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Abstract: This study analyzes fluctuations in the atmospheric boundary layer height (aBLH) over a
Caribbean island using hourly measured and model-interpolated data from the 2019-2023 period.
Our focus is the mean structure, diurnal cycle, and aBLH correlation with meteorological parameters
on the leeward coast at Mayaguez (18.2 N, 67.1 W). The mean diurnal cycle of the aBLH increases from
300 m near sunrise (07:00) to 1200 m by 13:00 because of turbulent heating. Summer-time thermal
circulations lead to a 3 °C increase in near-surface dewpoint temperature (Td) that propagates upward
to 3000 m by 16:00. A case study demonstrates how mid-day trade winds turn onshore and generate
significant rainfall and river discharge across the island. The context for this study is provided by a
24 yr cluster analysis that identifies rainfall over the island’s northwest interior driven by upstream
heating. Analysis of linear trends from 1979 to 2023 shows that Td declined by —0.02 °C/yr above
1500 m because of large-scale subsidence. However, cool interior forests transpire humidity and
instill contrasting trends that may amplify climate extremes. A better understanding of entrainment
at the top of the atmospheric boundary layer could be critical for managing future water resources in
Caribbean islands.

Keywords: atmospheric boundary layer height; diurnal cycle; island wake

1. Introduction

The sub-tropical climate is diurnally modulated by net solar radiation > 700 W/ m?
capped by subsidence from marine anticyclones and the Hadley circulation. Marine rainfall
tends to crest before sunrise, while terrestrial rainfall peaks before sunset [1-3]. In the
presence of a large island like Puerto Rico, frictional slowing of trade winds and helical
land-sea breeze circulations alter the airflow and its buoyancy, promoting westward cloud
bands [4-6]. Cascading processes have been revealed by analysis of surface turbulence,
subtropical winds, atmospheric boundary layer height (aBLH), and convective life cycle.
Diurnal heating precedes the moisture response, except under disturbed weather when
morning cloud cover inhibits amplitude. The authors of [7] note that aBLH growth over flat
terrain is associated with local turbulence, whereas advection by thermally driven airflow
becomes important over mountainous terrain.

During quiescent weather and clear skies, the aBLH adjusts in sequence as follows:
(i) stably stratified nocturnal conditions, (ii) sharp growth after sunrise, (iii) turbulent
mid-day convection, and (iv) uneven collapse near sunset. Metrics for the aBLH involve
the depth of surface turbulence estimated by an inflection point in vertical profiles of
aerosol concentrations [8], temperature-humidity indices, and wind velocity. Even the
tallest towers cannot reach the convective aBLH, while weather balloons are too infrequent.
The authors of [9] employed a variety of methods to determine the aBLH. Proxies like the
Richardson number yielded shallow estimates, while indices such as equivalent potential
temperature produced deep values. Wind profiles from radar and commercial aircraft
can identify the aBLH via Ekman turning of surface airflow toward lower pressure [10].
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Technological advances in satellite and in situ passive infrared (IR) and microwave (MW)
profilers and active radars offer new ways to quantify the aBLH [11,12], but these are prone
to rain ambiguities that can be minimized via model diagnostics [13]. It appears that every
method to ascertain how the atmospheric boundary layer responds to heat, moisture, and
momentum fluxes is conditional.

Here, we aim to answer the following scientific questions: (i) how does the aBLH and
Td profile vary over Puerto Rico, (ii) what modulates the aBLH over diurnal, seasonal, and
inter-annual timescales, (iii) what distinguishes the role of local heat fluxes and mesoscale
circulations, and (iv) is meteorological modulation of the aBLH under-represented in
models? Data and methods that bring out the diurnal cycle are described in Section 2.
Section 3 provides statistical results of measured and modeled the aBLH over Puerto
Rico and examples of modulation across various time scales, without explicitly validating
performance. Conclusions are given in Section 4.

2. Data and Methods

Air and dewpoint temperature, the aBLH, surface latent and sensible heat fluxes,
net solar radiation, zonal and meridional wind (U V), vertical motion (W), and rainfall
were evaluated from GPM, CFS2, and ERAS5 products [14-16]. The spatial structure was
analyzed within the following area: 17.2-19.1 N, 68.1-64.9 W. Hourly time series on the
leeward coast at Mayaguez (18.21 N, 67.14 W) in the period 2019-2023 were extracted for
analysis, using methods consistent with [17].

