Climate Dynamics (2020) 54:4423-4440
https://doi.org/10.1007/500382-020-05237-y

=

Check for
updates

Sub-monthly evolution of the Caribbean Low-Level Jet and its
relationship with regional precipitation and atmospheric circulation

Ivonne Mariela Garcia-Martinez' - Massimo Alberto Bollasina?

Received: 6 June 2019 / Accepted: 7 April 2020 / Published online: 16 April 2020
© The Author(s) 2020

Abstract

The summer spatial structure and sub-monthly temporal evolution of one of the key dynamical features of Central American
climate, the Caribbean Low-Level Jet (CLLJ), is investigated by means of extended empirical orthogonal functions (EEOFs).
The Caribbean 925-hPa zonal wind from the CFSR reanalysis for the period 1979 — 2010 is used for the analysis. This
approach reveals new insights into the dynamical processes and spatio-temporal evolution of the CLLJ summer intensifica-
tion, and through lead and lag linear regressions, significant climate links in the broader Caribbean region are identified. The
results show that the CLLJ generates significant precipitation and temperature responses with a distinct temporal evolution
over the Caribbean-Atlantic domain to that over the tropical Pacific, which hints at different underlying controlling mecha-
nisms over these two large-scale regions. These anomalies are linked with the mid and upper tropospheric circulation, where
a vertical cell over the Caribbean (ascending at the jet exit and subsiding at its entrance) varies in phase with large-scale
divergence over the Pacific Ocean. Extratropical hemispheric-wide waves and the weakening of a thermal low in northeast
Mexico-central US are identified as potential triggering factors for the CLLJ summer intensification. Two leading modes
of tropical variability, El Nifio Southern Oscillation and the Madden-Julian Oscillation, are found to modulate the CLLJ by
intensifying it and prolonging its life cycle. Details of the underlying mechanisms are provided. These results help to advance
the understanding of the processes that modulate local climate variations, which is an important issue in view of the rapid
climate change the region is undergoing.

Keywords Caribbean Low-Level Jet - Precipitation - Mexico and Central America - Extended empirical orthogonal
functions

1 Introduction

Wet-season (May-October) precipitation is of utmost
importance for southern Mexico and Central America as it
provides more than 80% of the annual total rainfall of the
region, and it is a vital resource for the regional economy,
agriculture, ecosystems as well as the livelihood of the
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nearly 180 million inhabitants (United Nations 2019). Yet,
its large spatio-temporal rainfall variability poses a signifi-
cant challenge as it can adversely impact a number of activi-
ties in this vulnerable region, such as hydropower genera-
tion and agricultural output, and the overall management of
critical water resources (e.g., Méndez and Magaifia 2010).
For example, during the 2011-2012 prolonged drought, one
of the most severe and damaging in recent decades, 86% of
Mexican territory experienced a severe water crisis, with
economic losses exceeding $1.2 billion US dollars in the
agriculture sector alone and reduced water supplies for more
than 2 million people (Neri and Magafia 2016). In particular,
subseasonal rainfall variability which manifests as wet and
dry spells is a critical factor as periods of intense rainfall and
droughts can adversely affect agricultural output and farmer
livelihoods (e.g., Endfield and Fern 2006; Neri and Magafia
2016). On the long term, precipitation is expected to signifi-
cantly change by the end of the century (e.g., Taylor et al.
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2013; Pachauri et al. 2014), although there are considerable
discrepancies among the studies on the spatial pattern of
changes (e.g., Singh 1997; Angeles et al. 2007; Karmalkar
etal. 2011; Campbell et al. 2011 and Hall et al. 2013).

A large contribution to this uncertainty stems from our
current limited understanding of the mechanisms under-
pinning regional precipitation variability, including the
fundamental role of the atmospheric circulation. Improved
knowledge of the pathways linking large-scale dynamics
with regional rainfall changes is key to achieve more con-
fidence in projections of future changes of regional water
resources. This will allow policy makers to formulate more
adequate and plausible mitigation and adaptation plans to
climate change across a wide range of climate-sensitive
activities and sectors.

Central American hydroclimate is modulated by a variety
of local and remote atmospheric and oceanic phenomena
across a wide range of spatio-temporal scales. At seasonal
and subseasonal timescales, summer atmospheric circula-
tion and rainfall are impacted by the zonal migration of the
North Atlantic Subtropical High (NASH) and the related
Caribbean Low-Level Jet (CLLJ; e.g., Hastenrath 1967; Tay-
lor and Alfaro 2005; Amador et al. 2006), the meridional
migration of the Intertropical Convergence Zone (ITCZ),
and transient phenomena such as the Madden-Julian Oscil-
lation (MJO), tropical cyclones and easterly waves (Maloney
and Hartmann 2000; Inoue et al. 2002; Serra et al. 2010).
Additionally, the complex topography of the region also
plays a significant role in determining the distribution and
pattern of precipitation and winds (e.g., Muifioz et al. 2008).

Among these factors, the CLLJ has been recognised as
one of the most influential dynamic features of Mexican and
Central American summer (May-August) climate (Magafia
et al. 1999; Amador et al. 2006; Romero-Centeno et al.
2007; Wang 2007; Muiioz et al. 2008; Amador 2008; Cook
and Vizy 2010; Hidalgo et al. 2015). The CLLJ is a region
of intense (up to 12-14 m s~') lower tropospheric easterly
winds over the Caribbean Sea, with its core between 925-
700 hPa. Unlike other jets (i.e. the Great Plains low-level
jet, GPLLJ) which are seasonal features, the CLLJ is present
throughout the year, although its magnitude varies semian-
nually with maxima in July (the strongest) and February, and
corresponding minima in May and October (Amador 1998;
Wang 2007; Amador 2008; Whyte et al. 2008). The May to
July intensification of the CLLJ is important as the jet acts
as a moisture conveyor belt within the Caribbean and the
surrounding areas, thus modulating moisture availability in
the region during the summer rainy season (Duran-Quesada
et al. 2010). In particular, the CLLJ strengthening has been
shown to be one of the main drivers of the typical mid-
summer dry spell (known as the mid-summer drought) over
southern Mexico and the Pacific slopes of Central Amer-
ica by causing a westward displacement of the convection
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centre towards the eastern Pacific in July-August, leading
to a rainfall decrease of up to 40% (Magafia et al. 1999;
Romero-Centeno et al. 2007; Small et al. 2007; Muifioz et al.
2008). The CLLIJ also modulates vertical wind shear and sea
surface temperature (SST) over the Caribbean Sea, which
in turn influence the formation of tropical cyclones in the
region (Amador et al. 2010).

