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Saharan dust (SD) heavily impacts convective precipitation in the Caribbean. To better understand the role of SD in precipitation
development during the midsummer drought (MSD), an observational campaign, centered at the city of Mayagüez, Puerto Rico
(18.21 N, 67.13W), between 3 June and 15 July 2014, was conducted in order to select a range of atmospheric conditions to be
simulated using the Regional Atmospheric Modeling System (RAMS) cloud resolving model under “no SD” and “SD” conditions.
The events included one dry day with moderate-heavy SD, one localized moderate rainfall event with moderate SD, one island-
wide light precipitation event with heavy SD, and one island-wide heavy precipitation event with light-moderate SD. Model results
show that (1) precipitation results are improved when compared with observation with the presence of SD, (2) precipitation, cloud
fraction, dew point temperatures, and humidity are significantly reduced under SD conditions, (3) precipitation can occur when
SD is removed for a dry day, (4) there is evidence of rain being delayed due to the presence of SD without rainfall intensity or
accumulation increases, (5) liquid mixing ratio increases of up to 1.4 g kg−1 occur in the absence of SD, and (6) vertical wind
increases of up to 0.8m s−1 occur in the absence of SD.

1. Introduction

Investigation of precipitation processes in warm environ-
ments such as the Caribbean is of paramount importance, as
these regions are susceptible to intense precipitation events
that can lead to extreme flooding [1]. Rainfall in the region
is modulated by sea surface temperature (SST), the North
Atlantic High Pressure (NAHP), which guides the trade
winds and modifies vertical wind shear (VWS), and an
intensely dry and dust laden Saharan Air Layer (SAL) that
travels from the African Sahara across the Atlantic Ocean
towards the Caribbean [2].

Characterized as bimodal, Caribbean rainfall peaks in the
early and late rainfall seasons (ERS and LRS) which span
fromMarch to May and August to October, respectively, and
has reduced totals during the midsummer drought (MSD)
which takes place between June and July [3]. The peak of the
MSD depends upon longitudinal location, occurring later at
western sites than at eastern sites [4]. Puerto Rico, which is

located near the longitudinal center of the Caribbean basin,
experiences a peak in the MSD between late June and early
July.

Since SSTs in the Caribbean are within the favorable
temperature threshold for precipitation enhancement during
the MSD, 26.5∘C to 29.5∘C, as specified by Folkins and Braun
[5], the reduction in precipitation is in part attributed to the
presence of the SAL which may extend from 1.5 to 5.5 km in
the vertical, asmeasured by in situ flight campaigns across the
Caribbean [6]. The iron-rich Saharan dust (SD) particles in
the SAL inhibit convective cloud development and enhance
the trade wind inversion [7].

Precipitation climatologies created with global historical
climate network (GHCN) station data and aerosol volume
concentrations measured from the Aerosol Robotic Network
(AERONET) at two sites on the main island of Puerto
Rico including San Juan (18.45N, 66.07W) and Mayagüez
(18.21 N, 67.13W) are presented in Figure 1. There is evidence
of an MSD peak in June at both sites, with larger rainfall
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Figure 1: Monthly precipitation climatology (1979–2014) and
AERONET aerosol volume concentration for various radii at
Mayagüez (2012–2015) and at San Juan (2005–2015). Solid lines
represent precipitation for Mayagüez (grey) and San Juan (black).
Short-dashed plots represent aerosol data for Mayagüez; long-
dashed plots represent aerosol data for San Juan. Rectangular box
encloses the MSD. The precipitation climatology (solid lines) is
shown along with available aerosol particle size distribution (PSD)
data (dashed lines).

reductions during the MSD in San Juan than in Mayagüez,
which are both located on the leeside of the central mountain
range that readily produces precipitating orographic clouds
and also experience confluent convection, which produces
double the amount of precipitation on the western coast
compared to the eastern upstream coast [8].The precipitation
climatology is shown alongwith available aerosol particle size
distribution (PSD) data, which shows evidence of an increase
in particles with radii between 0.439 and 2.241 𝜇mduring the
MSD.

Jaenicke and Schütz [9] observed that SD radii may range
from less than 0.5 to 50 𝜇m or larger. Although this is within
the range of effective cloud condensation nuclei (CCN), work
by Li-Jones et al. [10] has shown that SD is not effective CCN
up to a humidity level of 83%. If however sulfur gas and
calcium coat the dust, SDmay becomemore hygroscopic and
promote droplet growth [11]. Although dust coating is not
addressed in this paper, this could facilitate the enhancement
of cloudmicrophysical processes including condensation and
collision coalescence.

