
1. Introduction
As oceans cover 71% of the global surface area, the characterization of marine regions in terms of their 
meteorological features and atmospheric chemistry is essential for a better understanding of air quality, 
climate, and the hydrological cycle. Remote marine areas influenced predominantly by natural aerosols 
are of particular interest as climate model uncertainties in aerosol radiative forcing depend on knowledge 
of pre-industrial aerosol conditions that were negligibly impacted by anthropogenic sources (Carslaw 
et al., 2010, 2017; Regayre et al., 2020). However, many islands in remote marine regions are not without 
anthropogenic influence (Smirnov et al., 2002), and such sites provide important natural laboratory settings 
to investigate aged plumes originating from sources such as fires, dust, and urban emissions. Although 
not pristine (Holben et al., 2001; Smirnov et al., 2002), the western North Atlantic Ocean (WNAO; defined 
here as 25–50°N and 60–85°W) has been extensively studied with the ship and airborne field campaigns 
as it represents an oceanic basin receiving aerosol and gas inputs from North Africa, East Asia, North, and 
Central America, Europe, and the ocean itself (Sorooshian et al., 2020). Field studies are short-lived owing 
to the logistical challenge of conducting them over long periods of time. The island of Bermuda therefore 
emerged as a critically important location for atmospheric research with the installation of a number of 
surface measurement sites. Datasets available for Bermuda afford the opportunity to characterize aerosols 
over a long-term period that is not possible with shorter intensive operational studies.

Approximately, 146 past studies were reviewed in a recent publication relevant to atmospheric research over 
Bermuda, with the majority of them devoted to aspects of atmospheric chemistry (Sorooshian et al., 2020). 
This island site is distinct from others such as in the Pacific Ocean basin owing to more pollution emanat-
ing from different seasonally dependent continental sources (Anderson et al., 1996; Arimoto et al., 2003; 
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Exponent (440/870 nm) = 0.95, fine mode fraction = 0.51, asymmetry factor = 0.72 (440 nm) and 0.68 
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(December–February) was characterized by high sea salt optical thickness and the highest aerosol 
extinction in the lowest 2 km. Extensive precipitation over the WNAO in winter helps contribute to the 
low FMFs in winter (∼0.40–0.50) even though air trajectories often originate over North America. Spring 
and summer had more pronounced influence from sulfate, dust, organic carbon, and black carbon. 
Volume size distributions were bimodal with a dominant coarse mode (effective radii: 1.85–2.09 µm) and 
less pronounced fine mode (0.14–0.16 µm), with variability in the coarse mode likely due to different 
characteristic sizes for transported dust (smaller) versus regional sea salt (larger). Extreme pollution 
events highlight the sensitivity of this site to long-range transport of urban emissions, dust, and smoke. 
Differing annual cycles are identified between AOD and cloud droplet number concentrations, motivating 
a deeper look into aerosol–cloud interactions at this site.
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Galloway et al., 1989; Holben et al., 2001; Moody et al., 1995; Smirnov et al., 2002; Wolff et al., 1986). This is-
land is approximately 1050 km east of Cape Hatteras (North Carolina, USA), being ∼2 km wide and ∼30 km 
long. The population as of 2016 was ∼64,000 (Government of Bermuda, 2019), with transported pollution 
significantly outweighing locally generated emissions in governing the atmospheric composition over the 
island (Galloway et al., 1988). Aside from gas and aerosol measurements, wet deposition samples demon-
strate the influence of North American air masses in the form of elevated trace metals, SO4

2−, and NO3
− 

(Galloway et al., 1983; Jickells et al., 1982); that result not only highlights the sensitivity of this island to 
long-range transport but motivates research in Bermuda to gather insights into aerosol–cloud interactions 
as the chemical signature of continental plumes are evident in surface precipitation. Much can be learned 
about these interactions, which account for the largest uncertainty in global anthropogenic radiative forc-
ing (IPCC, 2013), at a location such as Bermuda where there is a natural aerosol background but with the 
possibility of episodic perturbations associated with long-range transport.

One of the longest records of data from Bermuda capable of providing monthly statistics of aerosol prop-
erties is from the NASA AErosol RObotic NETwork (AERONET) (Holben et al., 1998). Previous research 
using AERONET data over Bermuda was limited to studying short time periods such as a few months 
(Aryal et al., 2014; Smirnov et al., 1998, 2000) and/or focused more on remote sensing retrieval and model 
assessment (Ahmad et al., 2010; Smirnov et al., 2003). The most relevant study to ours examined AERONET 
data at Bermuda between March 1996 and December 1999 (Smirnov et al., 2002). The goal of this work is to 
couple more recent and longer-term AERONET data from Bermuda to complementary datasets to address 
the following issues: (i) what are the characteristic monthly properties and relationships between aerosols, 
meteorology, and atmospheric flow patterns?; (ii) what are the regional monthly variations in cloud droplet 
number concentrations in relation to aerosol and wet deposition properties; and (iii) what are features of 
extreme pollution events in four different seasons at Bermuda? Results from this study are put into broader 
context via comparison to past studies involving similar types of data for Bermuda (Holben et al., 2001; 
Horvath et al., 1990; Kim et al., 1990; Korotaev et al., 1993; Smirnov et al., 2002). Findings from this work 
are not specific to just Bermuda but are broadly relevant to remote marine regions impacted by long-range 
transport of pollution, with implications for climate, air quality, cloud processes, and biogeochemical cy-
cling of nutrients and contaminants.

2. Data and Methods
Table 1 provides an acronym summary and dataset details, which are briefly described below. Daily average 
values of data parameters are used for calculations.

2.1. Datasets

2.1.1. AERONET

One of the main motivations of using Bermuda as the anchor point of this analysis as a representative 
remote ocean site is that it offers long-term remote sensing data of aerosols from surface monitoring sites 
associated with AERONET (Holben et al., 1998; http://aeronet.gsfc.nasa.gov/). Level 2 daily data used here 
are cloud screened and quality assured (Eck et al., 1999; Holben et al., 2001) based on the Version 3 algo-
rithm (Giles et al., 2019). Data are taken from the following three sites: Bermuda (32.37° N, 64.70° W) from 
February 2000 to December 2002, Prospect Hill (32.30° N, 64.77° W) from February 2005 to April 2006, and 
Tudor Hill (32.26° N, 64.88° W) from December 2007 to April 2012. Aerosol optical depth (AOD) values at 
500 nm were converted to 550 nm by using a second-order polynomial fit of AOD retrieval data at differ-
ent wavelengths (Eck et al., 1999). This conversion allows for a more direct comparison to MERRA-2 data 
at 550 nm. Uncertainties in AOD are reported to be <0.02 (Dubovik et al., 2000; Eck et al., 1999). Other 
relevant aerosol parameters used from AERONET include fine mode fraction (FMF), extinction Ångström 
exponent (AE) at 440/870 nm, asymmetry factor (ASY) at four wavelengths (440, 675, 870, 1020 nm), and 
volume size distributions (VSDs).
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Parameter Acronym Data source Level Resolution Date range Spatial area

Aerosol optical depth AOD AERONET 2 Hourly 03-Feb-2000 05-Apr-2012 See Section 2.1.1

Fine mode fraction FMF AERONET 2 Daily 03-Feb-2000 05-Apr-2012 See Section 2.1.1

Angstrom exponent (440–870 nm) AE AERONET 3 Daily 03-Feb-2000 05-Apr-2012 See Section 2.1.1

Asymmetry factor ASY AERONET 3 Daily 03-Feb-2000 05-Apr-2012 See Section 2.1.1

Volume size distribution VSD AERONET 3 Daily 03-Feb-2000 05-Apr-2012 See Section 2.1.1

Surface aerosol composition Fort Prospect Station 01-Sep-1989 31-May-2011 64.77°W; 32.30°N

Surface wet deposition composition Fort Prospect Station 01-Jul-1989 31-Oct-2012 64.77°W; 32.30°N

Cloud drop number concentration Nd CERES-MODIS 2 Daily 01-Jan-2013 31-Dec-2017 64°–65°W; 32°–33°N

Total and speciated aerosol optical thickness AOT MERRA-2 4 Hourly 01-Jan-2000 31-Dec-2012 64.375°–65°W; 
32°–32.5°N