Not surprisingly, the majority of the studies on the CLLJ
and its variability have focused on seasonal to interannual
timescales, where the CLLJ variance peaks (e.g., Wang
2007). These studies have identified links between the CLLIJ
and large-scale atmospheric circulation variability over the
Atlantic (e.g., Wang and Lee 2007; Cook and Vizy 2010),
global-scale SST fluctuations (e.g., Mestas-Nuiiez et al.
2007; Amador 2008), and regional temperature and oro-
graphic effects (e.g., Xie et al. 2005; Muifioz et al. 2008).
On the contrary, higher-frequency (intra-seasonal) regional
circulation variability has received much less attention.
Yet, the seasonal variation of the CLLJ and its link with
regional hydroclimate is modulated by a variety of coupled
land-ocean-atmosphere processes and feedbacks which
occur on short time scales (days to weeks), questioning the
appropriateness of monthly or seasonal-based investigations
(e.g., Serra et al. 2014; Amador et al. 2016). For example,
Magaiia et al. (1999) and Magafia and Caetano (2005)
related sub-monthly variations of eastern tropical Pacific
SST with the mid-summer drought via feedbacks between
solar radiation, convective activity, and circulation fluctua-
tions. Duran-Quesada et al. (2010) emphasised the key role
of the CLLJ in driving the large-scale moisture transport
toward Central America at synoptic to intraseasonal scales.
Moreover, large synoptic and intraseasonal fluctuations of
the tropospheric circulation over Central America were also
found to be associated with variations of the CLLJ (Amador
et al. 2006; Amador 2008).

Additionally, the CLLJ is typically described on a
monthly or seasonal scale, primarily by using a circula-
tion index based on area-averaged 925-hPa zonal wind
over the climatological position of the jet core (e.g., Wang
2007; Whyte et al. 2008; Cook and Vizy 2010; Maldonado
et al. 2018), or alternatively, albeit much less commonly, by
Empirical Orthogonal Function (EOF) analysis of the 925-
hPa (zonal) wind over the Caribbean region (e.g., Whyte
et al. 2008; Muiloz and Enfield 2011). Common to both
methods is the assumption of stationarity of the spatial pat-
tern of the winds during the examined season. Therefore
lagged links with regional circulation and hydroclimate
(e.g., Serra et al. 2010; Martin and Schumacher 2011) do not
account for the underlying evolution of the CLLJ in modu-
lating its climate signature. This is a potentially important
shortcoming in investigating causal relationships and their
underpinning mechanisms involving rapidly-evolving atmos-
pheric dynamical features, such as the CLLJ, and ultimately
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hinders our understanding of the generation of sub-seasonal
hydroclimate events over Central America (e.g., Alfaro et al.
2018).

It is worth mentioning that a better characterisation of
the mechanisms driving the CLLJ variability is of scientific
and economic relevance for a wider region as moisture trans-
port from the Caribbean continues across Mexico to the cen-
tral and southeastern US as part of the GPLLJ (e.g., Wang
2007), which exerts an important control on sub-monthly
precipitation variability over the central US (Weaver and
Nigam 2011), and modulates tornado activity there (e.g.,
Muiioz and Enfield 2011).

The aim of this work is to address the knowledge gap
outlined above, and specifically to characterise the spatio-
temporal evolution of the CLLIJ at sub-seasonal timescale
and to describe its interactions with regional hydroclimate
and circulation in a coherent dynamical portrayal. The
analysis takes advantage of the Extended EOF technique to
identify the CLLJ as the most recurring temporal series of
spatial variability patterns of low-level winds over the Car-
ibbean region, as opposed to traditional EOF-based inves-
tigations which focus only on a stationary spatial pattern.
This approach is therefore more insightful in revealing the
evolution of the variability pattern (from the nascent to the
decay phase), thus providing novel details to be used for
predictability of regional precipitation events.

The remainder of the manuscript is organised as follows.
Sect. 2 details data and methods used in the analysis. The
spatio-temporal characteristics of the CLLJ as provided by
the EEOF analysis and the links with regional hydroclimate
and atmospheric circulation are documented in Sect. 3.
Finally, discussion and concluding remarks follow in Sect. 4.

2 Data and methods
2.1 Data

The primary data used in this analysis consists of 6-hourly
surface and upper-level variables from the Climate Forecast
System Reanalysis (CFSR; Saha et al. 2010) at ~ 0.3° and
0.5° horizontal resolution, respectively. Wind and precipita-
tion from the ERA-Interim reanalysis of the European Cen-
tre For Medium-Range Weather Forecasts (Dee et al. 2011)
at ~ 0.7° horizontal resolution were used to corroborate the
CFSR performance. Additionally, a number of other precipi-
tation and temperature observational datasets were used for
validation purposes. Observed precipitation came from vari-
ous datasets to account for the different spatial resolutions
and to identify potential discrepancies: the Climate Hazards
Group InfraRed Precipitation with Station data (CHIRPS;
Funk et al. 2015) for the period 1981-2010 (regridded) at
0.5° resolution, the Tropical Rainfall Measurement Mission

(TRMM) 3B42 dataset (Wolff 2007) at 0.25° resolution for
the period 1997-2010, the merged CPC Unified Precipitation
for the US and station data over Mexico (USMEX, Higgins
et al. 1996) at 1° resolution available from 1979 to 2009,
and the Climate Prediction Center Merged Analysis of Pre-
cipitation (CMAP, Xie and Arkin 1997) at 2.5° resolution
that extends from 1979 to 2010. Surface air temperature was
obtained from the Berkeley Earth Surface Temperature data-
set (BEST, Rohde et al. 2013) at 1° resolution for the period
1980 to 2010.