It has been estimated that 20 percent of the SD from
a dust storm originating in western Africa may reach as
far as the eastern Atlantic Ocean, while four percent of the
total dust amount may reach all the way to the western
Atlantic [12]. Dust measurements taken during the July 2000
Puerto Rico Dust Experiment (PRIDE, [13]), some 8 million

tons, equaled about one-fifth of the total deposit for that
year. With these amounts of SD in the atmosphere, it is
possible that reduced precipitationmay be better explained as
suppression—the momentary reduction in precipitation that
can lead to intense precipitation events if the cloud-aerosol
system elevates to an atmospheric level with temperatures low
enough to freeze water droplets. Freezing enhances precipi-
tation because water vapor condenses onto ice particles more
easily than onto liquid water droplets and can increase the
rate of autoconversion. Storm clouds can contain updrafts
so strong that melted ice particles near the surface can be
pulled back up into the cloud and refreeze. This process can
be repeated a number of times, leading to the formation of
large, layered hailstones.

While the presence of SD can impact convection in
the marine layer, it does not act alone to modify airflow.
When the VWS, defined as the wind gradient between two
different atmospheric pressure levels, is low, convection is
enhanced and the development of rain producing storms
is likely to occur [14]. VWS can be weakened due to
cumulus penetration by vertical momentum transport and
strengthened due to baroclinicity increases, for example, an
atmosphere, in which density dependence on temperature
and pressure increases [4]. The west coast of Puerto Rico is
a particularly interesting case study during heavy dust days,
as the rain reducing effect of the dust competes with the
precipitation enhancement and VWS reducing effect of the
sea breeze/trade wind convergence.

As SD appears to be a major influencing factor in
Caribbean precipitation, this paper focuses on the impacts
of SD on convection and precipitation over western Puerto
Rico during the MSD. The western coast often experiences
convergence episodes between the trade winds and surface
heating induced westerly sea breeze, producing intense local-
ized late afternoon storms on the western part of the island
during the summermonths. Also noted as a large contributor
to the Puerto Rican water cycle is the production of rain from
orographic clouds that form over the central mountain range.
National Weather Service (NWS) radar data for precipitation
totals during June and July 2014 in Figure 2 reveals higher
monthly accumulations over El Yunque (18.32N, 65.78W),
which is at the extreme east, and west of Arecibo (18.38N,
66.63W) along the central axis of the island (18.21 N) than at
other areas on the island.

This work combines modeling efforts with local obser-
vations to improve understanding of SD impacts on local
convective processes. A west coast field campaign centered at
the western city of Mayagüez was conducted to attain in situ
data via radiosondes along with data from a three-channel
light detection and ranging (LIDAR) setup, a ceilometer,
NWS NEXRAD, and AERONET measurements between
3 June and 15 July 2014. The observations were used to
support experiments conducted with the Regional Atmo-
spheric Modeling System (RAMS) under “SD” and “no SD”
conditions. Events simulated with RAMS were selected on
the basis of ensuring that a range of relevant atmospheric
conditions were investigated, including localized and island-
wide precipitation events (17 June and 11 July, resp.), light-
moderate days with aerosol optical thickness (AOT) values
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Figure 2: Total accumulated precipitation over Puerto Rico for June and July 2014.

below 0.5 and heavy SD days with AOT values above 0.5
(12 and 17 June, resp.), and at least one dry day with no
precipitation occurring across the island (7 July 2014).

Given the effect of increased concentrations of aerosols
with low solubility on precipitation and convection, the
authors hypothesize that changes in SDwill modify precipita-
tion and associated dynamical processes including dew point
temperature and wind speed and direction in the planetary
boundary layer (PBL). From this stance, the fundamental
science questions to be investigated in this paper are as
follows: (1) To what degree do aerosols and SD impact
convection and precipitation in warm environments? (2)Can
the presence of SD delay warm precipitation, resulting in
more intense cold precipitation hours later?

The paper will unfold as follows; methods and data
are described in Section 2, results for the observations and
numerical simulations are presented in Section 3, and a
discussion and conclusions follow in Section 4.

2. Methods

Thework outlined in the previous section requires a descrip-
tion of the events to bemodelled and the preparation and syn-
chronization of multiple instruments and data from different
sensors/sources. The instruments and data are described in
the next subsection, followed by an explanation of the RAMS
model configuration.