Dust AOT MERRA-2 4 Hourly 01-Jan-2000 31-Dec-2012 64.375°–65°W; 
32°–32.5°N

Sea salt AOT MERRA-2 4 Hourly 01-Jan-2000 31-Dec-2012 64.375°–65°W; 
32°–32.5°N

Black carbon AOT MERRA-2 4 Hourly 01-Jan-2000 31-Dec-2012 64.375°–65°W; 
32°–32.5°N

Sulfate AOT MERRA-2 5 Hourly 01-Jan-2000 31-Dec-2012 64.375°–65°W; 
32°–32.5°N

Organic carbon AOT MERRA-2 4 Hourly 01-Jan-2000 31-Dec-2012 64.375°–65°W; 
32°–32.5°N

Temperature (10 m) T MERRA 4 Daily 01-Jan-2000 31-Dec-2012 64°–66°W; 32°–32.5°N

Relative humidity RH MERRA 4 Daily 01-Jan-2000 31-Dec-2012 64.375°–65.625°W; 
31.875°–33.125°N

Planetary boundary layer height PBLH MERRA 4 Daily 01-Jan-2000 31-Dec-2012 64°–66°W; 32°–32.5°N

Vertical aerosol extinction CALIPSO Daily 14-Jun-2006 31-Dec-2012 62.790°–66.790°W; 
30.299°–34.299°N

Precipitation PERSIANN Daily 01-Mar-2000 31-Dec-2012 64.5°–65°W; 
32.25°–32.75°N

Back-trajectory HYSPLIT N/A 01-Jan-2000 31-Dec-2012 64.66°W; 32.36°N

Additional acronyms

Western North Atlantic Ocean WNAO

December–January–February DJF

March–April–May MAM

June–July–August JJA

September–October–November SON

Ratio of average radius weighted by 
geometrical cross-sectional area

Reff

Mean logarithm of the radius R

Geometric standard deviation σ

Cloud condensation nuclei CCN

Sea salt SS

Black carbon BC

Organic carbon OC

Table 1 
Summary of Acronyms and Data Products Used in this Study, Including Data Parameter Name, Date Range of Data Collection, and Spatial Area Examined
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2.1.2. Surface Aerosol and Wet Deposition Samples

Co-located aerosol and wet deposition sampling was conducted at an ambient air quality monitoring station 
located at Fort Prospect in the center of Bermuda (32.30° N, 64.77°W) on the second-highest point on the 
island (63 m ASL) (https://doi.org/10.6084/m9.figshare.13651454.v1). As shown in Table 1, sampling was 
conducted between 1989 and either 2011 (aerosol) or 2012 (wet deposition); the use of data across a wider 
range than the other datasets is not considered an issue as the analysis focuses on monthly and seasonal 
trends that are not expected to change using a wider time range. Total suspended particle samples were 
collected on 47 mm diameter PTFE filters (Zefluor, pore size 1.0 μm, Pall Scientific) using a custom-built 
sampling system. The sampling flow rate was ∼15 L min−1. Aerosol samples were exchanged at the same 
time (+/− 1  h) on a daily basis, Monday through Friday, with composite samples being collected over 
weekends (i.e., Friday a.m. to Monday a.m.). Thus, all aerosol samples are of 24 or 72 h duration. Following 
sampling, the PTFE filters were sealed in clean polypropylene test tubes and frozen at −4 °C until analysis. 
After thawing, the filters were wetted with 140 μL methanol (residue grade, Burdick & Jackson) and extract-
ed with 12 mL ultra-high purity water (Milli-Q) by sonication for 1 h, followed by storage overnight at 4 °C. 
Rainwater was collected following any events that provided sufficient volume for analysis, using automatic 
wet-dry precipitation samplers (Aerochem Metrics model 301 or Loda Electronics NADP samplers). Rain-
fall amount and volume of sampled water were recorded and aliquots were taken for immediate determina-
tion of specific conductivity and pH. Sub-samples for major ion analysis were stored in unused and cleaned 
250 mL HDPE plastic bottles, preserved with 0.5 mL of chloroform, and stored at 4 °C.

Prior to 2010, anions were analyzed using a Dionex DX 100 model ion chromatograph and metallic cations 
were analyzed using a Perkin-Elmer AAnalyst 800 model spectrophotometer. After 2010, major ions in aer-
osol extracts and rainwater were determined in parallel using dual ion chromatography (IC). Anions were 
analyzed using a Dionex ICS-1600 IC equipped with an IonPac AS14A-5μm analytical column and AG14 A 
guard column, with 8 mM sodium carbonate and 1 mM sodium bicarbonate eluent. Cations were analyzed 
using a Dionex ICS-1500 IC equipped with an IonPac CS16 analytical column and CG16 guard column, 
with 47 mM methanesulfonic acid eluent. A comprehensive suite of replicate analyses, methods, and sam-
ple blanks were employed, and certified reference materials AES-05 Acid Rain Water and TROIS-94 River 
Water (Environment Canada) were used for QA/QC purposes. The focus of the aerosol and wet deposition 
data is sea salt tracer species (Cl− and Na+) and non-sea salt (nss) SO4

2−.

2.1.3. CERES-MODIS

Daily cloud drop number concentrations (Nd) were estimated (Grosvenor et al., 2018) using Aqua MODer-
ate resolution Imaging Spectroradiometer (MODIS)-based cloud effective radius, cloud optical depth, and 
temperature from Level 3 data (1 ° × 1 ° grid resolution) using an adiabatic framework documented in 
Painemal (2018). We used the Single Scanning Footprint daily product of the Cloud and the Earth's Radiant 
Energy System Edition 4 (CERES-MODIS; https://ceres.larc.nasa.gov/data/) (Minnis et al., 2011, 2020) ob-
tained between 2013 and 2017 for the region encompassed by 31–34°N and 63–66°W surrounding Bermuda; 
although these data represent a different time period than other data used, the annual cycle is expected to 
be unaffected, which is our primary focus. We remove grids with cloud fraction <30% to minimize remote 
sensing artifacts in highly heterogeneous clouds scenes and more likely to be affected by clear-sky contam-
ination (Painemal et al., 2013); cloud fraction values were obtained from the same CERES-MODIS Level 3 
dataset for low-level liquid clouds with cloud top pressure >700 hPa.

2.1.4. MERRA and MERRA-2

Data from the Modern Era-Retrospective Analysis for Research and Applications (MERRA-2; https://
disc.gsfc.nasa.gov/) are used for total and speciated aerosol optical thickness (AOT) at 550 nm (Bosilovich 
et al., 2015; Gelaro et al., 2017; Randles et al., 2017). Aerosol reanalysis products used from MERRA-2 are 
described elsewhere (Buchard et al., 2017; Randles et al., 2017). The speciated AOTs are for dust, sea salt, 
sulfate, organic carbon, and black carbon. Data for meteorological parameters (temperature, relative hu-
midity, planetary boundary later height) are additionally used from MERRA (Rienecker et al., 2011).
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2.1.5. CALIPSO

Vertical aerosol extinction profiles (532 nm) were obtained from the Cloud-Aerosol Lidar with Orthogonal 
Polarization (CALIOP) sensor onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tions (CALIPSO) satellite (Vaughan et al., 2009; Winker et al., 2009). We use day and nighttime 5 km aerosol 
profile data (version 4.20; Level 2) between 14 June 2006 and 2031 December 2012 (https://subset.larc.nasa.
gov/calipso/). CALIPSO made a total of 410 daytime and 403 nighttime overpasses during that time frame 
in a 4 ° × 4 ° domain (62.790°–66.790°W and 30.299°–34.299°N) with Bermuda situated near the middle. 
We followed the guidance of Tackett et al. (2018) to apply quality control to Level 2 data with the following 
differences: (i) no aerosol layers were rejected based on data at 80 km resolution; and (ii) we did not exclude 
any detected clear-air samples with an aerosol layer base <250 m.

2.1.6. Precipitation

Surface precipitation data were obtained from the Precipitation Estimation from the Remotely Sensed In-
formation using Artificial Neural Networks (PERSIANN: https://chrsdata.eng.uci.edu/) product (Nguyen 
et al., 2019). PERSIANN is a satellite-based precipitation retrieval algorithm that uses an artificial neural 
network model to convert infrared brightness imagery into rain rates (Hsu et al., 1997).