UPRM operates a passive MW profiler at Mayaguez (18.21° N, 67.14° W) to measure
temperature-humidity indices from received signals at 5-6 mm and 10-15 mm [18,19].
The MW absorption lines broaden near the surface to enable vertical profiles from 50 m
to 10 km. Mean hourly profiles and mean diurnal cycles were calculated for dewpoint
temperature (Td) each season over the period March 2023-February 2024. Td was chosen
because it is conserved over the diurnal cycle and only changes in response to kinematic
and thermodynamic processes. Dewpoint temperature is routinely evaluated in radiosonde
profiles and weather forecasts.

Hourly CFS2 and ERAD5 reanalysis data were evaluated for the mean diurnal cycle at
Mayagiiez in the period 2019-2023 (N = 43,830). Box—whisker statistics were calculated to
identify the mean, median, variance, amplitude, and phase over the 24 h cycle. Lag correla-
tions were analyzed between the hourly aBLH and latent and sensible heat flux, net solar
radiation, U wind, and rain, where 95% confidence was reached by r >10.4 |. Hourly data
from the NOAA Mayagiiez harbor weather station (18.22 N, 67.16 W) were evaluated by
calculating the wind frequency distribution and the mean diurnal cycle of zonal wind and
air temperature in 2023. Successive profiles of daily NCEP2 reanalysis Td were evaluated
for synoptic weather pulsing in 2019-2023; this dataset incorporates radiosonde, aircraft,
and satellite measurements (cf. https://space.oscar.wmo.int/gapanalyses?variable=80,
accessed on 1 January 2024).

To place the results in context, an empirical orthogonal function (EOF) cluster analysis
of GPM monthly rainfall from 2000 to 2023 was calculated [20], using WMO-KNMI Climate
Explorer subroutines, to identify the leading modes around Puerto Rico (17.2-19.1 N,
68.1-64.9 W). Principal component time scores for modes one and two were extracted
(PC1, PC2), representing marine and terrestrial clusters, respectively. The mean annual
cycle was evaluated, and PC2 time scores were correlated with a variety of meteorological
fields to understand the inter-annual modulation of summer rainfall over Puerto Rico.
Hannachi et al. (2007) provide a comprehensive review of EOF analysis and its application
to meteorological field data [20].

Background linear trends were computed within NCEP2 wind fields from 1979 to
2023 [21] and in MODIS IR satellite land surface temperature from 2000 to 2023 [22] using
IRI Climate Library subroutines. Linear trends in Td, U, V, and W wind profiles from
1979 to 2023 were evaluated in the layer 1000-600 hPa (04000 m). A case study that
describes the impact of diurnal sea breezes on 9 July 2023 was analyzed using Hysplit
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back-trajectories [23], 5 km resolution Chirp rainfall [24], and NAM wind profiles [25]. The
case study is representative of summer and demonstrates how the aBLH adjusts to weather
conditions around the island. Table 1 outlines the dataset characteristics and indicates
consistency in spatial resolution except for NCEP2, which is relegated to synoptic-scale and
trend analysis.

Table 1. Summary of datasets and horizontal resolution.

Label Description Resolution
CFS2 Climate Forecast System Reanalysis version 2 30 km
Chirp GOES satellite IR rain estimate from cloud temp and duration 5
ERAS5 European Community Reanalysis version 5 25
GPM Global Precip. Measurement satellite-gauge version 7 10
HYSPLIT Hybrid Lagrangian Trajectory model airflow 10
MODIS Moderate Imaging Sensor IR land surface temperature 1
NAM North America Mesoscale model hindcast wind profiles 10
NCEP2 National Center for Environ. Pred. Reanalysis version 2 180

This study aims to understand aBLH modulation in short timescales so that surface—
climate coupling and model projections can be more confidently applied to strategic plan-
ning decisions over long time scales.