2.1. Radiosondes and AERONET. On specified days,
radiosondes were launched from the roof of one of the
buildings at theUniversity of Puerto Rico,Mayagüez Campus
(UPRM) at either 0800 AST to coincide with launches at
the NWS, 1100 AST to capture the late morning instability
of the atmosphere, or 1500 AST to capture the afternoon
sea breeze. The radiosonde launch schedule and campaign
rain/SD particulars for each day are listed in Table 1. As
AERONET sun photometers (CIMEL Electronique 318A)
operated during daytime, they could often retrieve column
averaged AOT [15] during radiosonde flights. PSD may

be calculated via inversion of multiwavelength AOT, as
described by Dubovik and King [16] and Otero et al.
[17]. The AOT product was collected for the 15 campaign
days over Mayagüez (18.20N, −67.14W), La Parguera
(17.97N, −67.04W), and Barbados (13.16N, −59.49W) where
available. AOT values between 0 and 0.1 represented low
SD concentrations, values between 0.1 and 0.3 represented
moderate SD, values between 0.3 and 0.5 represented
moderate-heavy SD, and values above 0.5 represented heavy
SD. In addition, PSDs over Mayagüez and La Parguera were
attained for 12 June 2014, 17 June 2014, 7 July 2014, and 11 July
2014 for input into RAMS.

To achieve this end, PSDs were converted from volume
distributions into number concentrations via the following
equation from [18]:

𝑑𝑉

𝑑 (log 𝑟)
= 𝑉 (𝑟) ∗

𝑑𝑁

𝑑 (log 𝑟)
, (1)

where
𝑑𝑁

𝑑 (log 𝑟) (2)

is the density number log-normal distribution and

𝑑𝑉

𝑑 (log 𝑟) (3)

is the volume distribution obtained from AERONET. The
volume of each particle (assumed spherical) is

𝑉 (𝑟) =
4𝜋
3
∗ 𝑟

3
, (4)

such that
𝑑𝑁

𝑑 (log 𝑟)
=

3
4𝜋𝑟3
∗
𝑑𝑉

𝑑 (log 𝑟)
. (5)

SD concentrations were approximated via comparison
of the PSD distributions for low and high AOT days. For
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Table 1: Radiosonde launches.

Radiosonde date and time Maximum height Rain (Mayagüez) Dust Final location
03 June 0800 AST 24162m Trace Light Yauco
12 June 1100 AST 21461m Trace Moderate Lares
14 June 1100 AST 24595m None Moderate-heavy Lares
16 June 0800 AST 23239m None Moderate-heavy Yauco
17 June 1100 AST 22036m Trace Heavy Lares
21 June 1100 AST 22576m Moderate-heavy Trace Maricao
24 June 1100 AST 25361m Trace Trace Ocean (∼20 km west of Mayagüez)
30 June 1100 AST 20902m Heavy Moderate Maricao
1 July 0800 AST 25558m Heavy Light Cabo Rojo
3 July 1100 AST 15556m Heavy Trace Cabo Rojo
7 July 0800 AST 21183m None Light-moderate Añasco
8 July 1100 AST 22996m Moderate Light Rincón
11 July 1100 AST 24551m Heavy Moderate Rincón
12 July 1100 AST 20296m Moderate Moderate Añasco
15 July 1500 AST 23392 None Light Moca

Table 2: CCN, GCCN, and SD concentrations.

Day CCN radius CCN concentration GCCN radius GCCN concentration SD radius SD concentration
(𝜇m) (per cm−3) (𝜇m) (per cm−3) (𝜇m) (per cm−3)

12 June .1129 226 2.241 3.017 2.241 2260
17 June .1129 191 5.061 0.804 5.061 1915
07 July .1129 226 1.708 10.359 1.708 2260
11 July .1129 104 2.241 1.418 2.241 1040

extremely low AOT days (values lower than 0.05), it was
assumed that no SD was in the atmosphere. Compared to
SD concentrations, concentrations for cloud condensation
nuclei (CCN) with radii less than or equal to 1𝜇m and giant
CCN (GCCN) with radii larger than 1𝜇m exhibited a scale-
down factor of 10. In other words, very high AOT days (above
0.5) produced number concentrations 10 times higher than
for extremely low AOT days. Results for median radii and
concentrations of CCN/GCCN/SD are displayed in Table 2.
The sun photometer is the only instrument in this work that
operated continuously during the daytime hours. All other
instruments were synchronized to collect data at the instant
the radiosondes were launched.

2.2. LIDAR and Ceilometer. Three-channel LIDAR data (355,
532, and 1064 nm) was collected for every campaign date
except 3 July 2014, since precipitation occurred at the time
the radiosonde was launched. LIDARwas operated for one to
two hours per day, synchronized with radiosonde ascension.
In addition to the three-channel LIDAR system, a Vaisala
manufactured CL51 ceilometer employing pulsed diode laser
LIDAR technology at 910 nm is also implemented.