2.1.7. Air Mass Trajectory and Chemical Transport Modeling

The NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model provided air mass 
back-trajectories (Rolph et  al.,  2017; Stein et  al.,  2015). National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) reanalysis data were used in conjunction with 
the “Model vertical velocity” method to generate 96 h back-trajectories starting every 6 h with an ending 
altitude of 0.5 km above Bermuda's ground level. This ending altitude has been used in similar types of stud-
ies examining aerosol characteristics for other regions (Crosbie et al., 2014; Mora et al., 2017; Sorooshian 
et al., 2011). Monthly back-trajectory density plots were generated for the period between January 2000 and 
December 2012 using TrajStat (Wang et al., 2009).

For extreme event analysis (Section 2.2), it was important to use chemical transport modeling to identify 
the predominant aerosol types(s) impacting Bermuda. For this purpose, we use both MERRA-2 and the 
Navy Aerosol Analysis and Prediction System (NAAPS) (Lynch et al., 2016; https://www.nrlmry.navy.mil/
aerosol/), the latter of which relies on meteorological information from the Navy Global Environmental 
Model (NAVGEM) (Hogan et al., 2014). NAAPS is helpful for the identification of air mass types such as 
dust and smoke (e.g., Braun et al., 2020; Mardi et al., 2018; Maudlin et al., 2015; Schlosser et al., 2017; Wells 
et al., 2007; Xian et al., 2013).

2.2. Extreme Event Analysis

We examine the nature of anomalously high AOD days (i.e., extreme events). These days were identified 
based on daily AOD values from AERONET exceeding the average plus two times the standard deviation 
of AOD for that particular month when using all years of available data. AERONET was used in favor of 
other products such as MERRA-2 or MODIS as it is considered here to be the most reliable data product for 
AOD above Bermuda. The same type of criteria has been utilized in previous studies over the southwest U.S. 
(Lopez et al., 2016) and Mediterranean regions (Gkikas et al., 2009). These criteria resulted in days selected 
with AOD values exceeding the 94th percentile of AOD for each month. While we identified 71 extreme 
events, we select one representative case study for each of the four seasons. Both HYSPLIT and NAAPS 
were used as independent datasets to confirm the same air mass source region for each extreme event, with 
the latter used along with MERRA-2 to determine the predominant aerosol types.

3. Results and Discussion
3.1. Meteorology and Atmospheric Circulation

The transport patterns (Figure 1) and meteorological context (Figure 2) of Bermuda are discussed first. 
Previous work has already summarized environmental and flow conditions impacting Bermuda (Sorooshi-
an et al., 2020 and references therein). One of the main climatological features over the WNAO region is 
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the anticyclone, or Bermuda High, that develops most strongly in the summer with a flow pattern leading 
to easterly winds south of ∼25°N that eventually turn north and flow southwesterly along the U.S. East 
Coast north of 25°N. Flow is centered around this subtropical anticyclone between May and November near 
Bermuda, with the other months being characterized more by westerly/northwesterly flow patterns (Mer-
rill, 1994). Miller and Harris (1985) used multiple years of air back-trajectory data to show that North Amer-
ican outflow directly impacted Bermuda 60% of the time and that high precipitation periods were coincident 
with southeasterly and southwesterly winds. Past work suggested that the three characteristic sources im-
pacting Bermuda were Saharan dust, North American air, and pure Atlantic air (Reddy et al., 1990; Smirnov 
et al., 2000). Our HYSPLIT data analysis reveals features consistent with the aforementioned studies based 
on monthly trajectory density plots (Figure 1). The period between October and May exhibits the highest 
density of trajectories coming from North America. In contrast, June through September showed more air 
transported from the southwest and southeast of Bermuda.

Figure 2a shows that near-surface temperature is lowest between December and April ranging from month-
ly median values of 17.8 °C–19.9 °C, with the minimum value in February. The highest monthly median 
temperatures were between July and September (26.6 °C–27.2 °C), peaking in August. Relative humidity 
(RH) generally followed a similar monthly trend as temperature, with the lowest median values in the 
colder months between October and April (72.6%–76.8%), with the minimum monthly value in Decem-
ber (Figure 2b). The highest median RH values were between June and August (82.2%–84.1%). Monthly 
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Figure 1. HYSPLIT back-trajectory density plots for each month, based on 240 h trajectories simulated every six h using the HYSPLIT reanalysis model 
(“global, 1948 to present”) for the period between January 2000 and December 2012. The color bar is in logarithmic format and represents the number of 
back-trajectories passing through a particular pixel; while the color bar maximum value is set to 300 to view spatial variations better, the actual maximum value 
ranged from 2301 (February) to 4381 (August). Bermuda is denoted with a black marker and radiolabeled in the January panel.
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median rain accumulation varied from 505 mm in April to 1635 mm in September (Figure 2c). Galloway 
et al. (1993) reported that frontal and convective rains are responsible for the majority of precipitation in 
Bermuda, which is the case for the entire WNAO region (Sorooshian et al., 2020). Subtropical storms most 
frequently impact Bermuda in September and October (Guishard et al., 2007), which is evident in Figure 2c. 
Planetary boundary layer height (PBLH) exhibited its highest and lowest median values between November 
and January (1030–1065 m) and May and July (464–607 m), respectively (Figure 2d). It is not expected that 
PBLH will have a significant influence on the remotely sensed aerosol data, which are based on colum-
nar values rather than boundary layer measurements that are more sensitive to PBLH (e.g., Dadashazar 
et al., 2019; Hersey et al., 2015; Hilario et al., 2020).

3.2. Aerosol Characteristics

3.2.1. Aerosol Optical Depth

There was a pronounced annual cycle in AERONET AOD with the highest monthly median values between 
March and August (0.10–0.14) with a peak in May (Figure 3a). In contrast, AOD exhibited its lowest median 
value (0.07) in November and January. The highest monthly standard deviations were observed between 
May and August (0.09–0.11). As will be shown, these months are most sensitive to episodic pollution events 
such as from dust and smoke. Many studies have shown that African dust reaches not just Bermuda but the 
southeast U.S. and areas like Barbados most frequently in the summer (Aldhaif et al., 2020; Arimoto, 2001; 
Muhs et al., 2012; Prospero, 1999; Prospero & Landing, 2009; Zuidema et al., 2019). Evidence of biomass 
burning reaching Bermuda in the summer was provided by Mead et al. (2013). The period between March 
and August exhibits the following features that can contribute to heightened AOD based on Figures 1 and 2: 
(i) highest monthly mean RH values leading to aerosol swelling via aerosol hygroscopic growth; (ii) lack 
of temporal overlap with the rainiest months, which would serve to reduce aerosol concentrations via wet 
scavenging; (iii) enhanced temperatures promoting secondary aerosol formation via gas-to-particle con-
version processes; and (iv) long-range transport from both North America and to the southwest/southeast 
where a dust transport corridor resides stemming mainly from North Africa.

ALDHAIF ET AL.

10.1029/2020JD034038

7 of 24

Figure 2. Monthly statistics for (a) MERRA temperature at 10 m above the displacement height, (b) MERRA relative humidity (RH) at 1000 hPa, (c) 
PERSIANN rain accumulation, and (d) MERRA planetary boundary layer height. Whiskers are the monthly range, red lines represent the median, and the top 
and bottom of the box represent the 75th and 25th percentile, respectively.
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Table 2 provides context for this study's AOD values by comparisons with older studies in Bermuda and 
other regions. Of note is the global average of 0.12 from the Max-Planck Aerosol climatology (MACv2) 
(Kinne,  2019), which exactly matches that from the Bermuda AERONET dataset on an annual basis 
(0.12 ± 0.08). A review of historical ship measurements over various marine regions reported AOD values 
between 0.07 and 0.12 (Smirnov et al., 2002). Earlier work reported AOD to be 0.14 for Bermuda and 0.13 
at Ascension Island, which were nearly twice as high as values for Pacific Ocean island sites owing to fre-
quent influence from smoke, dust, and urban aerosols at the Atlantic sites (Holben et al., 2001; Smirnov 
et al., 2002). As expected, AOD values are much higher, often exceeding 1, at sites closer to strong pollution 
sources such as Beijing and in smoke and dust plumes.