3. Results
3.1. Observations and Diurnal Cycling

The ERA5 2019-2023 mean aBLH is mapped in Figure 1a together with winds. A zone of
shallow aBLH oriented 100-280° overlies the island in contrast with upstream aBLH > 750 m.
Diffluent ~090° trade winds of 7 m/s prevail over the sea. The mean annual cycle of aBLH
at Mayaguez (Figure 1b) crests in late winter during sunny weather conditions. In contrast,
cloudy skies in May and September-November underpin a shallow aBLH. The knock-on
effect is that dry spells with high net solar radiation encourage sensible heat flux and surface
turbulence that lead to diurnal growth in the aBLH. Table 2 lists the deepest ranked ERA5
hourly aBLH over the period 2019-2023. Numerous February—April cases reach 1900 m when
trade winds (U—4 m/s) and net solar radiation (700 W/m?) promote sensible heat fluxes >
300 W/m? at 13:00. The island’s dry turbulence is advected toward Mayagiiez, but latent heat
fluxes are minimal (100 W/m?) as upstream vegetation is depleted in late winter.

Table 2. Deepest aBLH and associated heat fluxes, net solar radiation, and zonal wind.

Date Time aBLH S.H.E L.H.E netQs U Wind
25 February 2021 13:00 2027 348 113 841 —5.1
13 April 2022 13:00 1986 411 128 776 —4.1
24 February 2021 14:00 1956 292 130 633 —-3.4
20 April 2019 13:00 1922 431 102 804 —-3.1
20 February 2020 13:00 1919 308 134 807 —4.6
24 March 2023 13:00 1917 379 121 842 —2.4
10 February 2023 13:00 1912 270 160 730 —-59
19 April 2019 12:00 1906 394 100 831 —34
19 February 2019 12:00 1896 261 113 671 —4.8
18 February 2019 13:00 1879 281 142 816 —-3.7
12 February 2023 14:00 1872 331 156 764 —-33

The mean wind profiles at Mayagtiez (Figure 1c) reflect gradients in the surface layer.
Sea breezes oppose the trade winds at 1000 hPa (U = 0), but ERA5 zonal winds reach
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—6 m/s at 850 hPa. The meridional component reflects Ekman turning as follows: —2 m/s
at 1000 hPa, +1 m/s at 925 hPa. Perhaps individual profiles will show a mixed surface layer
capped by an inflection but mean profiles exhibit gradual slopes.

East-west sections of mean zonal wind and rainfall on 18.2 N are illustrated in
Figure 1d,e. Atmospheric convection increases in proportion to the frictional slowing
of trade winds over the island, where dU/dx convergence (—4 x 107> s~1) sustains uplift
after the initial orographic forcing at 65.8 W. The NAM model surface roughness length
exceeds 1 m across the island’s center from 66.2 to 67 W, where undulating ~ 600 m hills
are covered by dense forests. Marine rainfall of 2 mm/day off the east coast doubles over
the western half of the island. Frictional slowing of trade winds enables land-sea breezes
to concentrate afternoon rainfall. The island footprint is brought out in a latitude-height
section of mid-summer mean zonal winds on 67W (Figure 2a). Channelized (U = —10 m/s)
airflow in the layer 350-700 m straddles a near-surface wind shadow (—2 m/s) at 18.2 N.
Venturi acceleration occurs at 17.5 N and 19.0 N, and the island redirects airflow westward.

The wind rose on the leeward coast of Mayagiiez (Figure 2b) indicates that 26% of
the time surface winds are <1 m/s (calm), with 31% from the east (45-135°) and 19% from
the west (225-315°). Northeast winds are frequent but weak compared with southeast
winds. The island wind shadow widens as the Froude number declines [26]. The wind
frequency distribution on the windward coast at San Juan (18.5 N, 66.1 W) is quite different
(cf. Appendix A, Figure Ala). Only 4% of the surface winds are <1 m/s, 79% of the winds
are from the east, and westerlies seldom occur. The synoptic pulsing of the NCEP2 daily
dewpoint temperature profile is presented in Figure 2c. From Dec to Mar each year, dry air
(Td < 5 °C) subsides in the 2000-3000 m layer. In contrast, moisture builds up (Td > 20 °C)
in the 0-500 m layer from July to November. Dry pulsing comes from anticyclonic surges
coupled with the Hadley circulation, while moist pulsing derives from transient easterly
waves and westerly troughs that bring stormy weather.