2.3. Satellite, NWS Radar, and GHCN Stations. To determine
SD path, coverage, and intensity, images taken by a geo-
stationary meteorological satellite operated by the European
Organization for the Exploitation of Meteorological Satellites
(EUMETSAT) under the Meteosat Transition Programme

(MTP) and theMeteosat SecondGeneration (MSG) program
were analyzed. NWS total daily accumulated precipitation
radar data at 4 km spatial resolution was also collected.
To validate both NWS radar data and RAMS precipitation
results, 57 island-wide GHCN stations were included in
order to track precipitation totals. The GHCN sites and their
locations are shown in Figure 4(a). Important sites include
Mayagüez (M), Lares (L), Arecibo (AR), Adjuntas (AD), San
Juan (SJ), La Parguera (LP), and El Yunque (EY).

2.4. Rams Modeling. RAMS version 6.1.1 [19] is used to
simulate four campaign events under “SD” and “no SD”
conditions. The model domain includes two nested grids
at 5 and 1 km horizontal grid spacing, respectively. Each
simulation has 35 vertical levels, the long time-step is 30 s, and
the short time-step is 5 s. North American Regional Reanal-
ysis (NARR) data [20] at 32 km resolution is assimilated
to provide initial and boundary conditions, with boundary
conditions updated every 3 hours.

Surface processes were parameterized using the Land
Ecosystem-Atmosphere Feedback model (LEAF-3, [2]), a
RAMS submodel that evaluates energy and water budgets
at the surface. Sea surface temperature (SST) was derived
from the Smith and Reynolds Extended Reconstruction Sea
Surface Temperature (ERSST v3b, [21]). SST values, which are
normally updated on amonthly basis, were assumed constant
for the short duration of the simulations conducted herein.
The Mahrer and Pielke [22] scheme was used for short and
long wave radiation due to low cloud top heights during the
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Figure 3: RAMS simulation setup flow chart for PSD ingestion.

days selected for simulation. For grid 2, an explicit cloud
microphysics scheme [19] is used.

The two-moment microphysical scheme includes all cat-
egories of water in the atmosphere and predicts hydrometeor
mass mixing ratio and number concentrations for nine
possible aerosol species, of which the important ones for
this study include submicrometer sulfate, supermicrometer
sulfate, submicrometer mineral dust, and supermicrometer
mineral dust. Each species has a characteristic solubility
with dust nearly fully insoluble, salt nearly fully soluble,
and sulfate-based particles varying over the scale. There are
discrete distribution bin size ranges for each represented
median radius in the Lagrangian parcel model and in the
lognormal distribution representation.

Aerosol median radii and concentrations of the PSDs
attained from AERONET via (1) through (5) were ingested
into RAMS as input variables and updated when available.
Values of the PSD inputs are shown in Table 2. Variable
initiation files for each run were then created, and the model
simulations were initiated. A diagram of the simulation setup
process is shown in Figure 3. 12 and 17 June were short
events lasting less than 3 hours, while the dry 7 July event
was considered a 24-hour event and 11 July produced rain
intermittently over a 15-hour period. All events were run
for 24 hours. Past simulations using National Center for
Environmental Prediction (NCEP, [23]) data have shown

Puerto Rico GHCN stations and their elevations (m)
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Figure 4: Sites and locations over Puerto Rico. (a) GHCN weather
station locations and important city sites. Mayagüez (M), Lares (L),
Arecibo (A), Adjuntas (AD), San Juan (SJ), and El Yunque (EY)
are denoted by the letters M, L, AR, AD, S, and Y, respectively.
(b) Radiosonde launch and termination points. The black circle
with the green “x” denotes the radiosonde launch site, black circles
with orange crosshatching denote the 0800 AST launch termination
points, black circles with black crosshatching denote 1100 AST
termination points, and the black circle with blue crosshatching
denotes the 1500 AST termination point.

Table 3: RAMS ensemble.

Simulation ID Date SD
1 12 June 2014 No
2 12 June 2014 Yes
3 17 June 2014 No
4 17 June 2014 Yes
5 07 July 2014 No
6 07 July 2014 Yes
7 11 July 2014 No
8 11 July 2014 Yes

that RAMS precipitation can lag observations by 6 hours or
more [24]. With the NARR data updating the simulations
every three hours, this lag dissipates.The complete numerical
ensemble is shown in Table 3.
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Figure 5: (a) Skew-T plots for heavy SD days over Mayagüez. (b) Skew-T plots for 0800 AST (3 and 16 June 2014 and 1 July 2014) launches
over Mayagüez and San Juan.