The analysis with CFSR covers the period 1979-2010
and focuses on the late-spring to mid-summer (May to July)
months, in order to target the CLLJ-induced hydroclimate
variability while the jet intensifies. A power spectrum of
the daily 925-hPa wind over the Caribbean region (Fig. S1)
revealed three significant peaks at 15, 22 and 40 days, high-
lighting the dominance of sub-seasonal wind variability in
this region. The characterisation of sub-seasonal variabil-
ity in this work is achieved by using pentad (5-day mean)
anomalies computed from the available 6-hourly CFSR
fields (daily for the rest of the datasets) in order to retain
sub-monthly variations while suppressing diurnal and syn-
optic variability.

2.2 Extended empirical orthogonal function
analysis

The CLLJ is identified by applying the Extended Empirical
Orthogonal Function (EEOF) analysis (Weare and Nasstrom
1982) to pentad 925-hPa zonal wind anomalies over the Car-
ibbean domain (10°-20°N, 60°-84°W), which encloses the
region where the climatological CLLJ core is located. The
analysis is robust for larger domains centred on the Carib-
bean Sea, however, by using this domain (where the correla-
tions with the CLLJ and the 925-hPa zonal wind are largest),
the CLLJ signal and its associated explained variance are
maximised. Fig. 1 shows the May to June 925-hPa wind
climatology, the topography of the region and the Caribean
domain used for the EEOF enclosed in a box. The EEOF
technique is a useful tool to analyse geophysical fields given
their high spatio-temporal co-variability and has been suc-
cessfully used in hydroclimate and teleconnection analyses
recently (e.g., Weaver and Nigam 2011; Baxter and Nigam
2015; Bollasina and Messori 2018). This method extracts
the most recurrent temporal series of spatial variability
patterns associated with each principal component (PC),
with no assumption or imposition of any specific periodic-
ity. Besides, unlike the traditional EOF analysis, the EEOF
technique does not assume spatial stationarity.

The spatio-temporal evolution of the CLLJ is described
as the leading mode of the most recurrent five-pentad
sequences of spatial patterns from EEOF, where the covar-
iance matrix is used for the EEOF computation so that the
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elements with larger variance are weighted more heav-
ily. By using a non-standardised data matrix, our results
represent anomalies per unit of the respective principal
component. For brevity, we will refer to these simply as
anomalies throughout the manuscript. Interestingly, for
the leading Caribbean mode one PC unit is close to one
standard deviation (not shown). Sensitivity tests using
three-member overlapping pentads were also carried out,
however, the five-pentad sampling window showed to bet-
ter represent the relatively long-lived fluctuations of the
CLLJ and these are therefore used in our analysis (see
further discussion in Sect. 3).

The statistical links between the CLLJ and the large-scale
Caribbean climate are investigated using least-squares linear
regressions on the (non-standardised) PC of the first EEOF
mode (PC1). These links are displayed as series of five
anomaly patterns, from lag =t — 2 pentads (or r — 10 days)
to lag = ¢ + 2 pentads (or # + 10 days). The significance of
the correlations between the PC1 and other meteorological
variables is evaluated using a two-tailed t-test, after adjust-
ing the degrees of freedom for every grid point to account for
the large autocorrelation inherent in the time series (Santer
et al. 2000). To make the interpretation easier, the principal
component is set to have positive values for an easterly flow
(i.e. the CLLJ flow is positive). A conventional EOF analysis
was also carried out, allowing to assess the added-value of
the EEOF-based analysis compared to the more traditional
method (e.g., Muiioz et al. 2008). The statistical significance
of the EEOF modes is estimated in terms of the sampling
error as proposed by North et al. (1982). Figure S2 shows the
first four modes to be statistically significant (distinguished
from the rest). Almost 55% of the total explained variance is
contained within the first three modes (Fig. S2).
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3 Sub-monthly variability of the CLLJ
and associated atmospheric patterns

3.1 Spatio-temporal evolution of the CLLJ

The leading mode of the most recurrent five-pentad
sequences of 925-hPa zonal wind anomalies is shown in
Fig. 2 (shades, left panels), together with the total wind
anomalies (vectors). Note that these large-scale patterns are
calculated by regressing the 925-hPa wind fields on the PC1,
as this is computed on the smaller Caribbean domain. The
PCs of the three leading modes are shown in Fig. S3. The
explained variance by the first EEOF is 27.2%, considerably
larger than the second (15.6%) and third (11.9%) EEOFs.
The second and third EEOF modes represent different fla-
vours of the CLLJ, as they also portray the strongest signal
over the jet core, but have a faster temporal evolution (Figs.
S3, S4). The EEOF wind patterns from ERA-Interim are
shown in Fig. S5 (left panels). Our selection of analysing
the leading mode only is motivated by our focus on the vari-
ability of the CLLJ at sub-monthly scales, rather than on its
supersynoptic-scale fluctuations.

The leading mode captures the key features of the CLLJ
and associated wind pattern over the surrounding areas (e.g.,
Amador 2008; Muifioz et al. 2008): it displays the strong-
est signal over the CLLJ core (from 12°~16°N; 70°-80°W),
and splits into a northward and a westward branch (Wang
2007; Amador 2008; Muiioz et al. 2008; Cook and Vizy
2010). The northward branch crosses the Gulf of Mexico
and continues to be part of the western and northern edges
of the NASH circulation, whereas the westward branch
influences the tropical Pacific zonal and meridional flows
over southern Mexico and the Central American coast. The
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Fig.2 Regressed 925-hPa total winds [vectors, m s~!] and its zonal
component anomalies [shades, m s™!] onto the PC of the first mode
of variability for (left) EEOF and (right) EOF from ¢t = -2 tot =42

mode is centred on the peak phase of the CLLJ, with spatio-
temporal asymmetric growth and decay phases around lag
0 (#). In the 10°-20°N region, easterlies intensify over the
Caribbean (up to 2.5 m s~!) from ¢ — 2 to # (~10 days before