3.2.2. Fine Mode Fraction and Ångström Exponent

Fine mode fraction exhibited an annual mean of 0.51 ± 0.18 with relatively similar monthly median values 
throughout the year (0.40–0.56) with the exception of a higher value in June (0.68) (Figure 3b). The highest 
single daily was 0.98 (June), whereas the lowest daily value was 0.11 (February). The DJF months exhibited 
the lowest monthly median values (0.40–0.52), which along with some of the lowest AOD values suggest 
that there was (i) reduced influence from upwind continental outflow containing fine particles, (ii) more 
enhanced regional marine emissions (e.g., coarse sea salt), and (iii) reduced hygroscopic growth consistent 
with the lowest RH values. One way to reconcile the lack of fine particulate pollution and enhanced density 
of trajectories coming from North America in DJF is that the highest cloud fractions and precipitation occur 
in DJF over the WNAO (Painemal et al., 2021), and thus there may be extensive wet removal of transported 
aerosols from North America. MERRA-2 data over the WNAO region (2014–2018) shows that the highest 
sea salt AOTs occur in DJF and SON, with the lowest values in JJA (Corral et al., 2021), consistent with our 
FMF results.

The Ångström exponent (AE) parameter provides insight into the size of aerosols, with results expectedly 
(Eck et al., 2010) pointing to similar features as FMF (Figure 3c). The annual mean value was 0.95 ± 0.39. The 
maximum monthly median value was in June (1.16) just like FMF, with the highest daily value being 1.86 in 
that same month. The lowest monthly median values were in DJF (0.62–0.87), whereas MAM (0.76–1.06) and 
JJA (0.78–1.16) had the highest median values. Values reported in other studies (Table 2) indicate that values 
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Figure 3. Same as Figure 1 but for AERONET products: (a) AOD, (b) fine mode fraction, (c) Ångström exponent (440/870 nm), and (d) asymmetry factor for 
440, 675, 870, and 1020 nm (in order from left to right in each month's panel). Whiskers are the monthly range, red lines represent the median, and the top and 
bottom of the box represent the 75th and 25th percentile, respectively.
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Region Aerosol optical depth References

Bermuda 0.12 ± 0.08 This study

Global average, Max-Planck Aerosol climatology 
(MACv2)

0.12 Kinne (2019)

Bermuda 0.14 Holben et al., 2001, Smirnov et al. (2002)

Ascension Island 0.13 Smirnov et al. (2002)

Pacific Ocean Islands (Tahiti, Nauru, Lanai) 0.07–0.08 Smirnov et al. (2002)

Bermuda (shipboard measurements) 0.08 Korotaev et al. (1993)

Himalayan Foothills haze event 2.25 Alam et al. (2018)

Zambia, Brazil, Maryland, Moldova smoke episodes ∼2 Eck et al. (2003)

Lahore/Karachi (Pakistan) pollution events > 1 Iftikhar et al. (2018)

Beijing, China > 1 Bi et al. (2014), Che et al. (2015), Yu et al. (2016)

Indo-Gangetic plains dust storms > 0.6 Prasad and Singh (2007)

Norway Arctic haze 0.122 Herber et al., 2002

Marine regions, historical ship measurement 
review

0.07–0.12 Smirnov et al., 2002

Ångström Exponent

Bermuda 0.95 ± 0.39 This study

Bermuda 0.93 Smirnov et al. (2002)

Ascension Island 0.6 Smirnov et al. (2002)

Pacific Ocean Islands (Tahiti, Nauru, Lanai) 0.43–0.76 Smirnov et al. (2002)

Remote Atlantic 0.84 Hoppel et al. (1990)

Atlantic air masses 1 Reddy et al. (1990)

North American air masses 1.15 Reddy et al. (1990)

North Atlantic air 0.99 Villevalde et al. (1994)

North Atlantic air: continental polar/maritime 
arctic/maritime polar

1.27/0.96/1.23 Smirnov et al. (1995)

Kanpur, India < 0.55 to > 1.1 Eck et al. (2010)

Saharan air masses 0.37 ± 0.18 Reddy et al. (1990)

Smoke air masses 1.1–2.1 Eck et al. (2003)

Asymmetry factor

Bermuda 0.72 (440 nm), 0.69 (675 nm), 0.68 (870 nm), 0.68 
(1020 nm)

This study

Global average, Max-Planck Aerosol climatology 
(MACv2)

0.7 (550 nm) Kinne (2019)

U.S. East coast 0.7 (550 nm) Hartley and Hobbs (2001)

Saharan dust 0.72–0.73 (500 nm) Formenti et al. (2000)

Brazil biomass burning 0.54 (550 nm) Ross et al. (1998)

Central India dust and biomass burning 0.45–0.49 (550 nm) Jose et al. (2016)

Western, central, and eastern Europe 0.57–0.61 (520–550 nm) Pandolfi et al. (2018)

Springtime Arctic haze events 0.81 (862 nm) Herber et al. (2002)

Summer background conditions in Norway 0.62 (862 nm) Herber et al. (2002)

Western Siberia 0.72 (340 nm), 0.6 (1020 nm) Zhuravleva et al. (2013)

Table 2 
Summary of Values for Aerosol Optical Depth, Ångström Exponent, and Asymmetry Factor From This and Other Studies
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reported here are in general agreement with past measurements over Bermuda and the remote North Atlan-
tic, but in excess of those observed at Pacific Ocean islands (0.43–0.76) and Ascension Island (0.6) (Smirnov 
et al., 2002). While there was some seasonal variability at Bermuda owing to the shifting relative influence 
of fine and coarse aerosols (seasonal means ranging between 0.69 [DJF] and 1.05 [JJA]), seasonal differenc-
es are not as significant as continental sites closer to emissions sources of anthropogenic fine aerosols and 
coarse dust such as Kanpur, India (<0.55 to >1.1) (Eck et al., 2010). Values of AE for Saharan air masses are 
reported to be 0.37 ± 0.18 (Reddy et al., 1990), which is relevant as Saharan air can reach Bermuda especially 
in summer months when AE values reach as low as 0.20 such as in July. In terms of smoke aerosols, which 
could possibly reach Bermuda (Mead et al., 2013), past work has shown AE values ranging widely from 1.1 
to 2.1 with differences associated with fine mode particle size and contrasting composition (Eck et al., 2003).

Past studies have used a combination of AOD, FMF, and AE values to categorize air masses into types (Che 
et al., 2015; Kumar et al., 2014, 2015; Pace et al., 2006; Sharma et al., 2014) such as “clean fine” (AOD < 0.1, 
AE > 1, FMF > 0.7), “polluted fine” (AOD > 0.1, AE > 1, FMF > 0.7), “clean coarse” (AOD < 0.1, AE < 1, 
FMF < 0.3), and “polluted coarse” (AOD > 0.1, AE < 1, FMF < 0.3) (Sorooshian et al., 2013). Kaskaoutis 
et al.  (2007) defined “desert dust” as occurring when AOD > 0.3 and FMF < 0.6, “clean marine” when 
AOD < 0.2 and FMF < 0.7, and “urban/industrial” as when AOD > 0.2 and FMF > 0.8. As values in this 
study fall into intermediate areas not covered by the aforementioned criteria, Bermuda can best be thought 
of as a “mixed maritime” site as already proposed by Smirnov et al. (2002). While these classifications are 
based on large dataset statistics, Section 3.4 will demonstrate that Bermuda experiences strong aerosol per-
turbations that can qualify as either “polluted fine” or “polluted coarse” based on the criteria above.

3.2.3. Asymmetry Factor

The ASY is a critical intensive aerosol property relevant to the aerosol phase function and more broadly for di-
rect aerosol radiative forcing calculations (Andrews et al., 2006; Boucher, 1998; Delene & Ogren, 2002; Russell 
et al., 1997). Its value describes how well aerosols can scatter light in the forward direction relative to back-
wards, with values theoretically ranging from −1 (only backscattering) to 1 (only forward scattering) and val-
ues of 0 corresponding to uniform scattering. A value of 0.7 is common in radiative transfer models (Pandolfi 
et al., 2018) and is the global mean reported as part of the MACv2 aerosol climatology (Kinne, 2019). Similar 
to AE, ASY depends on the size distribution, shape, and composition of aerosols (Pandolfi et al., 2018).

In our analysis, we examine ASY values at four wavelengths (440, 675, 870, 1020 nm) since insights can be 
gained by comparing different wavelengths (Alam et al., 2014, 2018; Bibi et al., 2016; Yu et al., 2016). De-
pending on the wavelength, there were varying monthly profiles, with the range in monthly median values 
being as follows (Figure 3d): 0.71–0.74 with an annual mean of 0.72 ± 0.03 (440 nm), 0.66–0.71 with an 
annual mean of 0.69 ± 0.04 (675 nm), 0.65–0.72 with an annual mean of 0.68 ± 0.05 (870 nm), 0.66–0.72 
with annual mean of 0.68 ± 0.05 (1020 nm). Higher (lower) values were typically observed in DJF (JJA) at 
the highest wavelengths and especially at 1020 nm. The higher relative contribution of sea salt to the VSDs 
in DJF (shown in subsequent sections) is consistent with the highest ASY in that season.