3. Results and Discussion

After describing the results of the campaign, the atmospheric
conditions for 12 and 17 June 2014 and 7 and 11 July 2014will be
presented. Results for the RAMS simulations will then follow.

3.1. Observational Results. One radiosonde failed to collect
data between 0.1 and 2 km (24 June 2014), while all others

were able to transmit data to the ground station for the
durations of their respective flights. All terminated within
a 36 km radius from the initial launch point in Mayagüez
(Figure 4(b)). Nine radiosondes fell east of the launch point,
three fell less than 5 km west, and three more fell over
10 km west. Investigation of the vertical wind structure
attained from the radiosondes shows that the sea breeze
reached upwards of 9m s−1. Low level temperature inversions
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Figure 6: LIDAR returns. Color scale represents signal intensity.

between 1 and 4 km are identified during heavy andmoderate
SD days and indicate convective instability in the PBL. Skew-
T diagrams for the 16, 17, and 30 June 2014 UPRM launches
are presented in Figure 5(a), while the 0800 AST NWS and
UPRM radiosonde launches are shown in Figure 5(b). This
provides evidence that the western side of the island is more
humid than the eastern side.

LIDAR imagery in Figure 6 shows high aerosol intensity
for the 1064 nmwavelength during heavy SD episodes (16, 17,
and 30 June 2014), corroborated with Meteosat imagery (not
shown). The 355 and 532 nm wavelengths show less activity
during heavy SD episodes. Cloud heights attained from
LIDAR backscatter plots coincide withmeeting points of dew
point and environmental temperature lines on the skew-T
diagrams previously discussed and presented in Figure 5 and
ranged from 1.5 to 3.5 km during campaign.

AOT measured at the La Parguera (when available) and
MayagüezAERONET sites during the campaign yielded 1 day

with AOT values between 0 and 0.1 (low SD concentrations),
4 days with values between 0.1 and 0.3 (moderate SD concen-
trations), 4 days with values between 0.3 and 0.5 (moderate-
heavy SD concentrations), and 6 days with values above 0.5
(heavy SD concentrations). AOT at the Barbados AERONET
site east of Puerto Rico shows higher values of AOT than in
Mayagüez and La Parguera for 73% of the launches possibly
suggesting dissipation of the SD concentration as the dust
travels westward.

Between 3 June and 15 July 2014, there were 13 precipita-
tion events which produced at least 38mmof rain over at least
10% of the island according to GHCN station data and NWS
radar. Eight of the events were local events concentrated over
western Puerto Rico, and the remaining five were island-wide
events (with four events having higher totals on the west than
in the east). NWS radar for total accumulated precipitation
over Puerto Rico during June 2014 shows that the western
side of the island tended to have higher rainfall accumulations
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Figure 7: Total accumulated precipitation from RAMS (shaded) compared with NWS radar (contours).

than the east during this period. The synoptic setup for the
RAMS modeled events is described below.

3.1.1. 12 June 2014 (Localized Moderate Rain, Moderate-Heavy
SD). This rainfall event lasted three hours, concentrated on
the western side of the island, with the orographic effect
evident along the central mountain range band (18.20N
latitude). The highest total accumulated precipitation was
observed in Lares (18.30N, 66.88W), a total of 107mm.At the
eastern edge of the island, the convective available potential
energy (CAPE) was 644 J kg−1 as measured by the 0800 AST
NWS radiosonde, indicating a stable, dry atmosphere with
a low likelihood of thunderstorms. The average AOT in the
column as measured from the Barbados AERONET site was
0.584. Westward, the 1064 nm LIDAR wavelength indicates
light dust in the vertical column. The atmosphere was more
humid than in the east, the CAPE was 950 J kg−1 at 1100 AST,
and the VWS between 850 and 700mb and between 850 and
500mb were 2 and 0.556 s−1, respectively. The average AOT
over Mayagüez was 0.324.

3.1.2. 17 June 2014 (Island-Wide Light Rain, Heavy SD). A
precipitation event on this day lasted four hours with light

to moderate rainfall concentrated southwest and northeast.
The highest total accumulated rainfall was observed south
of Adjuntas (18.16N, 66.72W), a total of 57mm. At the
eastern edge of the island, the CAPE was 1261 J kg−1, and the
atmosphere was dry from 850 to 400mb.The average AOT in
the column as measured from the Barbados AERONET site
was 1. Westward, the 1064 nm LIDAR wavelength indicates
heavy dust presence between the surface and 4 km. The
western atmosphere was more humid than in the east, the
CAPE was 627 J kg−1 at 1100 AST, and the VWS between
850 and 700mb and between 850 and 500mb were 2.7 and
0.79 s−1, respectively. The average AOT over Mayagüez was
0.726.