60W

80W 70W  60W

1.25 1.75 225 275 3.25

pentads. The 95% confidence interval is hatched in grey and the
explained variance is shown in the top left corner of each column

the maximum), and then decrease gradually in the follow-
ing pentads (from ¢ + 1 to ¢ + 2). On the Pacific side, the
wind evolves similarly, with maxima anomalies of up to 2
m s~' off the Nicaraguan coast, suggesting a simultaneous
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(within a 5-day period) wind response to CLLJ variability
there. However, as the CLLJ evolves, the winds confined
to the southeast quadrant of the domain (0°-12°N, 100°
—130°W), albeit relatively weak, exhibit a marked direction
change: from easterlies at # — 2 to southerlies and westerlies
(converging at 120°-125°W) at ¢ + 2. This modal evolution
exerts a strong modulation on the precipitation pattern over
the tropical Pacific (more details in Sect. 3.2). In contrast
to the westward branch, it is noteworthy that the magnitude
of the northward branch weakens gradually throughout the
five pentads. This difference, an important and yet unnoticed
dynamical feature of the CLLJ, suggests a lagged relation-
ship between the two branches and hints at different underly-
ing controlling mechanisms.

An appreciation of the benefits of using the EEOF analy-
sis instead of the conventional EOF can be appraised by
comparing the left and right panels of Fig. 2, the latter show-
ing the five-pentad evolution of the 925-hPa wind anomalies
obtained from lead/lag regressions on the EOF1-PC. The
larger variance explained by the EOF1 (64.3%) compared
to that of the EEOF1 (27.2%) is not surprising, since using
a series of five spatial patterns instead of one in the covari-
ance matrix increases the variance (Bollasina and Messori
2018). While the mature phase (lag 0) spatial pattern is very
similar between both methods, the lead/lag EOF regressions
do not capture the wind evolution at sub-monthly timescale
(from its nascent to its decay phase) entirely, but, instead,
depict a strong dominance of higher-frequency (supersyn-
optic) variability.

This is supported by comparing the temporal autocor-
relation of the first PC from both EEOF and EOF analy-
ses, which provides an estimate of the timescale of the
most recurrent mode of CLLJ summer variability (Fig. 3).
The EEOF1-PC displays a longer temporal autocorrelation
than that of EOF1-PC. The latter falls off rapidly beyond
+1 pentad, indicating a large contribution of supersynoptic-
scale variability. The former is longer-lived, with an event
duration of 6-8 pentads as estimated from the ¢! threshold.
This is consistent with the EEOF’s ability to capture the
whole evolution of a spatial pattern from its nascent to decay
phases, which is conversely absent in its EOF approximation
via lead/lag regressions. The autocorrelation of the second
and third EEOF PCs follow a similar behaviour as EOF1-
PC, dropping down rapidly after the first pentad. This fur-
ther indicates that these two modes are, too, modulated by
supersynoptic-scale processes. The autocorrelation of the
CLLJ index (defined as the negative of the 925-hPa zonal
wind anomalies averaged over 12°~16°N and 70°-80°W as
in Wang 2007) is also included in Fig. 3 for reference. As
expected, the CLLJ index and the EOF1-PC timeseries are
quite similar, and both show the supersynoptic variations of
the CLLJ, while the EEOF1-PC captures the jet fluctuations
at sub-monthly scale.
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Fig.3 Autocorrelation of the principal components associated with
the first three modes of pentad 925-hPa zonal wind variability over
the Caribbean, for the extended EOF: EEOF1-PC (blue), EEOF2-PC
(green) and EEOF3-PC (orange), and by the traditional EOF: EOF1-
PC (grey). The autocorrelation of the CLLJ index (dashed black
curve) is also shown for reference. The e~! threshold is indicated with
a dashed magenta line

3.2 Surface anomalies associated with the CLLJ

The main role of the CLLJ in regional climate variability
is to act as a moisture conveyor belt, by advecting moisture
from the warm Caribbean Sea towards the Pacific and across
the Gulf of Mexico (Duran-Quesada et al. 2010; Amador
et al. 2016) and thus modulating precipitation, temperature
and circulation patterns in the region.

Precipitation (from CFSR, USMEX and CMAP),
vertically-integrated stationary moisture fluxes, surface
skin temperature and sea level pressure anomalies asso-
ciated with the sub-monthly variability of the CLLJ are
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displayed in Figs. 4 and 5, in terms of linear regressions
on the EEOF1-PC. These are shown for the entire five-pen-
tad sequence (lags -2 to +2) in order to uncover potential
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Fig.4 Regressed (left) CFSR precipitation [shades, mm day~!] and
(right) vertically-integrated stationary moisture flux anomalies [vec-
tors, kg m~! s~!] and its convergence [shades, mm day~'] onto the

precursor links with the CLLJ. The linear regressions of
ERA-Interim, CHIRPS and TRMM rainfall, CFSR evapo-
ration and BEST surface air temperature regressions are
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EEOFI1-PC from ¢ = =2 to r = +2 pentads. The 95% confidence inter-
val is hatched in the precipitation regressions. Shading starts from =+
0.15 mm day™! and has increments of 0.3 mm day ™"

@ Springer



4430 I. M. Garcia-Martinez, M. A. Bollasina
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Fig.5 Regressed (left) 1979-2009 USMEX and (right) 1979-2010 CMAP precipitation [shades, mm day~'] anomalies onto the EEOF1-PC from
t = =2 to ¢ = +2 pentads. Shading starts from + 0.05 mm day~" and has increments of 0.1 mm day ™!

shown in the supplementary material (Figs. S5, S6 and  conditions over a large region extending from the subtropi-
S7). cal Atlantic Ocean across the Caribbean to the Pacific coast

The most noticeable characteristic of the precipitation  of Central America (although excluding a small-scale region
pattern is the nearly-zonal oceanic dipole featuring drier  of intense rainfall off the coasts of Nicaragua and Costa
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Rica), and excess rainfall over a zonally-elongated band in
the Pacific between 9°-15°N (Figs. 4 and 6). Interestingly,
the two anomalies exhibit a different temporal evolution: the
former is geographically stationary and has peak negative

