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Abstract Shipping particle number emission is important as it can influence cloud condensation
nuclei abundance and thus indirectly affect clouds and perturb the Earth's radiation budget. Here, we
integrate a size-resolved Advanced Particle Microphysics module with a photochemical BOX MOdeling
eXtension to the Kinetic PreProcessor and employ the resulting model to understand the microphysical
and chemical characteristics of ship plumes. Simulated concentrations of key gaseous species and
particle numbers are in good agreement compared with measurements from the NOAA Intercontinental
Transport and Chemical Transformation (ITCT) 2K2 field study off the California coast. Further analysis
reveals that significant new particle formation can occur in the plume and the growth of these secondary
particles to 5-20 nm generally dominates the total particle numbers. We show that wind speed, emission
rates of SO, and NOy, solar irradiation, ambient temperature, and background [NH;] have strong
nonlinear effects on the ship particle number emission index (EIPN). Depending on the ambient air and
meteorological conditions, the model simulations show that EIPN can range from ~2.5 X 10'* no. kg™*
fuel (dominated by primary particles) to ~3.0 x 10" no. kg™ fuel (dominated by secondary particles). In
consideration of the current worldwide expansion of Emission Control Areas, we systematically study
how the EIPN decreases with reduction of fuel sulfur content to 0.1%. Our study highlights the necessity
of accounting for the nonlinear dependence of secondary particle formation on key controlling parameters
in calculating shipping particle number emissions, which is important for determining aerosol indirect
climate effects.

Plain Language Summary Maritime transport emissions are increasing due to increased
global trade and as the Arctic Ice fades, fragile pristine environments will increasingly be exposed.
Shipping emissions are an important source of tiny atmospheric particles capable of seeding clouds and
thus perturbing the Earth's radiation budget. A ship plume, in addition to containing emitted primary
particles, is a chemical cocktail capable of forming secondary particles under the right meteorological
conditions. Considering the uncertainties in the nonlinear chemical and microphysical processes in ship
plumes, we develop a fully solved gas-phase chemistry and size-resolved microphysics model validated
by a maritime field campaign. The strong nonlinear effects of wind speed, acidic gas emissions, solar
irradiation, ambient temperature, and ammonia on ship-emitted particle numbers are unraveled, showing
that the ship particle number emission index can range from ~2.5 x 10" no. kg™ fuel (dominated by
primary particles) to ~3.0 X 10" no. kg™* fuel (dominated by secondary particles). Moreover, sulfate
aerosols may decrease with the wider application of lower fuel sulfur content regulated by International
Marine Organization policies. This study can provide a hitherto missing representation of shipping
particle numbers and their nonlinear dependence on key parameters in current numerical models of
climate change assessment.

1. Introduction

Shipping emissions have received increasing attention in recent years due to their potential role in air quali-
ty, climate change, and human health. Ocean-going ships have emitted 15% of the total global NOy emissions
and 4%-9% of the global SO, emissions (Eyring et al., 2010). Ship-emitted NO, perturbs the NO,/HO,/O3
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cycles (Lawrence & Crutzen, 1999), and SO, contributes to new particle formation and particle growth (Ca-
paldo, Corbett, et al., 1999). In addition to gaseous species, shipping-related particulate matter emissions are
responsible for 3%-8% of global PM, s (Cohen et al., 2005). The various particles emitted by ships, such as
black carbon (BC), organic carbon, sulfate, and volatile particles, lead to a complex radiative forcing (Dur-
kee et al., 2000; Jacobson et al., 2011). Ramana and Devi (2016) detected that shipping emissions caused BC
concentrations to be enhanced by a factor of four and exerted a strong positive influence on net warming
over the southern Bay of Bengal. Christensen et al. (2015) found that the cloud albedo increases five times
more in liquid clouds than in mixed-phase clouds in numerous ship tracks. Endresen et al. (2003) estimat-
ed the global net radiative forcing from ship emissions using a global Chemical Transport Model (CTM)
ranging from 0.01 to 0.02 W m 2. Diamond et al. (2020) calculated the effective radiative forcing from aer-
osols within the southeast Atlantic shipping corridor as approximately —2 W m 2. Shipping emissions can
further affect convection, lightning, and rainfall by influencing the CCN number concentration. Thornton
et al. (2017) demonstrated that aerosol particles and NO, from ships can affect maritime convection and
enhance lightning over shipping lanes. Christensen and Stephens (2012) exhibited that drizzle rates along
ship tracks decreased (an average relative decrease of 72%) compared to the surrounding clouds by analyz-
ing CloudSat satellite data.