3.1.3. 7 July 2014 (Island-Wide Dry, Heavy SD). There was no
precipitation over the island on 7 July 2014. The surface pres-
suremap indicates northeasterly flow into the island at nearly
constant pressure. The atmosphere is dry throughout the
column, although the CAPE is 1492 J kg−1 at 0800 AST. VWS
between 850 and 700mb and between 850 and 500mbwere 2
and 1, respectively. Eastern VWS values were only calculated
for this case because the 0800 AST NWS radiosonde launch
coincideswith thewestwardUPRM launch.The averageAOT



Advances in Meteorology 9

12 June 2014
0100 AST 1100 AST

17 June 2014
0100 AST 1100 AST

0100 AST 1100 AST
11 July 2014

0100 AST 1100 AST

18.9∘N

18.7∘N

18.5∘N

18.3∘N

18.1∘N

17.9∘N

17.7∘N

17.5∘N

18.9∘N

18.7∘N

18.5∘N

18.3∘N

18.1∘N

17.9∘N

17.7∘N

17.5∘N

6
7
.8
∘ W

6
7
.1
∘ W

6
6
.5
∘ W

6
7
.8
∘ W

6
7
.1
∘ W

6
6
.5
∘ W

6
7
.8
∘ W

6
7
.1
∘ W

6
6
.5
∘ W

6
7
.8
∘ W

6
7
.1
∘ W

6
6
.5
∘ W

6
7
.8
∘ W

6
7
.1
∘ W

6
6
.5
∘ W

6
7
.8
∘ W

6
7
.1
∘ W

6
6
.5
∘ W

6
7
.8
∘ W

6
7
.1
∘ W

6
6
.5
∘ W

6
7
.8
∘ W

6
7
.1
∘ W

6
6
.5
∘ W

SD
No SD

Surface winds

7 July 2014

Figure 8: RAMS generated wind barbs near the surface at two different times (0100 and 1100 AST) for all runs. Black barbs denote SD results,
and red barbs denote no SD results.

over Barbados was 0.258. Westward, the 1064 nm LIDAR
wavelength indicates heavy dust between the surface and
1 km. The atmosphere was more humid than in the east, the
CAPEwas 1800 J kg−1 at 0800AST, and theVWSbetween 850
and 700mb and between 850 and 500mbwere 0.6 and 1.7 s−1,
respectively. The average AOT over Mayagüez was 0.512.

3.1.4. 11 July 2014 (Island-Wide Heavy Rain, Light-Moderate
SD). On 11 July, 2014 rain fell on andoffover a 15-hour period.
While rainfall was island-wide, precipitation totals surpassing
150mm occurred in San Juan and in the northwest region
enclosed within the region bounded by 18.30N–18.60N and
68.00W–67.40W. The CAPE was 2212 J kg−1, indicative of
a high possibility of thunderstorm occurrence. The average
AOTover Barbadoswas 1.335.Westward, the 1064 nmLIDAR

wavelength indicates heavy dust between the surface and
2 km. The CAPE was 2635 J kg−1 at 1100 AST, and the VWS
between 850 and 700mb and between 850 and 500mb
were −0.67 and 0.89 s−1, respectively. The average AOT over
Mayagüez was 0.226. The fourfold decrease of AOT in the
west compared with the eastern value is attributed to reduced
dust in the PBL after the occurrence of rain.

3.2. Rams Simulations. All RAMS simulations produced the
general spatial orientation of observed total accumulated pre-
cipitation attained fromNWS andGCHN stations (Figure 7).
Runs with no SD produced higher precipitation totals and
tended to aggregate storm cells that were initially separate.
The 12 June 2014 control run (with SD) produces rain
along the central mountain range. When SD is removed,
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Figure 9: RAMS generated dew point temperature differences between SD and no SD run for 12 June 2014 (a), 17 June 2014 (b), 7 July 2014
(c), and 11 July 2014 (d).

precipitation over mountain range increases. The 17 June
2014 control run produced precipitation along the west-
ern edge of the central mountains. Two cells of moderate
rain are connected by a low precipitation band (less than
10mm), in agreement with NWS radar. Removal of the SD
again increases precipitation accumulation and broadens the
rainfall area. Orography plays a large role in the 12 and 17
June 2014 events. If the model topography were modified in
such a way that the mountains were removed, less rainfall
for these two events would be likely. For the 7 July 2014
event, the model control run (with SD) produces light rain

in the northeast of the island despite a lack of precipitation
according to NWS and GHCN data. When SD is removed,
precipitation is increased 10-fold. The 11 July 2014 control
run produces heavy precipitation (over 80mm) at the north
central andnorthwestern areas.The removal of SD in this case
extends the precipitation northward,∼25 km into theAtlantic
Ocean. This leads to an analysis of the winds, as any change
can alter storm position and sea breeze strength.