Values for Bermuda are fairly similar to those reported for other regions at various wavelengths (Table 2), 
including 0.7 (550 nm) for the U.S. East Coast (Hartley & Hobbs, 2001). Past studies suggest that a decreas-
ing trend in ASY with increasing wavelength owes to aerosols being predominantly smaller in size (Alam 
et al., 2014, 2018; Bibi et al., 2016; Yu et al., 2016). The seasonal reduction in median ASY values from 440 
to 1020 nm in this study was only 0.02 for DJF, MAM, and SON, whereas it was 0.05 for JJA mostly due to 
an abnormally high value of 0.74 at 440 nm in August. These reductions are not as pronounced as the previ-
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Table 2 
Continued

Region Aerosol optical depth References

Lahore, Pakistan 0.78 (440 nm), 0.62 (1020 nm) Alam et al. (2018)

Karachi, Pakistan 0.74 (440 nm), 0.63 (1020 nm) Alam et al. (2018)

Tsukuba, Japan 0.585 (550 nm) Uchiyama et al. (2014)

Abbreviations: DJF, December–January–February; MAM,  March–April–May; JJA,  June–July–August; SON, September–October–November.
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ously mentioned studies (Alam et al., 2014, 2018; Bibi et al., 2016; Yu et al., 2016), which presumably is due 
to the higher relative abundance of sea salt at Bermuda compared to sites closer to sources of fine anthro-
pogenic aerosols. At fixed AOD, fine particles have been shown to exhibit lower ASY values as compared to 
coarse particles (Bi et al., 2014). In addition, Uchiyama et al. (2014) showed that higher ASY values coincide 
with more contributions from larger particles such as sea salt.

3.2.4. Volume Size Distributions

AERONET provides VSDs using 22 logarithmically equidistant discrete radii between 0.05 and 15 µm. AER-
ONET-based literature recommends a radius of 0.6 µm to separate the fine and coarse modes (Dubovik 
et al.,  2002; Schuster et al.,  2006). Seasonal VSDs were bimodal on average with peaks in both the fine 
and coarse modes (Figure 4). Although the median distributions show one pronounced peak in volume 
concentration in both the fine and coarse modes, the two modes were quite broad suggestive of numer-
ous sources. During DJF and SON, the most prominent fine and coarse mode peaks occurred at radii of 
0.11–0.15 and 3.86–5.06 µm, respectively, with associated median total/fine/coarse volume concentrations 
being 0.05/0.01/0.04  and 0.04/0.01/0.03 µm3 µm−2. For both MAM and JJA, the fine mode peak was simi-

larly between 0.11 and 0.15 µm but with the coarse mode peak shifted to 
smaller sizes (2.24–2.94 µm). The highest median volume concentrations 
of any season were during MAM, with total/fine/coarse values being 
0.06/0.01/0.04  µm3 µm−2. The JJA season exhibited median total/fine/
coarse volume concentrations of 0.04/0.01/0.02 µm3 µm−2.

Table  3 compares size distribution parameters for the fine and coarse 
modes, including effective radius (Reff: ratio of average radius weighted 
by geometrical cross-sectional area), volume median radius (R: mean log-
arithm of the radius), and geometric standard deviation (σ). There was 
minimal variability in Reff and R for the fine mode, with seasonal median 
values ranging from 0.14 – 0.16 µm and 0.16–0.17 µm, respectively. The 
width of the fine mode distribution was broadest for DJF (σ = 0.51) and 
SON (σ = 0.50), in contrast to MAM (0.47) and JJA (0.45). For the coarse 
mode, there was more seasonal variability in Reff (1.85–2.09 µm) and R 
(2.37–2.72 µm), and slightly less variability in σ (0.66–0.69).
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Figure 4. Seasonal volume size distributions based on AERONET data between February 2000 and April 2012. Black 
curves represent the median, shaded areas represent one standard deviation, and gray curves represent minimum and 
maximum values. DJF = December–January–February, MAM = March–April–May, JJA = June–July–August, SON = 
September–October–November.

Fine mode Coarse mode

Season Vf Reff-f Rf σf Vc Reff-c Rc σc

DJF 0.01 0.14 0.17 0.51 0.04 2.08 2.64 0.69

MAM 0.01 0.14 0.16 0.47 0.04 1.88 2.43 0.69

JJA 0.01 0.16 0.17 0.45 0.02 1.85 2.37 0.68

SON 0.01 0.15 0.17 0.50 0.03 2.09 2.72 0.66

Abbreviations: DJF,  December–January–February; MAM,  March–April–
May; JJA, June–July–August; SON, September–October–November.

Table 3 
Seasonal Median Values of Fine and Coarse Mode Characteristics, 
Including Volume Concentration (V, µm3 µm−2), Effective Radii (Reff, µm), 
Volume Median Radii (R, µm), and Geometric Standard Deviation (σ)
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The DJF season exhibited the least amount of variability as the standard deviation in volume concentra-
tions (total/fine/coarse) was the lowest of any season and the range between the minimum and maximum 
concentrations for all three categories (total/fine/coarse) was the lowest (0.10/0.03/0.10 µm3 µm−2). This 
suggests that the DJF season has the least influence from episodic intrusions of aerosol types such as smoke, 
dust, and continental urban pollution. As previously discussed, DJF was relatively more influenced by re-
gional emissions in the form of sea salt and potentially other forms of marine-derived emissions such as 
oxidation products from dimethylsulfide like sulfate and methanesulfonic acid (Sorooshian et  al.,  2015; 
Wadleigh, 2004). The shift in the coarse mode peak, in addition to Reff and R, to smaller sizes in MAM and 
JJA may be reflective of the characteristic size of dust aerosol reaching Bermuda. Distinct coarse mode 
peaks for dust and sea salt become evident by comparing VSDs for MAM, SON, and JJA. There is a peak 
in the 2.94–3.86 µm range, similar to DJF, likely due to the background sea salt present in the region. Past 
work for Bermuda showed that sea salt mass typically peaks in the size fraction between 3.2 and 5.6 µm 
(Keene et al., 2007). In addition, there is a separate peak for all three seasons at 1.71 µm, which presumably 
represents dust. As the dust impacting Bermuda was transported much farther than sea salt, it is plausible 
that the characteristic dust peak is at a smaller size than sea salt. This is supported by past studies: (i) Afri-
can dust reaching Miami, Florida exhibits most of its mass at geometric diameters below 2.1 µm (Kramer 
et al., 2020); and (ii) mass mean diameters of African dust are less than 1 µm by the time they reach the 
U.S. East Coast (Perry et  al.,  1997), which can take approximately a week of transport time (Carlson & 
Prospero, 1972).

For context, VSD characteristics in this study are compared to other regions. In their analysis of various 
maritime regions, Smirnov et al. (2002) observed a characteristic bimodal lognormal size distribution with 
modes centered at effective radii of 0.11 µm and either 2.3 µm (Pacific Ocean) or 1.9 µm (Atlantic Ocean). 
Larger radii for the fine mode have previously been linked to conditions of greater plume age allowing for 
more coagulation and condensational growth (Eck et al., 2003); results for Bermuda do not indicate fine 
mode radii that are especially large or different between seasons that have varying predominant air mass 
source origins (Figure 1). Cases of smoke in various regions have revealed fine mode radii ranging between 
0.17 and 0.25 µm with a less prominent coarse mode (Eck et al., 2003); that study reported variability in 
the radii to be due to varying fuel types, combustion condition, and age of plumes. Aside from smoke con-
ditions, other cases of fine mode concentrations exceeding that of the coarse mode include megacities like 
Beijing with extensive amounts of urban pollution (Che et al., 2015); however, in those types of megacities 
the coarse mode volume can at times exceed that of the fine mode owing to sources such as fly ash and 
fugitive dust emissions (Eck et al., 2005). Fine and coarse mode concentrations were reported to be 0.12 
and 0.14 µm3 µm−2, respectively, for dust transported over Beijing in January 2013 (Yu et al., 2016). Dusty 
days over the Middle East and Southwest Asia exhibited peak volume concentrations at radii of 1.70 and 
2.24 µm (Alam et al., 2014), overlapping with where the presumed dust peak is in our study. Dust over 
the Indo-Gangetic plains exhibited peaks in the VSD at 1.71–2.24 µm, but with much higher peaks than 
Bermuda reaching values as high as 0.99 µm3 µm−2 (Prasad & Singh, 2007). Another study focused on the 
Indo-Gangetic plains observed coarse mode volume concentrations of 0.4–0.5 µm3 µm−2 during dust trans-
port periods as compared to 0.1–0.2 µm3 µm−2 at other times (Dey et al., 2004). That study and others (Alam 
et al., 2018; Che et al., 2015; Smirnov et al., 2002) pointed to both additional VSD modes and enhanced 
overall volume concentrations due to hygroscopic growth of particles at enhanced RHs.

