Panama bight and the southern extreme of the
Caribbean, where low-level convergence is found. This con-
vergence extends to the west forming the ITCZ over the
tropical eastern Pacific. Subsidence and lower tropospheric
(500 hPa-10 m) wind shear associated with the NASH
inhibit convection across most of the domain but also gen-
erates CAPE by providing low-level moisture (Taszarek et
al., 2021). Under WT5 precipitation anomalies are small
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(<1 SD) and mostly positive, except for the Pacific coasts of
northern Costa Rica, Nicaragua, and Honduras. The fre-
quency of wet days for WT5 is smaller than that of WT4
and for WT5 these may be related to the passage of easterly
waves due to the enhanced CLLJ (Amador, 1998; Whitaker
and Maloney, 2018) or travelling mesoscale convective sys-
tems formed at the southern flank of the CLLJ. Hence,
WTS5 corresponds with the signal of the MSD, featuring
enhanced CLLJ and reduced convection. Furthermore, over
the Pacific slopes from the Peninsula de Azuero in Panama
to southern Mexico the contrasts between WT4 and WT5
expected precipitation are the largest is the area with a per-
sistent MSD (Maurer et al., 2022).

After the period dominated by WT5, WT4 re-emerges
to dominate the climatology during October, with a
larger frequency of occurrence than during the first peak.
The end of the rainy season, characterized by a south-
ward displacement of precipitation is represented by the
WT6 peak during November.

Furthermore, from the perspective of this analysis, the
difference between both peaks of the rainy season (Straffon
et al., 2020; Martinez et al., 2020) is due to the relative
occurrences of WT4 and WT6. During its first peak in early
May, the probability of occurrence of WT6 is nearly 0.2, in
contrast with 0.6 of WT4 during its first peak in early June.
During their second peaks (September for WT4 and late
October for WT6), the probability of occurrence of both is
nearly 0.7. While for interannual time scales, the interplay
between WT4 and WT5 define the precipitation variability
over the Pacific slopes. Both WT are largely influenced by
ENSO and TNA and exhibit the largest variability among
WT (not shown).

The discrepancies between rainy-season WT patterns
of CAPE and of 6z and 9% can be explained with CQE
theory. According to Arakawa and Schubert (1974), CQE
is based on the premise that CAPE produced by large-
scale motions is immediately consumed by moist convec-
tion and according to Emanuel (2007) CQE does not
restrict the amount nor the variance of CAPE. Hence
there is no reason to expect any direct relationship
between mean daily CAPE and thermodynamic struc-
tures in areas of thermal coupling. However, for convec-
tive scales, results shown in Figure 7 are highly
consistent, seasonally and regionally, with the average
monthly lightning density values using data from the
World Wide Lightning Location Network (WWLLN) for
2012-2020 (Amador and Arce-Fernandez, 2022).

5 | CONCLUSIONS

The spatial patterns associated with the temporal vari-
ability of the circulation in the CA-SM are represented by
six weather types. These are the building blocks of the
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regional variability structure, layered through the modula-
tion by the annual cycle of solar isolation, and by the large-
scale climate variability modes. By influencing the VIMFD,
these WT modify the regional precipitation variability, espe-
cially over the Pacific slopes of CA-SM. Precipitation and
associated VIMF in the Caribbean slopes are less influenced
by regional scale circulations, where local factors, such as
wind-topography interactions and transients, are more rele-
vant and require further research.

The consistency between the thermodynamic struc-
tures, lower and upper-tropospheric circulations and
precipitation under rainy season WT, provides an
insight into the centres of thermodynamic forcing that
are key for the climatological rainy season over the
Pacific slopes of CA-SM. Principally, the distribution of
lower-tropospheric 5 over land areas. Given the spatial
resolution of ERAS5 and its satisfactory representation of
precipitation patterns over the study region (Stewart
et al., 2021), this information is of great value for
assessing regional climate model simulations in a physi-
cally meaningful way.
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