Figure 8 shows wind barbs near the surface at two differ-
ent times (0100 and 1100 AST) for all runs. This plot captures
the beginning of the sea breeze formation and reveals that the
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Figure 10: RAMS generated cloud fraction differences between SD and no SD runs for 12 June 2014 (a), 17 June 2014 (b), 7 July 2014 (c), and
11 July 2014 (d).

SD presence impacts winds between 0100 and 1100 AST in all
cases. Note that winds are modified in all cases here, not only
for the moderate-heavy dust events. Dew point differences
between SD and no SD runs in Figure 9 show definitive
evidence that the presence of SD reduces dew point tempera-
ture averaged in the PBL at locations with high precipitation
(Figure 7). Under conditions of comparable environmental
temperature, dew point temperature decreases along with
reduced convection due to sea breeze hindrance reducing the
possibility of rainfall. A direct impact of these is a reduction
in cloud coverage.The cloud fraction differences between SD

and no SD runs shown in Figure 10 are consistent with the
previous observation and are indicative of inhibited cloud
formation during extreme dust episodes.

Vertical wind difference averages between “no SD” and
“SD” in Figure 11 show changes at the locations of rainfall for
each run. Increases and decreases along the 18.21 N latitude
are shown for 17 June 2014, whereas, for 11 July 2014, increases
of vertical winds (0.4–0.8m s−1) over the central location of
the storm are shown, with decreases on the outer perimeter.
Smaller changes are shown for the 12 June 2014 and 7 July 2014
cases. Figure 12 reveals the details of vertical wind differences



12 Advances in Meteorology

12 June 2014 vertical wind difference “no SD, SD”
18.9∘N

18.7∘N

18.5∘N

18.3∘N

18.1∘N

17.9∘N

17.7∘N

17.5∘N
67.1∘W 66.5∘W67.8∘W

17 June 2014 vertical wind difference “no SD, SD”

67.1∘W 66.5∘W67.8∘W

0.6

0.5

0.4

0.3

0.2

0.1

0

−0.1

−0.2

−0.3

−0.4

−0.5

−0.6

7 July 2014 vertical wind difference “no SD, SD”
18.9∘N

18.7∘N

18.5∘N

18.3∘N

18.1∘N

17.9∘N

17.7∘N

17.5∘N
67.1∘W 66.5∘W67.8∘W

11 July 2014 vertical wind difference “no SD, SD”

67.1∘W 66.5∘W67.8∘W

0.6

0.5

0.4

0.3

0.2

0.1

0

−0.1

−0.2

−0.3

−0.4

−0.5

−0.6

(a) (b)

(c) (d)
(m

s−
1
)

(m
s−

1
)

Figure 11: RAMS generated PBL (from the surface to 6000m) averaged vertical wind differences over the duration of the events for SD and
no SD cases for 12 June 2014 (a), 17 June 2014 (b), 7 July 2014 (c), and 11 July 2014 (d).

between “SD” and “no SD” cases within the PBL for the case
of Mayagüez, showing lower updrafts with the presence of
SD by 1m s−1 until approximately 1300 AST, when updrafts
increase and are higher in the presence of SD thanwith no SD
present by 3–5m s−1.These convection patterns are attributed
to early and late near-surface temperature differences and a
rainfall suppression effect caused by increased dust concen-
trations. Although there is delay of rain here, this does not
lead to intensified cold rainfall that is caused by the ascension
of the cloud-aerosol system. This is in part attributed to the
low solubility of the SD and also to warm temperatures in

the PBL of the tropical atmosphere, which do not facilitate
droplet freezing.