Surface temperature

values at lag 0, concurrently with the temporal evolution of
the CLLJ and of the divergence area upstream of the jet core
(e.g., Whyte et al. 2008; Martinez et al. 2019). By contrast,
the latter anomaly gradually increases expanding eastward

Sea level pressure
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while the CLLJ evolves, to reach maximum positive val-
ues at ¢ + 2. Note that this progression is accompanied by
a simultaneous weakening and shrinking of the precipita-
tion deficit on the Pacific slope of Central America and the
adjacent eastern tropical Pacific. Both features are largely
associated with the gradual clockwise turning of the eastern
tropical Pacific winds that generate meridional convergence
of moist winds south of 10°N (not shown), favouring posi-
tive rainfall anomalies throughout the five-pentad sequence
(more details in Sect. 3.3). Near the Pacific coast, reduced
upwelling and ensuing coupled feedbacks with SSTs (Fig. 5)
and evaporation (Fig. S7) contribute to the weakening of
the dry anomaly (Magaiia et al. 1999; Xie et al. 2005). A
positive precipitation anomaly of up to 0.8 mm day~'is also
evident over the southeastern US: as the jet evolves, the core
of the anomaly displays a progressive southeastward dis-
placement with negligible changes in its magnitude. This
indicates a link between the CLLJ and US hydroclimate,
and is consistent with the findings of Weaver and Nigam
(2011) on the inverse relationship between GPLLJ intensity
and precipitation anomalies over the southeastern US at sub-
monthly timescale. A weaker GPLLJ leads to larger positive
rainfall anomalies closer to the southern coast of the US,
from Louisiana to Florida.

Albeit spatially confined, a precipitation dipole develops
across Nicaragua and Costa Rica from the interaction of
the CLLJ with local topographic features: along the eastern
slopes and off the Atlantic coast, increased rainfall associ-
ated with orographically-induced ascent of the CLLJ along
the Central American mountain ranges, and drying to the
west and off the Pacific coast because of a rain-shadow effect
(e.g., Small et al. 2007; Cook and Vizy 2010).

Mountain gaps across Central America allow the passage
of the CLLJ flow, linking the Caribbean and eastern tropical
Pacific atmospheric circulation (e.g., Magafa and Caetano
2005; Xie et al. 2005; Romero-Centeno et al. 2007; Amador
2008; Herrera et al. 2015). Northeasterly wind anomalies
occur over the mountain gaps of Tehuantepec (southern
Mexico), Papagayo (west Costa Rica) and Panama, with
peak values at lag 0. Of the three, the Papagayo jet exhibits
the largest anomalies (up to 3 m s™!). These gap winds are a
fundamental mechanism for cross-basin moisture transport
(Magaiia and Caetano 2005; Duran-Quesada et al. 2010).

The link between atmospheric circulation and precipi-
tation can be further appreciated by analysing the spatio-
temporal evolution of vertically-integrated moisture fluxes.
The right column in Fig. 4 displays the vertically-integrated
stationary moisture transport and its convergence; note
that the contribution of the transient component (in time)
of these fluxes is generally of minor importance (Martinez
et al. 2019). Moisture transport from the oceans and its con-
vergence is crucial to generating precipitation in the Carib-
bean region (e.g., Wang 2007; Durdn-Quesada et al. 2010;
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Hidalgo et al. 2015; Martinez et al. 2019). Moisture con-
vergence anomalies show a remarkable similarity in pattern
and magnitude to the precipitation ones, attesting for the
secondary contribution of evaporation in the formation of
the precipitation anomalies described above. In particular,
the role of meridional moisture flux convergence over the
tropical Pacific (south of 10° N) in modulating the rainfall
maximum there is evident.

The surface temperature regression (Fig. 5) also shows
a coherent large-scale pattern and evolution. The initial
extensive warm anomaly across the southern US and north-
ern Mexico, progressively weakens and reduces in extent,
while an area of increasing cold anomalies moves over the
southeastern US. Interestingly, the wind regressions and
the anomalous westerlies suggests a possible contribution
of orographically-forced descent across the Rockies to the
generation of the positive warmer temperature anomaly.
Note that the warmer SSTs along the Pacific coast, while
linked to the positive temperature anomaly over north and
central Mexico, exhibit an opposite evolution: initially con-
fined to a narrow region offshore the Mexican coast, the
anomaly extends westward and grows. Over the Carib-
bean Sea, a zonally-elongated area of cold SSTs, gradually
amplifies while spreading westward across the Caribbean
region, with peak values at lag # + 2. The location of the
largest cooling, south of the CLLJ maximum, and its rapid
growth at negative lags are indicative of a strong dynamical
modulation by the CLLJ via evaporative cooling and asso-
ciated Ekman upwelling. Yet, the latter alone cannot fully
account for the further SST cooling at positive lags, when
the CLLJ actually weakens. Along the southern coast, strong
upwelling forced by the CLLJ intensification takes place,
which brings cold water to the surface (Inoue et al. 2002;
Andrade and Barton 2005; Lee et al. 2007; Jouanno and
Sheinbaum 2013). Two important upwelling systems identi-
fied as the Guajira (12°N, 72°W, Andrade and Barton 2005)
and Margarita (10°N, 64°W) upwellings are well captured
by the EEOF1-PC. Offshore, Ekman transport, vertical mix-
ing and in lees degree (but equally important) vertical advec-
tion contribute to the south Caribbean cooling, although this
last one is limited to a radius of 200-300 km downstream
the upwelling area (Jouanno and Sheinbaum 2013). Finally,
simultaneously to oceanic changes, land temperatures over
Central America also progressively turn to negative values
as the CLLJ evolves.

The pattern of sea level pressure (SLP, Fig. 5) anoma-
lies exhibits a quadrupole structure, with positive centres
of action located over the subtropical portions of the North
Atlantic and the eastern Pacific, and negative poles over
the southern US and along the north equatorial Pacific.
The predominant Atlantic anticyclonic anomaly, with peak
magnitude at lag 0, corresponds to a strengthening and suc-
cessive decline of the NASH; the anomalous low pressure
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system over the south-central US, decreases progressively
from¢ — 2 tor + 2 (over a 25-day period); the Eastern Pacific
anticylone to the west side of the Baja California peninsula
weakens along the five-pentad sequence and; the intensi-
fied near-equatorial trough extends throughout the tropical
Pacific with the highest anomalies (— 0.6 hPa) occurring at
t — 1 (5 days before the CLLJ maximum). The interaction
among these pressure systems largely determines the wind
fluctuations in the region.