At a given water supersaturation ratio, the number size distribution and composition of atmospheric par-
ticles determine the cloud condensation nuclei (CCN) number concentration (Fitzgerald, 1973; Junge &
McLaren, 1971). Particles emitted by ships account for a large fraction of global anthropogenic aerosol emis-
sions (Agrawal et al., 2008; Dominguez et al., 2008). Many measurements of the EIPN in fresh ship exhausts
have been reported, which are in the range of 0.2-6.2 X 10" no. kg"1 fuel (Jonsson et al., 2011; Juwono
et al., 2013; Lack et al., 2009, 2011; Sinha et al., 2003; Westerlund et al., 2015). Villa et al. (2019) measured
the total EIPN and found an average value of ~7.6 + 1.4 X 10" no. kg™' fuel in open waters, while Sinha
et al. (2003) reported a value of up to 6.2 + 0.6 x 10'° no. kg™" fuel. Jonsson et al. (2011) showed that EIPN
was 2.55 + 0.11 x 10" no. kg™" fuel at a harbor with numerous ships passing. The soot particle numbers
appear to be 1-3 orders of magnitude lower than the total particles, and the majority of which are secondary
particles formed in fresh plumes (Lack et al., 2009).

It is imperative to determine the key parameters controlling particle number emissions to better understand
the role of ship emissions in terms of CCN abundance over the oceans and coastal areas and their effects on
climate change. One key uncertainty in assessing the impact of particles from ships is the nonlinear chemi-
cal and microphysical processes in subgrid ship plumes. The evolution of particles in a ship plume has been
investigated in several previous studies (Russell et al., 1999; Song, Chen, & Davis, 2003; Tian et al., 2014).
Russell et al. (1999) found that the sulfur content of fuel directly influences CCN by using a dynamic box
model including nucleation, coagulation, and condensation processes highlighting sulfate, mainly due to
SO, oxidation, as a key component for new particle formation in ship plumes. Song, Chen, & Davis (2003)
studied the sulfur chemistry of ship plumes and noted the importance of photochemistry in the new parti-
cle formation rate, but the study could not validate the model predictions due to a lack of observational data
from an individual ship plume with specific ship information (e.g., ship type, cruising speed, gross weight,
engines, and so on) and meteorological conditions. Tian et al. (2014) applied the Particle Monte Carlo mod-
el-Model for Simulating Aerosol Interactions and Chemistry (PartMC-MOSAIC) to explore the evolution of
particles in a ship plume and the properties of CCN with the assumption that the initial and background
particle size distributions were lognormally distributed. All of these three previous studies applied binary
H,S0,~H,0 nucleation processes, in which the nucleation rates were estimated based on Kulmala and
Laaksonen (1990), Capaldo, Kasibhatla & Pandis (1999), Kuang et al. (2008), respectively. Nevertheless,
O'Dowd et al. (1999) speculated that a ternary nucleation mechanism (H,SO,-H,0-NH;) might be involved
in coastal areas. Recent experimental and theoretical studies show that binary H,SO,-H,0 nucleation alone
cannot account for the new particle formation observed in the boundary layer and that ammonia and ioni-
zation play critical roles (Kirkby et al., 2011; Yu et al., 2020; Yu, Nadykto, et al., 2018). In addition, all previ-
ous studies on particle formation in ship plumes employed simplified chemistry and aerosol microphysics
schemes (to our knowledge).