The mean Td from the MW profiler reflects two regimes (Figure 2d) characterized
by dry conditions from Dec to May and moist conditions from June to November. The
seasonal delay corresponds with surface coupling to sea surface temperatures and vege-
tation transpiration. A noteworthy feature is that the standard deviations of Td tend to
increase with height in the cool dry season but decrease with height in the warm moist
season. Subsidence above 2000 m during the winter—spring season entrains dry air into
the boundary layer, depending on atmospheric stability under the influence of transient
synoptic weather systems.

3.2. Mean Diurnal Cycle and Correlations

In this section, we analyze the mean diurnal cycle at Mayagtiez from 2019 to 2023.
CFS2 sensible and latent heat fluxes (Figure 3a,b) show asymmetrical features wherein
sensible heat flux rises smoothly after sunrise and then dips around 14:00, and latent heat
flux (transpiration) rises gradually after sunrise and then peaks after 14:00. Hence, the
surface fluxes reflect rain—evaporation feedback [27,28] with less dry turbulence and greater
moist turbulence in the afternoon. Heat flux variance grows from 14:00 to 17:00 because
of infrequent convection. The aBLH box-whisker plot (Figure 3c) is somewhat Gaussian
and conforms to net solar radiation. The variance in ERA5 aBLH remains steady across the
diurnal cycle. Rainfall at Mayagtiez is naturally confined to the afternoon hours because
land-breeze divergence inhibits convection at night and early in the morning. There is good
agreement between the ERA5 + CFS2 model rainfall and GPM satellite rainfall, where both
peak at 16:00-17:00. Lag correlations with respect to the Mayagtiez hourly aBLH time series
in 2023 are presented in Figure 4a. A cascade emerges with peak correlation as follows:
r = 0.79 net solar radiation and 0.74 sensible heat flux simultaneously, 0.56 for latent heat
flux at +1 h, and 0.16 for rain at a +3 h delay. The r value of —0.42 for U wind at —4 h
refers to morning trade winds that amplify and advect diurnal heating to the leeward coast.
Auto-correlation resonance is described in Figure 4b, wherein sensible heat flux exhibits
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large steady day/night oscillations, while U wind remains positive with low amplitude
and rain tails off over successive diurnal cycles.
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Figure 1. (a) Map of 2019-2023 mean ERA5 boundary layer height and near-surface wind vectors
(max 7 m/s). The dot is Mayagtiez, and the dashed lines are sections. (b) Mean annual cycle of ERA5
boundary layer height and % cloud cover (inverted red line). (c) Mean profiles of ERA5 U, V wind
components at Mayaguez (m/s). Mean longitude section on 18.2 N of (d) ERA5 zonal wind and
(e) GPM multi-satellite rainfall. Mayagtiez is circled.
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Figure 2. (a) Latitude-height section of ERA5 June-August mean zonal airflow on 67W. (b) Wind
rose 2019-2023 at the NOAA station in Mayagtiez harbor (18.2° N, 67.15° W). (c) Time-height plot of
NCEP2 daily dewpoint temperature over Mayagiiez. (d) Seasonal mean dewpoint temperature from
the MW profiler with standard deviation bars.
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Figure 3. Box-whisker plots of the 2019-2023 mean diurnal cycle: (a,b) CFS2 sensible and latent heat
flux, (c) ERA5 boundary layer height, and (d) ERAS5 + CFS2 rainfall at Mayagtiez compared with
GPM (black line).
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Figure 4. (a) Lag correlation between the aBLH and hourly data at Mayagtiez. (b) Auto-correlation
‘resonance’ of time series N = 8760. Box-whisker plots of June-August 2023 mean diurnal cycle at the
NOAA harbor station: (c) zonal wind and (d) air temperature. Mean diurnal cycle of the dewpoint
temperature from the MW profiler in June-August 2023: (e) at various levels over time and (f) as
hourly profiles and (colored) min/max.