The NASH and the low pressure system over the central
US evolve in concert. In early and mid-summer, when solar
radiation is maximum over the northern hemisphere, the sur-
face heating over the central US landmass allows the forma-
tion of a thermal low that strengthens, along with subsid-
ence over the adjacent subtropical North Atlantic and Pacific
oceans (Small et al. 2007). By mid-summer, the thermal low
weakens, allowing the NASH to intrude farther west and
thus intensifying the CLLJ (Small et al. 2007). In the EEOF
analysis, the interaction between the NASH and the thermal
low helps explain the northward branch intensity fluctua-
tions. A stronger SLP gradient between these two systems is
observed in the initial pentad ¢t — 2 over northeastern Mexico

and south-central US, resulting in a strong northerly flow.
The SLP gradient then decreases gradually towards the last
pentad ¢ + 2, weakening the northward branch flow. To the
west, consistent flow from the Eastern Pacific anticyclone
weakens along with the US thermal low.

The pressure gradient between the Caribbean and the
eastern Pacific region, on the other hand, evolves in a dif-
ferent way. The positive NASH anomalies (that peak at lag
0), in combination with constant negative SLP anomalies
over the tropical Pacific, lead to an enhanced SLP gradi-
ent (driven by the Caribbean) over Central America. As a
result, the CLLJ reaches its strongest phase during the cen-
tral pentad ¢.

3.3 Three-dimensional atmospheric circulation

In order to relate surface climate anomalies with the
upper-level atmospheric circulation, Fig. 7 shows the verti-
cal cross-section of regressed vertical velocity and zonal
wind averaged between 12°-16°N, where the core of the
CLLJ is located. A direct vertical cell is observed between
the low-level easterly flow of the CLLJ and opposite
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upper-tropospheric westerlies, along with intense subsidence
(up to 16 hPa day™') at the jet entrance (70°~75°W, eastern
Caribbean) and strong ascent across the whole troposphere
(up to — 24 hPa day™!) at the jet exit (80°-85°W, western
Caribbean), where deep convection develops. Magafia and
Caetano (2005) and Herrera et al. (2015) highlighted the
importance of this cell as a key dynamical feature over the
Caribbean and adjacent regions. The subsidence at the jet
entrance is amplified in the layers below 500 hPa, while
the upward motion at the jet exit extends throughout the
troposphere. The strength of this cell varies concurrently
with the magnitude of the CLLIJ: it intensifies during the
CLLJ development phase (from ¢t — 2 to f) and weakens later
on; also, as expected by the approximate balance between
diabatic heating and vertical motion in the tropics, regions
of stronger ascent correspond to rainfall maxima.

In-phase cross-basin links take place over the Central
American mountain ranges, with the easterly mid-tropo-
spheric flow from the Caribbean subsiding along the Pacific
slope of Central America (e.g., Magaifia et al. 1999; Magafia
and Caetano 2005; Small et al. 2007; Muifioz et al. 2008;
Herrera et al. 2015; Hidalgo et al. 2015). In the eastern tropi-
cal Pacific (east of 95°W), in accordance with the evolution
of precipitation anomalies described above (see Fig. 4), a
gradual intensification of upward motion occurs throughout
the five-pentad sequence (Fig. 7). Interestingly, this is asso-
ciated with a westerly upper-tropospheric flow linking the
Pacific to the Atlantic basin, where it reinforces the regional
circulation cell and increases the upper-tropospheric subsid-
ence in the western Caribbean (70°-80°W). This suggests
an important role of remote forcing (i.e. originating outside
of the Caribbean region, in this case the tropical Pacific)
in modulating the evolution of the CLLJ and of the local
rainfall pattern (e.g., Small et al. 2007).

A broader dynamical context for the CLLJ evolution
discussed above can be achieved by examining the spatio-
temporal characteristics of the upper-tropospheric circula-
tion. To this end, 200-hPa velocity potential and associated
divergent circulation are shown in Fig. 8. The initial diver-
gent outflow emanating from the southern US and the central
Pacific, coincident with positive diabatic heating anoma-
lies and excess rainfall, stand out. The southeastward and
eastward flow, respectively, converges and subsides in the
subtropical western Atlantic, where it reinforces the surface
anticyclone. A secondary, yet important, dipole is notice-
able in the CLLJ region, with divergence at its exit, the wet
Caribbean slope of Central America, and convergence at the
jet entrance. As the CLLJ develops and evolves, the Pacific
center gradually moves southeastward toward the equa-
tor and deepens, consistently with the evolution of rainfall
anomalies there, and the divergent circulation features a
prominent zonal westerly flow from the Pacific to the sub-
tropical eastern Atlantic.
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The 200-hPa streamfunction anomalies associated with
the variations of the CLLJ (Fig. 8) display a large-scale
coherent midatitude pattern similar to that of the underlying
sea-level pressure anomalies in an approximate equivalent
barotropic structure, despite the weaker upper-tropospheric
anticyclone over the Caribbean. Note this level is optimal
to examine the link between the CLLJ and tropical-extra-
tropical teleconnection patterns (e.g., Weaver and Nigam
2008). The initial streamfunction pattern is dominated by
a widespread deep trough over central northern America,
bounded by anticyclonic anomalies over the eastern North
Pacific and over the northern Gulf of Mexico. Both the
Pacific anticyclone and the North American trough grow
to lag -1 and lag 0, respectively. This pattern resembles the
upper-tropospheric tripole associated with the CLLJ noted
by Mufioz and Enfield (2011), albeit in terms of interannual
jet fluctuations; a similar structure was also identified by
Weaver and Nigam (2011) as precursor to the northward
migration of the GPLLJ. This suggests the possible influence
of extratropical hemispheric-wide waves in the atmospheric
circulation on the CLLJ intensification. In particular, the
eastern edge of the Pacific anticyclone is associated with
anomalous westerlies impinging on the Rockies and subse-
quent downstream subsidence, suggesting a forcing mecha-
nism on the thermal low. Conversely, the CLLJ decay phase
appears to be accompanied by larger tropical anomalies, in
both the eastern Pacific and Atlantic Oceans, consistently
with the outflow and inflow centres in the 200-hPa divergent
circulation.