While this study is focused on monthly and seasonal scales, future work is warranted to examine effects 
better resolved at finer temporal scales such as those of cloud processing and wet scavenging on the VSDs 
at Bermuda. Eck et al.  (2012) showed that cloud processing can yield a larger accumulation mode peak 
around radii of ∼0.4–0.5 µm in addition to a typical smaller peak at ∼0.12–0.20 µm. As the atmospheric 
column above Bermuda is impacted by clouds throughout the year, it is very likely that cloud processing 
impacts aerosol volume concentrations. The winter has the highest cloud cover over the WNAO (Painemal 
et al., 2021) and would be most ideal to extract a cloud processing signature in aerosol properties. Septem-
ber and October are the months featuring the most intense rainfall (Figure 2c) and are excellent candidate 
months for observing scavenging effects. Furthermore, vertically resolved measurements with airborne 
platforms would be of great value as significant changes were reported over 30 years ago below and above 
0.5 km; more specifically, the geometric mean diameter of number/volume changed from 0.84/3.3 µm at 
high altitude (>0.5 km) to 2.16/5.12 µm at low altitude (Horvath et al., 1990). Moreover, that study showed 
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that number and volume concentrations were enhanced by one and two orders of magnitude, respective-
ly, at low altitude. A separate study independently confirmed much lower volume concentrations in the 
free troposphere (0.13 µm3 µm−3) over Bermuda versus the marine boundary layer (0.74 µm3 µm−3) (Kim 
et al., 1990). There clearly are important vertical features that surface observations alone cannot identify 
and Section 3.2.6 will expand on this issue.

3.2.5. Composition

Monthly mean values of MERRA-2 speciated AOT for five major aerosol components (organic carbon, sul-
fate, black carbon, sea salt, dust) are summarized in Figure 5a. For most of the year (September–March), 
sea salt accounted for the highest AOT values (38%–59% of total) ranging in monthly mean values be-
tween 0.058 and 0.064. The second most abundant component in those same months (September–March) 
was sulfate (0.029–0.050; 28%–33%) followed by either organic carbon or dust, and then black carbon. Sea 
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Figure 5. Monthly mean values of composition data: (a) MERRA-2 speciated AOT (550 nm) for dust, sea salt, black 
carbon, sulfate, and organic carbon; and surface measurements of Cl-,Na+, and nss SO4

2− in (b) aerosol and (c) wet 
deposition samples collected at Fort Prospect.
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salt was unique in its annual cycle with higher AOT values in the colder 
months, whereas the other species were most enhanced between April 
and August. Between April and August, sulfate accounted for the high-
est monthly mean AOT values (0.048–0.068; 33%–44%) assisted in part 
by conditions that promote secondary formation such as increased so-
lar radiation and humidity. The same reasons can plausibly be linked to 
the enhancement of organic carbon in those same months (0.013–0.024; 
10%–15%), with an additional reason potentially being influences from 
biomass burning plumes enriched with organic carbon (Reid et al., 2005). 
This is supported by how black carbon exhibited its highest AOTs be-
tween April and June (0.006–0.007; 4%). Lastly, dust showed its highest 
AOT values between March and August (0.020–0.037; 13%–22%), with 
the peak value in May.

In situ aerosol and wet deposition composition data collected at Fort Pros-
pect show monthly trends matching those of MERRA-2 for the three spe-
cies examined (Cl−, Na+, nss SO4

2−) (Figures 5b and 5c). Specifically, the 
sea salt tracer species peak in their concentrations in DJF, with monthly 
mean aerosol/wet deposition values of Cl− and Na+ ranging from 0.33- 
0.40 µEq m−3/228–354 µEq L−1 and 0.27-0.34 µEq m−3/186–265 µEq L−1, 
respectively. Minimum concentrations of those two species occurred in 
JJA with monthly mean concentrations of aerosol Cl− and Na+ ranging 
from 0.13 to 0.17 µEq m−3 and 0.13 to 0.16 µEq m−3, respectively, and wet 
deposition Cl− and Na+ values ranging from 48 to 85 and 37 to 54 µEq 
L−1, respectively. There was a less pronounced annual cycle for nss SO4

2−, 
with the exception of higher values in MAM when monthly mean concentrations ranged from (aerosol) 0.06 
to 0.07 µEq m−3 and (wet deposition) 12 to 17 µEq L−1. The annual mean ratio between nss SO4

2− and the 
combined sum of Cl− and Na+ was 11% and 5% for aerosol and wet deposition samples, respectively, which 
is much less than what is depicted by MERRA-2. This may be in part due to the columnar nature of MER-
RA-2 AOT data as compared to the aerosol and wet deposition samples, suggesting potentially that there is 
considerable SO4

2− above the PBLH relative to sea salt.

It is worth noting that a separate dataset for wet deposition composition was collected over Bermuda at 
Tudor Hill (64.87° W, 32.27° N) covering the time period between January 1989–February 1997 and July 
2006–June 2009, including the following ions (Keene et al., 2014): Na+, Cl−, Ca2+, Mg2+, K+, NH4

+, NO3
−, 

SO4
2−. A recent analysis of that dataset revealed that the combined contribution of Na+ and Cl− to the total 

ion concentration measured was ∼83% for the cumulative time period, with the highest volume-weighted 
concentrations in DJF (Ma et al., 2021). Monthly mean mass fractions of sea salt varied between 86% and 
97%, with the next most abundant ions being nss SO4

2− (1%–4%) and NO3
− (≤3%), the latter two of which 

contributed more between May and September. Earlier work also showed greater wet deposition of SO4
2− 

and NO3
− in summer months (Moody & Galloway, 1988). Those results are consistent with the Fort Prospect 

data.

The composition data support that there is contrasting composition throughout the year based on air mass 
transport patterns and varying meteorological conditions. These results also validate speculations in previ-
ous sections (3.2.2–3.2.4) about sea salt being most prominent in DJF without other major sources as that 
season exhibited the lowest AOD, FMF, and AE values, along with the highest ASY value and among the 
higher coarse mode volume concentration, Reff, and R values. An implication of these results is that aero-
sol-based studies desiring conditions more reflective of a marine natural background are best suited for the 
winter season whereas those targeting perturbations from continental regions are best suited for spring and 
summer months.

3.2.6. CALIOP Vertical Profiles

Mean aerosol extinction vertical profiles are shown in Figure 6 across various seasons for both daytime and 
nighttime conditions. The common feature in all extinction profiles is the occurrence of maximum extinc-
tion in the levels near the surface, followed by a sharp decrease at higher altitudes. This is consistent with 
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Figure 6. Vertical distribution of mean aerosol extinction (532 nm) from 
CALIOP's (a) daytime and (b) nighttime observations over a 4 ° × 4 ° 
domain (see inset map) surrounding Bermuda based on data between June 
2006 and December 2012.
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previous reports of major reductions in the aerosol number and volume 
concentrations above the surface and into the free troposphere above Ber-
muda (Horvath et al., 1990; Kim et al., 1990).

The DJF season generally exhibited the highest extinction values with a 
maximum nighttime average value of 0.112 km−1 (0.106 km−1 for daytime 
profile) at 0.10 km altitude (0.34 km for daytime) followed by a decline to 
0.02 km−1 at 2.08 km (1.78 km for daytime). Based on the results already 
presented, sea salt is largely responsible for the appreciable extinction 
values in DJF at low altitude. In contrast, JJA had the lowest extinction 
values in the bottom 2 km with a maximum nighttime average extinction 
value of 0.076 km−1 (0.079 km−1 for daytime profile) at 0.34 km (0.46 km 
for daytime). Vertical aerosol extinction profiles for MAM and SON were 
intermediate to those of DJF and JJA in the bottom 2 km.