A recent summer was examined for diurnal changes in thermodynamic properties.
The June-August 2023 period was characterized by anticyclonic trade winds, with ~85%
of normal rainfall and fewer storms. The mean diurnal cycle plots of the zonal wind and
air temperature measured at Mayagtiez harbor (Figure 4c,d) reveal amplitude and phase
with some asymmetry. Zonal winds are weak at night at —1 m/s; three hours after sunrise,
turbulent mixing builds momentum. The following weather regimes emerge from the
hourly statistics: anticyclonic trade winds of —3 m/s from 11:00 to 14:00 and thermal sea
breezes of +4 m/s from 13:00 to 16:00. The mean diurnal cycle of air temperature shows
little variance in the night and morning hours, followed by rapid warming from 26 °C to
31 °C from 07:00 to 12:00. Around 16:00 h, the air temperature variance grows to a peak of
3 °C because of sporadic rain showers.
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The diurnal cycles of Td—analyzed from the MW profiler—are presented in Figure 4e.
Td is low and steady during the night and then dips after sunrise as subsidence from
land-breeze divergence reaches the upper boundary layer. Moisture spreads upward from
a height of 1000 m at 13:00 to 3000 m at 16:00. With a mean aBLH of ~1100 m, one might
expect a little diurnal response of Td above that level. However, the MW profiler indicates a
6 °C increase in Td from morning to afternoon at the 2000 m level, as the warm moist layer
deepens. Considering the mean Td profiles by hour (Figure 4f), we note a homogeneous
layer ~22 °C up to 600 m that accords with moist turbulence from the west coast sea breeze.
The mid-day Td profiles show a secondary moist layer of 14 °C at 1400-1700 m associated
with transpiration advected from the interior mountains by trade winds. The minimum
and maximum Td values occur at 08:00 and 12:00, coinciding with the onset and the peak
of the sea breeze, leaving afternoon rain—evaporation feedback as a secondary influence.

3.3. Case Study of Diurnal Cloud Bands

Considering a case study on 8-9 July 2023, we analyzed diurnal weather conditions
to illustrate convective coupling and impacts. Maps of satellite daytime land surface tem-
perature and rainfall are presented in Figure 5a,b. Offshore sea surface temperatures were
29 °C, while the coastal plains warmed above 35 °C. Although interior forests remained
< 25 °C, thermal forcing drew 8 m/s trade winds onshore, where NOAA stations on the
north and south coast registered 13:00 wind directions of 070° and 120°, respectively. Rain-
fall >30 mm extended in a cloud band ~30 km wide from San Juan to Mayagtiez. NAM
wind profiles (Figure 5c) indicated steady 9 m/s east-southeast winds above 1500 m. The
wind shadow at Mayagtiez emerged as a <5 m/s airflow that deepened from 300 m at 06:00
to 1300 m at 15:00.

The station time series (Figure 5d) revealed trade winds during early morning and late
afternoon. However, mid-day was characterized by T > 30 °C from 09:00 to 14:00, inducing
a westerly sea breeze of ~4 m/s. Temperatures dropped 6 °C during rain showers (38 mm)
at 15:00. The aBLH rose from 200 m to 1000 m by noon (Figure 5e). A secondary peak
subsequently collapsed by sunset 18:00. Light winds below the aBLH implied that diurnal
heating conveyed friction upward, modulating the island wake.

One benefit of diurnal cloud bands is streamflow, which sustains water resources during
mid-summer dry spells. In this case, the USGS gauge on the Afiasco River increased from
3 to 15 m3/s by 19:00 (Figure 5e). Elsewhere across the island, river discharge increased 5-fold,
although synoptic weather forcing was weak. The diurnal growth in the aBLH corresponded
to sea breeze convergence. The dewpoint profiles from in situ measurements at Mayagtiez on
9 July 2023 (Figure 5f) confirmed a homogeneous layer 0-600 m of Td ~23 °C and an increase of
1°C/2 h from morning to afternoon in the 1000-2000 m layer. However, the Td profile exhibited
no distinct inflection that might detect an aBLH. We infer the island’s moist turbulence is drawn
into the cloud band, casting aside the trade wind subsidence.