3.4 Sensitivity analysis to the MJO and ENSO

One may ask whether the CLLJ sub-monthly characterisa-
tion discussed above, and particularly the Pacific branch,
may be even partially linked to the two most significant
modes of coupled variability of the region: the Madden-
Julian Oscillation (MJO) and El Nifio Southern Oscillation
(ENSO). The MJO is the largest contributor of intraseasonal
variability in the tropics and although its effects are stronger
over the western tropical Pacific, its influence has also been
reported in other regions of the globe (Zhang 2013 and ref-
erences therein). Over the eastern tropical Pacific, the MJO
was found to modulate the intensity and number of tropi-
cal cyclones (Maloney and Hartmann 2000). Barlow and
Salstein (2006) reported an increase in local rainfall totals
on the Pacific coast of Mexico and Central America due to
active phases of the MJO. More recently, Martin and Schu-
macher (2011) suggested an intraseasonal modulation of the
CLLJ and rainfall patterns in Mexico and Central America
by the MJO throughout the year. However, the possible sum-
mer connections between the CLLJ and the MJO, and their
dynamical mechanisms at sub-monthly timescale are yet to
be explored.



Sub-monthly evolution of the Caribbean Low-Level Jet and its relationship with regional...

4435

200—hPa Velocity potential

—
0.5

SON 1

20N 4

10N 1

EQ

30N 1

20N 1

10N 4

IR~~~

EQ

30N 1

20N 1

10N 1

EQ

30N 4

20N

10N

EQ
7 ///;’;’7//’/;/7
g A 7 ot
| 272008057
\Q“
> ¢ ' .
20N
10N
EQ d ; . |
130W 120w 110W 100W 90W BOW 70W 60W

9

15

Fig.8 (left) Velocity potential [shades, 10° m? s~'], divergent circula-
tion [vectors, ms~!'] and (right) streamfunction [shades, 10 m2s~1]

200—-hPa Streamfunction

S Ny,

-2.25

-1.25 -0.25 0.75

of the 200-hPa regressed wind anomalies onto the EEOF1-PC from
t=-2 to t =+2 pentads. Positive streamfunction values indicate
anticyclonic circulation

@ Springer



4436

I. M. Garcia-Martinez, M. A. Bollasina

Fluctuations in the intensity of the CLLJ have been sug-
gested to be modulated by the SST gradient between the
tropical Pacific and the Caribbean Sea-Atlantic domain
(Enfield and Alfaro 1999; Small et al. 2007; Wang 2007,
Martinez-Sanchez and Cavazos 2014; Fuentes-Franco et al.
2015), although this is a current debate (e.g., Maldonado
et al. 2017). The CLLJ has been observed to strengthen
when the inter-basin SST gradient increases (with a warmer-
Pacific and cooler-Atlantic configuration), however, Whyte
et al. 2008 found out that the spatial pattern of the CLLJ
intensification depends on which specific basin is primarily
modulating the temperature gradient. The CLLJ intensifi-
cation during warm ENSO events has been related to an
anomalous southward displacement of the ITCZ (Amador
2008; Hidalgo et al. 2015) and to the westward intrusion and
strengthening of the NASH (Romero-Centeno et al. 2003),
and has been consistently found in several studies using
monthly-to-seasonal data (Romero-Centeno et al. 2003;
Amador 2008; Whyte et al. 2008; Hidalgo et al. 2015). Our
focus here is on the summer ENSO-CLLJ pentad-evolving
relationship.

To isolate the MJO signal, MJO-related anomalies were
calculated by; (1) linearly regressing circulation and surface
climate variables on the MJO real-time multivariate indices
1 and 2 (RMM1 and RMM2, Wheeler and Hendon 2004);
(2) multiplying the spatial patterns obtained in step 1 by the
respective MJO index, and subtracting both fields from the
original anomalies; (3) repeating the steps described above
for the original fields (i.e. an EEOF analysis of the no-MJO
925-hPa zonal wind and subsequent regressions on its lead-
ing PC). To a first-order approximation and to the extent
by which the MJO influence can be assumed to be linear,
the new patterns should have the MJO signal removed (e.g.,
Baxter and Nigam 2014). A similar method was used to
remove the ENSO signal (e.g., Kucharski et al. 2009). The
no-MJO and no-ENSO regressed fields were then removed
from the original (all-signals) data to show the isolated effect
of these two global modes. The RMM1 and RMM2 series
are available online from the Bureau of Meteorology of the
Australian Government. For representing the ENSO signal,
the Nifio 3.4 index, computed from CFSR data, was used.
The MJO and ENSO regressed patterns of 925-hPa wind,
precipitation and surface temperature are shown in Fig. 9.

The explained variance of the EEOFs with no MJO and
no ENSO signals is 16.0% and 16.3%, respectively, approxi-
mately 11% lower than the all-signals EEOF in both cases.
It is interesting to notice that both the MJO and ENSO have
similar imprint on sub-monthly climate variability in the
broader Caribbean region. Over the Caribbean-Atlantic
region, their influence is manifested as an intensification of
the CLLJ throughout the five-pentad sequence and length-
ening of its life cycle (Fig. 9), which in turn extends the
temporal response of air-sea interactions. The CLLJ reaches
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its highest anomalies between ¢ + 1 and ¢ + 2, 5-10 days later
than in the all-signals EEOF analysis. In southern Mexico,
northern Central America and the adjacent tropical Pacific,
negative rainfall anomalies increase throughout the CLLJ
intensification (from ¢ — 2 to t + 2). Over the tropical Pacific,
a gradual intensification of the easterly winds associated
with these modes of variability, contributes to a progressive
increase in rainfall anomalies there. The Papagayo and the
Panama gap winds are also amplified by the MJO and ENSO
(Fig. 9). Altogether, ENSO-related anomalies are weaker
than the MJO ones.