Figure 13 shows that the presence of the SD decreases
moisture in the environment, resulting in a drier atmosphere
such that clouds formed due to orographic effects and from
coastal convergence donot have enoughwater vapor available
to promote droplet growth amongst the multitudes of SD
present. 12 June 2014 mixing ratio difference plots between
“SD” and “no SD” indicate changes of up to approximately
−1.2 g kg−1 over the west, with small +0.4 g kg−1 zones along
the 18.21 N latitude. 17 June 2014 mixing ratio difference
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Figure 12: RAMS generated vertical wind (w) differences at Mayagüez between SD and no SD for 12 June 2014 (a), 17 June 2014 (b), 7 July
2014 (c), and 11 July 2014 (d).

plots between “SD” and “no SD” runs reveal moisture
decreases between 18.21 N and the south coast (17.9N) of up to
−1.2 g kg−1 and increases along the northern between 18.21 N
and the north coast (18.5N) of up to +0.4 g kg−1. There is
also an area at 65.7W with increases of 1.2 g kg−1. Decreases
of −1 g kg−1 are shown for 7 July 2014 at the northwestern
coast, with smaller decreases off of the western coast and
inland. For 11 July 2014, the mixing ratio decrease ranges
from −0.2 to −1.4 g kg−1 from the southwest to the entire
north coast. Increases of +0.2 are shown inland and off the
northern and western coasts. Moisture decrease in aerosol
rich environments may be attributed to the competing effects
of CCN/GCCN for moisture availability, a process that has
been documented for the Caribbean [24] and elsewhere [25].

4. Conclusion

We revisit the fundamental science questions pursued by
this work: (1) To what degree do aerosols and SD impact
convection and precipitation? (2) Can the presence of SD
delay warm precipitation, resulting in more intense cold
precipitation hours later?

The RAMS study provides information regarding the
degree of aerosols/SD impact on convection and precipitation
and whether the presence of SD delays warm precipitation
resulting in more intense cold precipitation hours later. Here,
there is no evidence of intense thunderstorms forming due
to reduced rates of autoconversion, as other studies such as
Carrió et al. [26] and Hosannah and González [27] have
discussed. The authors attribute the lack of deep convection
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Figure 13: RAMS generated PBL averaged mixing ratio differences for 12 June 2014 (a), 17 June 2014 (b), 7 July 2014 (c), and 11 July 2014 (d).

to the fact that the clouds were warm and mainly of low
level, which reduces the likelihood of colder ice particles
forming and colliding/coalescing with the warmer droplets.
Also, buoyancy is key to the development of deep convective
storms, and CAPE during the measurement period was not
high enough to produce severe deep moist convection. In
order to test this hypothesis further, deep convective tropical
precipitation events will need to be investigated.

In summary, this work encompasses an observational
and modelling investigation into the impacts of dust on
precipitation in coastal tropical environments. A campaign
that included radiosonde launches, LIDAR, AERONET, and
Ceilometer data was run for the western side of the island

of Puerto Rico during the MSD season. Analysis of the data
shows that (1) total accumulated daily rainfall for the period
ranged from 0 to 140mm with the heaviest precipitation
concentrated on the western side of the island with clouds
generally developing at a base between 1.5 and 3.5 km, (2) dust
was captured via LIDARup to 4 kmwith heavy dust shielding
clouds and producing less precipitation over Mayagüez than
light dust by as much as 50%, (3) sea breeze intensity
reached 9ms−1, impacting precipitation formation in after-
noon storms when converging with easterlies, and (4) the
west and east produced similar environmental temperature
fields, while the west produced higher moisture than the
east.
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Model results show the following. (1) Dust intrusion
decreases the total accumulated precipitation and breaks
large storm cells into smaller ones. (2)When dust is removed
for a dry day, precipitation can occur. In the case of 7 July 2014,
the “no SD” rainfall is attributed to convergence between the
westerly sea breeze and easterly trade winds. (3)While there
is evidence of rain being delayed due to the presence of dust,
there is no increase in rainfall intensity or totals.This is likely
due to the cloud levels being too low and toowarm to produce
ice particles. (4) Mixing ratio increases of up to 1.4 g kg−1
occur in the absence of SD, and (5) vertical wind increases
of up to 0.8m s−1 occur in the absence of SD, but not for all
cases.

As the concepts surrounding this investigation are aimed
towards building on previous works, there are some impor-
tant aspects to consider. The modelling effort is supported
with an observational analysis based on a 15-day campaign.
More campaign data is required to conclusively elucidate how
the presence (or lack of) of dust combines with SSTs, the
NAHP, VWS, and other contributors to Caribbean precipi-
tation modulation to modify rainfall on a seasonal basis. The
results of this study show that data from in situ and remote
sensors utilized together with modelling provides pertinent
information about the impacts of SD on convection and pre-
cipitation in a coastal tropical environment. In addition, the
inclusion of observed PSD data improves precipitationmodel
results. While PSD ingested from point sources improved
modelling results for the current work, grid based satellite
derived PSD will be an optional improvement for future
works.
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