N

| 88T~28C warm day_ 2 wet day
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Ty 185N
T
&

N
Latituda
1eN 185N

Figure 5. Cont.
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Figure 5. Case study of diurnal weather in July 2023. Maps of (a) 8 July satellite land surface
temperature (C) and NOAA coastal winds at 13:00, (b) 9 July daily Chirp rainfall (mm) and daytime
back-trajectories. (c) Profiles of NAM wind profiles and isotachs (m/s). (d) Time series of the NOAA
harbor station air temperature, wind direction (dots), and speed (lower). (e) Time series of ERA5
hourly boundary layer height and local USGS river discharge (lower). (f) MW profiler dewpoint with
hours labeled.

3.4. EOF Analysis

To place the above work in context, we performed an EOF analysis of GPM monthly
rainfall. The outcome has two leading modes illustrated in Figure 6a,b by loading maps as
follows: PC-1 ‘SE marine’, accounting for 70% of the total variance, and PC-2 ‘NW land’, with
17% of the total variance. PC-1 extends from the Caribbean Sea, whereas PC-2 is confined to the
island and has inverse loading over the ocean. The cumulative time scores (Figure 6¢) show how
PC-1 forms a base of rainfall that rises with sea surface temperature in late summer, while PC-2
adds to the island rainfall in early summer. In the period 20112021, PC-2 cloud bands were
of high amplitude. The box-whisker plot of the mean annual cycle for PC-2 (Figure 6d) crests
in April-August and shows high variance in mid-summer. Point-to-field correlations were
calculated with a number of meteorological variables to understand inter-annual modulation
between 2000 and 2023. However, only sensible heat flux gave a significant result (Figure 6e)
with an upstream positive signal, indicating that higher sensible heat flux promotes island cloud
bands in early summer, similar to [29,30]. There was a negative sighal downstream, suggesting
convection over Puerto Rico leaves a westward residual effect.

3.5. Implication of Climatic Trends

Earlier work has detected climate change signals in surface moistening and drying
aloft [31]. A linear trend analysis from 1979 to 2023 was performed to understand how
local symptoms relate to global warming. These are presented as profiles of Td and U V



Atmosphere 2024, 15, 1007

10 of 15

W wind components at Mayagiiez in Figure 7a,b. Td shows little trend at the surface but
increasing desiccation with height, reaching —0.02 °C/yr at 700 hPa (3000 m), thus confirming
previous findings on drying aloft. Vertical motion also shows little trend below 925 hPa but
increasing subsidence aloft —0.03 cm s~!/yr at 600 hPa. Zonal winds at Mayagiiez show a
tendency for increased westerlies near the surface and increased easterlies —0.02 m s/ yr
above 850 hPa. Meridional (V) winds trend northerly —0.02 m s~!/yr from 1000 to 800 hPa
(0-2000 m) and weaken aloft.

Regional analysis of trends in the 1000-850 hPa airflow (Figure 7c) reveals that trade
winds accelerate and swerve equatorward from 23N to 15N. Cool dry Atlantic air is
drawn toward the Caribbean Sea, bringing northerly winds over Puerto Rico. Subsidence is
produced by declining Coriolis value, which desiccates the upper boundary layer. Although
land surface temperature trends from 2000 to 2023 (Figure 7d) show warming along the
south coast (+0.10 °C/yr), interior forests remain cool (—0.05 °C/yr) where summer cloud
bands are frequent (cf. Figure 6b, PC2 cluster). We infer that rain—transpiration feedback
has increased because of rising CO2 concentrations [32], helping to anchor local convection
during mid-summer. Supporting this concept, trends in latent heat flux over western Puerto
Rico are upward +0.5 W m~2 /yr (Appendix A, Figure A1b).
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Figure 6. EOF analysis of monthly 20 km resolution GPM rainfall from 2000 to 2023: (a) PC1 loading,
(b) PC2 loading, (c) respective time scores (stacked), and (d) box—whisker plot of the PC2 mean
annual cycle. (e) Correlation between 25 km resolution ERAS5 sensible heat flux and April-August
PC2 time score, 95% confidencer > 10.41.
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Figure 7. Linear trend analysis from 1979 to 2023: (a) Mayaguez profiles of ERA5 dewpoint tempera-
ture and vertical motion (°C/yr, cm sl yr) and (b) U and V wind (m s~l/ y1). (¢) Trend in NCEP2

regional airflow (m s~!/yr) and (d) trend in MODIS satellite IR daytime land surface temperature
2000-2023 (°C/yr).