4 Conclusions

The CLLJ is an important dynamical feature and key modu-
lator of Mexican and Central American hydroclimate as it
controls the transport of moisture from the Caribbean Sea
to the nearby land areas, where it contributes to generating
the 60% of annual precipitation received during the summer
months. While seasonal and interannual characteristics of
the CLLJ and related regional hydroclimate links have been
extensively discussed (e.g., Amador et al. 2006; Romero-
Centeno et al. 2007; Wang 2007; Amador 2008; Mufioz et al.
2008; Cook and Vizy 2010; Herrera et al. 2015; Hidalgo
et al. 2015), its intraseasonal variability has received much
less attention. Additionally, existing studies assumed sta-
tionarity of the spatial pattern of the winds by, for example,
describing the CLLJ in terms of an area-average circula-
tion index (e.g., Wang 2007; Mufioz et al. 2008). Even more
importantly, Caribbean hydroclimate variability is modu-
lated by a variety of high-frequency coupled land-ocean-
atmosphere processes and feedbacks whose links can be
aliased in seasonal-based investigations.

In this study we used the extended EOF analysis to char-
acterise the prominent CLLJ spatio-temporal variability
patterns, which allows to effectively build a dynamical por-
trayal of its climate links in the broader Caribbean region
as well as to pinpoint precursor relationships. An schematic
depicting the main circulation features as found by the EEOF
analysis is shown in Fig. 10. Even though a traditional EOF
analysis is also able to identify the CLLJ as the leading mode
of Caribbean wind variability, it does not capture the intrin-
sic full wind evolution and is therefore unable to highlight
non-concurrent wind-hydroclimate links.

The dynamical characterisation portrayed by the EEOF
analysis reveals important links between the CLLJ and
regional precipitation, temperature and circulation anoma-
lies as well as the associated temporal phasing, including the
existence of key relationships with antecedent and lagged
anomalies (i.e. anomalous thermal low over the Southern US
and the Caribbean SST response, respectively), the interac-
tion of the jet with large-scale dynamical circulation features
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Fig.9 Regressed precipitation [shades, mm day~'], surface skin
temperature [contours, °C] and 925-hPa total wind anomalies [vec-
tors, ms~!] onto the EEOF1-PC for the data with (left) the MJO and

(e.g., the NASH and its westward progression), and the role
of inter-basin links between the Atlantic and the Pacific
Oceans, which in turn feedback on the CLLJ evolution. The
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(right) ENSO signals isolated from # = —2 to t = 42 pentads. Dashed
(continuous) contours indicate the —0.3°C (+ 0.3 °C) isotherm. Shad-
ing starts from + 0.15 mm day~!

full nature of these relationships was only partially appre-
ciated, if not overlooked, in previous works where the use
of a stationary pattern of the CLLJ did not allow to build a
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Fig. 10 Schematic of the dominant circulation features associated
with the CLLJ summer intensification (¢ — 2 to ¢ in the EEOF analy-
sis). Blue arrows represent horizontal winds at 925 and 200 hPa and
grey arrows vertical motion. Centres of convergence and divergence
are indicated by blue circles and the corresponding circulation in

unitary mechanistic picture. Notably, the EEOF-based find-
ings provide a framework bridging conventional analyses at
monthly/seasonal scale to the fundamental high-frequency
variability of the CLLJ.

In addition to forcings of regional origin, wider-scale
climate variability modes, namely the MJO and ENSO,
are important contributors to the atmospheric circulation
changes over the Caribbean. Their influence is manifested
as an intensification of the CLLJ throughout the five-pentad
sequence and a lengthening of its life cycle (by up to 10
days), which in turn extends the temporal response of the
air-sea interactions.

An EEOF analysis using the ERA-Interim 925-hPa
winds showed similar patterns and temporal evolution
over most of the domain with those of the CFSR, except
over the Pacific Ocean, where the eastward branch is con-
fined to the eastern tropical Pacific (Fig. S5). Most of the
precipitation and temperature features found in the CFSR
are also present in the other analysed datasets (Figs. 6, S5,
S6 and S7), although with some differences. For instance,
the Central America rainfall dipole is weaker and has a
smaller spatial extension in TRMM than in CFSR, CMAP
does not capture small-scale features due to its low reso-
lution and the thermal low is less pronounced in BEST
than in CFSR. Over the land, the largest precipitation
discrepancies among the analysed datasets occur over the
Yucatan peninsula, the southern tip of Mexico and the
Central American countries, where the topographic con-
figuration (formed by mountain ranges and coastal plains),
the important influence from both ocean basins and the
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Westward pranch (max)

black arrows. A thermal low (L) in northwest Mexico-central US is
shown by a red ellipse. The north Atlantic Subtropical High is col-
oured in orange. During the CLLJ weakening (¢ to ¢ 4+ 2), the intensity
of these related circulation features is reduced

narrowness of the land domain make the estimates of pre-
cipitation highly variable for the different products. An
overestimation from the CFSR anomalies with respect to
the other analysed datasets is also noted. CFSR precipita-
tion has been reported to have a positive moist bias (Lor-
enz and Kunstmann 2012; Sun et al. 2018), mainly due
to inconsistencies of the precipitation minus evaporation
values over both, ocean and land domains.

Finally, the identification of the above links, and in
particular of the factors modulating sub-monthly moisture
transport toward Central America, has important impli-
cations for the predictability of regional rainfall extreme
events, such as flash floods and droughts (Gosling et al.
2011) and of the mid-summer drought experienced in
southern Mexico and the Pacific coast of Central America
(Herrera et al. 2015). Furthermore, a better understand-
ing of the mechanisms underpinning climate variability
in the highly-vulnerable Caribbean region is fundamental
to more robustly quantify future anthropogenically-driven
changes and thus to develop more adequate and plausi-
ble mitigation and adaptation plans to regional climate
change.
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