The main objective of this study is to investigate the key parameters that affect the EIPN using a ship plume
box model with fully solved gas-phase chemistry and size-resolved microphysics and employs the ternary
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ion-mediated nucleation scheme (Yu et al., 2020; Yu, Nadykto, et al., 2018). The ship plume box model is
validated using the quantitative information of a specific ship plume and meteorology from the ITCT 2K2
aircraft campaign (Parrish et al., 2004; Chen et al. (2005), whose measurements have been widely used for
studying nonlinear chemistry in ship plumes (e.g., Chen et al., 2005; Kim et al., 2009; Song et al., 2010).

2. Ship Plume Chemistry and the Microphysics Box Model
2.1. BOXMOX

BOX MOdeling eXtension (BOXMOX), an extension to the Kinetic PreProcessor, is a time-varying pho-
tochemical box model developed by Ludwig-Maximilians-Universitdt Miinchen, the European Centre for
Medium-Range Weather Forecasts (ECMWF) and the National Center for Atmospheric Research (NCAR),
which can be applied to chamber experiments, Lagrange-type air parcel studies, and chemistry in the at-
mospheric boundary layer (https://boxmodeling.meteo.physik.uni-muenchen.de/downloads/boxmox.
html, Last access: December 5, 2020). The gas-phase chemical mechanisms in BOXMOX include variants
or updated versions of CBM (CB05, CBMZ), RADM (RADM2, RADMK), MCM, RACM, SAPRC99, and
MOZART (MOZART-4, MOZART-T1) (Knote et al., 2015), which are typically used in 3-D chemistry trans-
port models (such as WRF-Chem and CMAQ) to describe tropospheric gas-phase chemistry. In this study,
we applied the box model to study the evolution of nonlinear chemistry in a ship plume with MOZART-4
mechanism (Emmons et al., 2010), which includes 85 gas species and 196 reactions with all heterogeneous
reactions switched off. Nitrous acid (HONO) is known to be an important source of OH radicals (Alicke
et al., 2003; Calvert et al., 1994) and is not contained in MOZART-4. We, therefore, added HONO and its
related reactions to MOZART-4, as listed below, with some of the most critical O;-NO,~OH reactions. In
the present study, the photolysis rates are set as constants based on the values from the fight measurements,
mainly including j(NO,) and j(O(*D)).

HONO +hv — OH + NO 1)
OH + NO — HONO 2

OH + HONO — NO, + H,0 3)
NO + NO, + H,0 — 2HONO 4
NO +0; = NO, +0, (5)
N02+hv—>0(3P )+No (6)
o(°p )+0,50, @
O3+hv—>0(1D)+02 (8)
0( 'D )+ H,0 — 20H ©)

2.2. Advanced Particle Microphysics (APM) Model

The Advanced Particle Microphysics (APM) model, a multi-type, multi-component, size-resolved box mod-
el, is the result of past development and validation efforts aimed at explaining atmospheric particle ob-
servations (e.g., Luo & Yu, 2011; Turco et al., 1979; Yu, 1998; 2006; Yu & Luo, 2009; Yu & Turco, 1997).
Microphysical processes include nucleation, condensation/evaporation, coagulation, and thermodynamic
equilibrium, with local humidity and without considering dilution in the APM model. Yu (2010) employed
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Figure 1. Flowchart of BOXMOX-APM.

this microphysical box model to successfully reproduce the number concentrations of ultrafine particles in
SO, plumes emitted from a smelter, which were consistent with the observations. To study the nucleation
process, we employ an up-to-date version of H,SO,~H,0-NH; ternary ion-mediated nucleation (TIMN)
scheme developed by Yu et al. (2020), Yu, Nadykto, et al. (2018). The six key parameters controlling the
new particle formation rates in TIMN are: gaseous sulfuric acid concentration ([H,SO,]), temperature (T),
relative humidity (RH), ionization rate (Q), surface area of background particles (SB), and ammonia con-
centration ([NH;]).