CALIOP's nighttime observations are known to have better data quali-
ty than daytime due to improved signal-to-noise ratio in the absence of 
sunlight (Tackett et al., 2018; Winker et al., 2009). An interesting feature 
revealed by nighttime profiles is that JJA exhibits slightly greater mean 
extinction values above 2.26 km as compared to the other seasons. This 

is most likely due to the advection of African dust plumes in JJA, although there could be influence from 
urban pollution and smoke. Nighttime mean AOD values, obtained from integrating CALIOP vertical ex-
tinction profiles, are 0.146, 0.128, 0.114, and 0.100 (0.135, 0.101, 0.078, and 0.103 for daytime) for DJF, JJA, 
MAM, and SON, respectively. There is disagreement when comparing the extinction profiles and AOD val-
ues derived from CALIOP observations with MERRA-2 and AERONET results shown earlier. For instance, 
CALIOP aerosol values are highest in DJF; in contrast, those months have the lowest MERRA-2 AOT and 
AERONET AOD values. This may be linked to a combination of the limitation of CALIOP to detect faint 
aerosol layers in the atmosphere and the different spatial extents associated with AERONET, CALIOP, and 
MERRA-2.

3.3. Cloud Droplet Number Concentration

Aerosols serve as cloud condensation nuclei (CCN) and directly impact cloud droplet number concentra-
tions (Nd), which is an important cloud microphysical property impacting cloud albedo and precipitation 
characteristics. Consequently, aerosol results described up to now have direct implications for values and 
the seasonal cycle of Nd. The notched box plot format of Figure 7 shows that the amplitude of the season-
al Nd cycle is statistically significant (95% confidence). The MAM and DJF seasons exhibited the highest 
monthly median Nd values ranging from 55 cm−3 (April) to 63 cm−3 (May) and from 52 cm−3 (January) to 
59 cm−3 (February), respectively. Minimum seasonal Nd values were in JJA and SON with monthly median 
ranges of 36–51 cm−3 and 33–47 cm−3, respectively. The maximum single day Nd value of 275 cm−3 was 
observed in March, whereas the monthly minimum Nd values ranged between 6 and 13 cm−3. These results 
highlight the discrepancy between monthly profiles of AERONET AOD and MERRA-2 AOT versus Nd in 
the region as among the lowest (highest) values of AOD (Nd) that occur in the same season of DJF. Although 
the nighttime mean AOD values from CALIOP were highest in DJF, there was a high sea salt presence (Sec-
tion 3.2.5) that is not necessarily indicative of high aerosol number concentrations.

Differences between the aerosol products and Nd are the subject of forthcoming work and are hypothesized 
to be due at least partly to some combination of the following factors: aerosol size distribution, vertical 
distribution of aerosol, humidity effects, stronger aerosol–cloud interactions in DJF, and assumptions in Nd 
retrievals. To elaborate on some of these factors, AOD can be biased high without a proportional increase in 
Nd if there are fewer but larger particles (e.g., salt and dust-rich air masses vs. sulfate -rich plumes) and if it 
is especially humid leading to particle hygroscopic growth (which does not change number concentration 
but rather particle size and thus AOD). Furthermore, the vertical aerosol distribution is significant as aero-
sol layers above clouds will influence AOD but not necessarily Nd.

ALDHAIF ET AL.

10.1029/2020JD034038

15 of 24

Figure 7. Monthly statistics associated with cloud droplet number 
concentration (Nd) as derived from CERES-MODIS data surrounding 
Bermuda (31–34°N; 63–66°W; red box in inset map) between 2013 and 
2017. Whiskers are the monthly range, red lines represent the median, 
and the top and bottom of the box represent the 75th and 25th percentile, 
respectively. The notches in the box plots demonstrate whether medians 
are different with 95% confidence.
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Of relevance to interrelationships between aerosol and Nd data is the interpretation of wet deposition com-
position data at Bermuda (Section 3.2.5), which indicates what aerosol types serve as CCN in clouds, since 
those drops eventually can grow to become sufficiently large to fall as rain drops to the surface. The wet 
deposition data suggest that sea salt is influential in cloud microphysical processes year-round at Bermuda, 
and especially in the winter season, which is consistent with aerosol data in previous sections showing that 
sea salt is most prominent in winter. It is unclear though as to how significant sea salt is seasonally relative 
to other aerosol types in terms of overall CCN number concentration. This is because the number concen-
tration of sea salt might be low in contrast to its mass concentration based on its large size. Future work is 
needed to answer the question as to the relative importance seasonally of different aerosol types such as 
sea salt, dust, and secondarily formed aerosols in terms of CCN number concentration. This is especially 
interesting for DJF when Nd values are relatively high, which raises the question as to whether this is due to 
enhanced sea salt rather than transported urban continental outflow, a case of which is profiled in the next 
section. The interaction of different CCN types is an interesting question since depending on the amount 
of cloud liquid water and Nd range, large drops formed from coarse salt particles can expedite the broad-
ening of droplet size spectra in clouds to promote rain (Blyth et al., 2003; Dadashazar et al., 2017; Feingold 
et al., 1999; Jung et al., 2015).

Low-level liquid clouds over Bermuda are exceptionally clean when contrasted with other regions. For 
regional context, monthly mean Nd values derived from AQUA-MODIS over the WNAO region range from 
as low as ∼90 cm−3 in July to ∼165 cm−3 in January (Sorooshian et al., 2019), whereas the annual mean 
and standard deviation at Bermuda in this study is 51.3 ± 1.7 cm−3. In a review of stratocumulus clouds, 
Wood (2012) stated that Nd can range from being less than 10 cm−3 in “extremely aerosol-rare conditions” 
over the oceans to reaching over 500  cm−3 in more polluted conditions. Furthermore, higher Nd values 
(>200 cm−3) were noted to be a common downwind of continents, while lower values (≤50 cm−3) are more 
common over remote ocean areas and especially in the tropics and sub-tropics. In a review of 13 years of 
AQUA-MODIS warm cloud Nd data across the global ice-free oceans, mean values across the globe ranged 
from 45.4 to 240  cm−3 (Bennartz & Rausch,  2017). Over the Southern Ocean, which is thought to be a 
relatively cleaner region of the world, values between 100 and 200 cm−3 were recently observed (Chubb 
et al., 2016). The relatively low Nd values at Bermuda present important opportunities for aerosol–cloud 
investigations aiming to obtain statistics in a region with low Nd conditions, but with the advantage of aer-
osol perturbations on cloud properties in the form of episodic plumes of dust, smoke, and anthropogenic 
emissions.

3.4. Extreme Aerosol Events

This section focuses on high pollution events based on AERONET AOD with the intent to summarize 
characteristic aerosol parameter values and source regions causing the events. Following the criteria in 
Section 2.2, one extreme event is profiled per season and summarized in Table 4 and Figure 8. The combi-
nation of AERONET, NAAPS, MERRA-2, and HYSPLIT is used to identify sources, transport corridors, and 
relevant aerosol characteristics for each event. We use ending altitudes of both 0.5 and 3 km for HYSPLIT 
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AERONET MERRA-2

Date Aerosol Type AOD FMF Dust SS BC SO4 OC Total

26-Feb-2000 N. America Urban Outflow 0.27 0.70 0.01 0.06 0.00 0.15 0.01 0.23

26-May-2002 N. America Urban Outflow 0.41 0.77 0.03 0.04 0.01 0.14 0.04 0.26

21-Jun-2011 N. America Smoke Outflow 0.69 0.91 0.02 0.05 0.02 0.09 0.17 0.35

02-Sep-2010 African Dust 0.50 0.18 0.25 0.10 0.00 0.04 0.01 0.41

Note. Shown are the daily average values of AERONET AOD and fine mode fraction (FMF), the predominant aerosol type based on NAAPS and MERRA-2 data, 
MERRA-2 total and speciated AOT (sea salt = SS, black carbon = BC, organic carbon = OC).

Table 4 
Summary of Data Values on extreme AOD Days Based on Criteria Presented in 2.2
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trajectories over Bermuda to represent boundary layer and free tropospheric layers, respectively, based on 
PBLHs shown in Figure 2d.