4. Concluding Discussion

This research explored the average characteristics and hourly to seasonal changes
in the atmospheric boundary layer height (aBLH) over a Caribbean island, utilizing a
combination of observed and reanalyzed data. Calculations involved long-term averaging,
mean diurnal cycle box-whisker plots, frequency distributions, correlation mapping, EOF
cluster analysis, and a representative case study—underpinned by hourly in situ and
numerically interpolated data. A frictional decrease in easterly winds from 6 to 2 m/s
results in a shallow aBLH and a doubling of rainfall over Puerto Rico. Through statistical
analyses, this study determined the amplitude and phase of the aBLH and its relationship
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with meteorological conditions on the leeward coast (18.2 N, 67.1 W). Similar work was
reported by [33] during summer over a southern Japanese island.

The following answers to our scientific questions emerged from this study: (i) the
aBLH is modulated by net solar radiation, diurnal heat flux, and wind speed, which induce
surface turbulence to varying degrees, (ii) the aBLH varies from year to year because of
upstream sensible heat flux and airflow trajectory, (iii) the island wind wake, sea breeze
convergence, and afternoon convection alter the aBLH on the leeward coast, and (iv) the
island’s footprint of the aBLH is distinguished in the 25 km reanalysis, but quantitative
validation by the in situ MW profiler is outstanding.

The mean annual cycle of the aBLH fluctuates between 500 and 700 m, consistent
with local aerosol profiles (Appendix A, Figure Alc) and the findings of [12,17]. Diurnally
cycled sensible heat fluxes deepen the aBLH from 300 m at 07:00 to 1200 m by 13:00.
Daytime sea breezes >2 m/s converge humidity, as detected by an in situ MW profiler.
Rainfall at Mayagtiez is concentrated at >0.5 mm /h between 14:00 and 18:00 (cf. Figure 3d),
contributing to efficient runoff. The lag correlations with aBLH show a cascade of diurnal
heat to moisture conversion, while auto-correlation resonance is strong for sensible heat
flux but weak for zonal wind (cf. Figure 4b), suggesting under-representation by the 25 km
resolution reanalysis.

This study focused on mid-summer when dry subtropical weather alternates with
locally generated convection. The mean diurnal cycle of Td exhibits a 3 °C increase at a
1000 m height at 13:00 h that spreads upward to 3000 m by 16:00 h. Moisture is entrained
by deep cumulus clouds, as demonstrated in a case study on 8-9 July 2023. Trade winds of
8 m/s turned 30° onshore during mid-day, causing over 30 mm of rainfall in a 30 x 100 km
cloud band, yielding a five-fold increase in river discharge across the island.

Our study was enriched by a 24 yr EOF analysis that distinguished marine and
terrestrial modes of rainfall, the latter supported by upstream sensible heat flux yielding
cloud bands over the western interior. The EOF analysis links long-term climate to short-
term weather. To place this work in the context of climate change, linear trends from
1979 to 2023 were evaluated. The Td profile exhibited a drying trend of —0.02 °C/yr
above 1500 m (cf. Figure 7a) because of large-scale subsidence. However, interior forests
remained cool and supported an upward trend in latent heat flux of 0.5 Wm~2/yr. These
opposing effects have significant implications for water resources and underscore the need
to better understand entrainment processes at the top of the atmospheric boundary layer
and thermal forced helical circulations.
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Appendix A
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Figure Al. (a) Wind rose at San Juan harbor for comparison with Figure 2b. Easterlies (45-135°)
occur 79% of the time with an average speed of 5 m/s in the period 2019-2023. (b) Linear trend in
ERAS5 latent heat flux (W m~2/yr) from 1979 to 2023. (c) Calipso long-term mean aerosol profile over
Puerto Rico based on 532 nm light extinction.
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