The event representing the DJF season occurred on 26 February 2000 (Figure 8a) and was the highest AOD 
event of that season in the full dataset (0.27). The HYSPLIT back-trajectories show the influence of a North 
American air mass that subsided from 4  to 0.5 km over the four days prior to reaching Bermuda. The tra-
jectory ending at 3 km stayed mostly between 3 and 4 km. MERRA-2 wind data are consistent with North 
American outflow, which likely impacted the column of air above the island in addition to local marine 
emissions as wind speeds at 975 hPa were fairly high in proximity to Bermuda (∼10–15 m s−1; 62.5–65°W, 
32–34°N). The FMF value was 0.70, indicative of the enhanced influence of fine aerosols. This is consistent 
with the speciated AOT from MERRA-2 being highest for sulfate (0.15) among all five species. In contrast, 
organic carbon, black carbon, and dust individually exhibited AOTs ≤ 0.01, and sea salt had an AOT of 0.06. 
Therefore, this is a case presumed to have influence from both North American pollution enhanced with 
sulfate and also sea salt.

The event chosen for MAM occurred on 26 May 2002 (Figure 8b) and was categorized as having influence 
from North American continental outflow with a strong sulfate signature derived from urban emissions. 
Similar to the last case, there was evidence of relatively high concentrations of fine aerosols (FMF = 0.77) 
and with the air mass being transported aloft (∼1.5 km) before subsiding down to 0.5 km over Bermuda. The 
trajectory ending at 3 km was transported between 3 and 5 km. This day coincided with the fourth-highest 
AERONET AOD (0.41) of the MAM season for the full study period. Interestingly, the following day exhib-
ited an AOD of 0.44. MERRA-2 AOT data reveal that sulfate's value was highest on the 26th (0.14) whereas 
the other speciated AOT values were ≤0.04. Both NAAPS and MERRA-2 show that high sulfate levels were 
present along most of the U.S. East Coast.

The summer event on 21 June 2011 demonstrates an example of how a biomass burning plume stemming 
from the continental U.S. reaches Bermuda (Figure 8c). There were fire hotspots across the southeast U.S. 
and the mid-Atlantic area of the U.S. East Coast as confirmed by NAAPS, MERRA-2, and fire data from the 
Fire Information for Resource Management System (FIRMS), which uses active fire data from MODIS and 
the Visible Infrared Imaging Radiometer Suite (VIIRS). This was the highest AOD day (0.69) of any season. 
The FMF was 0.91, which is a value consistent with other smoke studies reporting a high presence of fine 
aerosols (Che et al., 2015; Salinas et al., 2013). While the HYSPLIT back-trajectory ending at 0.5 km was 
transported within the bottom 0.5 km in the previous four days and did not come from the continental U.S., 
the trajectory ending at 3 km came from the smoke-rich areas over the U.S. indicating that the smoke was in 
the free troposphere over Bermuda. MERRA-2 estimated that the organic carbon AOT was most dominant 
(0.17) on this day, consistent with this species being enhanced in biomass burning plumes. Black carbon 
AOT was 0.02, which was among the highest values during the study period over Bermuda. Sulfate AOT was 
0.09, while dust and sea salt AOTs were 0.02 and 0.05, respectively.

The last event occurring on 2 September 2010 (Figure 8d) shows the influence of an African dust plume 
as confirmed by NAAPS, MERRA-2, and HYSPLIT. This event is characterized by the fourth highest AOD 
(0.50) of the study period with the subsequent day (3 September 2010) having an AOD of 0.38. The FMF 
value on 2 September was 0.18, which dropped slightly to 0.16 the subsequent day. MERRA-2 estimated that 
dust had the highest speciated AOT (0.25) followed by sea salt (0.10), sulfate (0.04), and then organic carbon 
(0.01) and black carbon (0.00). Therefore, the very low FMF value on 2 September was not just from dust 
but also from significant local sea salt influence, which is supported by the strong winds at 975 hPa around 
Bermuda (∼15–20 m s−1; 62.5–65°W, 32–34°N).

ALDHAIF ET AL.

10.1029/2020JD034038

18 of 24

Figure 8. Case studies of extreme events: (a) sulfate plume from North America on 26 February 2000; (b) sulfate plume from North America on 26 May 2002; 
(c) biomass burning plume from North America on 21 June 2011; and (d) African dust plume on 2 September 2010. Shown are spatial maps of speciated AOD 
from NAAPS and AOT from MERRA-2 (2100 UTC), in addition to HYSPLIT back-trajectories ending at 0.5 and 3 km over Bermuda. Superimposed on the 
MERRA-2 maps are wind data (700 hPa) at 2100 UTC, which is representative of an altitude aloft where pollution is transported; those data were expanded from 
the native spatial resolution (0.5 ° × 0.625 °) to coarser resolution (2.0 ° × 2.5 °) using bilinear interpolation. The winds on the sea salt panel of (a) are at 975 hPa 
to represent near-surface conditions. NAAPS data were unavailable for the year 2000 and are not shown in (a).
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4. Conclusion
This work uses multiple years of data from observational platforms and models to present a detailed aer-
osol climatology for a remote island (Bermuda) over the western North Atlantic Ocean exposed to long-
range transport from multiple continents. Aerosol data are examined in relation to meteorology, atmos-
pheric circulation, cloud droplet number concentrations, and wet deposition composition. Mean annual 
values are as follows for AERONET parameters: AOD = 0.12 ± 0.08, FMF = 0.51 ± 0.18, Ångström ex-
ponent = 0.95 ± 0.39, ASY = 0.72 ± 0.03 (440 nm) to 0.68 ± 0.05 (1020 nm). VSDs were bimodal with 
more volume concentrated in the coarse mode. Effective radii in the fine and coarse modes varied between 
0.14–0.16 and 1.85–2.09 µm, respectively. Volume size distribution data suggest that dust exhibits a smaller 
characteristic size than sea salt, with the former mode most evident in the summertime when African dust 
regularly reaches Bermuda. Important seasonal changes are evident including more sea salt influence in 
the winter (DJF) and fall (SON), and greater influence from other aerosol species (e.g., dust, sulfate, organic 
carbon, black carbon) in spring (MAM) and summer (JJA). MERRA-2 data reveal that sea salt exhibits the 
highest AOT values between September and March, with the peak in relative contribution in DJF coin-
ciding with the following features: lowest seasonal values of AOD, FMF, and Ångström exponent; least 
variability in VSDs; highest ASY; highest aerosol extinction values in the bottom 2 km; highest aerosol and 
wet deposition concentrations as measured at the surface. The summer months showed enhanced aerosol 
extinction values above 2.25 km due largely to transported dust.

Bermuda is shown to represent a location that has generally “clean clouds”, which is common for a remote 
marine region. The mean annual cloud droplet number concentration value was 51.3 cm−3, with DJF and 
MAM exhibiting the highest monthly median values (52–63 cm−3) and JJA and SON having a range of 
33–51 cm−3. Daily values can reach as high as 275 cm−3 though, pointing to the influence of strong aero-
sol perturbations resulting from transported plumes. Sea salt is a major year-round source of CCN based 
on how it dominates ionic composition in wet deposition collected on the island. It is unclear why cloud 
droplet number concentration and AOD exhibit different annual cycles, and this will be the subject of 
forthcoming work.

This study shows that Bermuda not only represents a remote marine site with extensive sea salt influence, 
but is vulnerable to continental emissions that undergo long-range transport that can either remain aloft or 
entrain down to impact the boundary layer. Examples are shown of extreme AOD events linked to North 
American urban and smoke outflow in addition to an African dust plume. In this regard, it is an intriguing 
area to conduct aerosol–cloud interaction investigations as strong aerosol perturbations occur periodically 
superimposed on the background marine signature comprising sea salt and other ocean-derived aerosol 
species such as sulfate, methanesulfonic acid, and secondary organic aerosol. While it is of interest to see 
how these perturbations impact cloud properties, another intriguing avenue of research is to study how 
clouds impact aerosols via cloud processing and wet scavenging. Furthermore, it is of interest to conduct 
similar types of analyses at other remote marine sites over the Atlantic Ocean (e.g., Ascension Island) and 
other ocean basins (e.g., Lanai, Midway, Tahiti, Kaashidhoo, Darwin) (Ahmad et al., 2010) to determine 
how representative the results for Bermuda are for a remote marine location.

Data Availability Statement
Data used in this study are publicly available at the websites provided in Section 2.
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