2.3. Ship Plume Model-BOXMOX-APM

To investigate the full chemical evolution of gas phases and size-resolved particle microphysics in a ship
plume, we coupled BOXMOX with APM, and the flowchart of the BOXMOX-APM box model is shown in
Figure 1. We assumed that the ship exhaust is not further influenced by emissions after it leaves the funnel.
The plume gets diluted, and the cross section of the plume increases. The model simulates gas and particle
concentrations as the plume exhaust evolves and treats the mixing of the plume with background air.

For the dilution process in the BOXMOX-APM model, we apply a Gaussian plume dispersion original-
ly developed by Hanna et al. (1985) and further adapted by Song, Chen, Hanna, et al. (2003) and Kim
et al. (2009). The plume concentration of species i at the time steps k and k+1 (C;, and C;,;, g m~>) can be
calculated as:

Cix = L) (10)
k

u, (0'.‘0'z

9

C',k+l =
ﬂu,.(a‘.a.)
7 Tk+l

1

an

where Q; is the emission rate (g s™') of species i from the ship plume, «, is the wind speed (m s™"), and &,
and o represent the lateral and vertical turbulent dispersion parameters (m), respectively. Kim et al. (2009)
derived detailed formulas for o, and o, on the basis of the downwind distance (x(m)) and Pasquill sta-
bility class, including very unstable (class A), unstable (class B), slightly unstable (class C), neutral (class
D), slightly stable (class E), and stable (class F). We applied these formulas (as given in Table 1 of Kim
et al., 2009) to calculate o, and g, in the present study.

The dilution factors for species i (D, ) are expressed as the following equations (Kim et al., 2009; Song,
Chen, & Davis, 2003):
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C. 0,0,
D, = ikl _ (‘—)k o, <0.8h 12)

cu o)
ik Y72 ksl

C. o,
D, = —skL —( ")k , o, >08h (13)

Ci’k (O-V )k+l

where £ is the mixing layer height (m). The change in the concentration of species i (AC;) in the plume
through mixing with its background concentration C; , (g m™>) can be written as:

i

AC; =Cipy — Gy = (Di,k - I)Ci,k + (1 - Di,k)Ci,h (14)

3. Comparison of BOXMOX-APM Simulations With ITCT 2K2 Measurements
3.1. Model Setup

For a case study using the BOXMOX-APM model, we chose measurements from the ITCT 2K2 airborne
field campaign conducted at ~11 a.m. on May 8, 2002 by the NOAA WP-3D aircraft (Chen et al., 2005). The
observed ship was identified as a bulk carrier running on marine fuel oil, whose fuel combustion rate was
27 tons per day and engine load was 67% (Chen et al., 2005). The gas-phase species (e.g., NOy, SO,, H,SO,,
03, and NMVOCs), particle numbers, and meteorological conditions were measured in eight transects along
the ship plume, with the exhaust plume age ranging from ~0.5 to 3 h. Detailed information on data and
sampling instruments has been summarized in previous literatures (Brock et al., 2004; Chen et al., 2005;
Nowak et al., 2004; Parrish et al., 2004). For meteorological conditions, sky conditions, stability class, wind
speed, and wind direction are based on Chen et al. (2005); mixing heights are derived from the study of Kim
et al. (2009); pressure, temperature, relative humidity (RH), j(0'D), and j(NO,) are calculated based on the
ITCT 2K2 airborne field campaign. The emission rates of NOy and SO, are derived from Chen et al. (2005),
who evaluated their emission rates based on the mass ratio of CO, using the data from The ITCT 2K2 ship
plume experiment. NMVOCs (ethane, ethene, formaldehyde, and benzene) are considered in the present
study, with their emission rates based on the results of Song et al. (2010) and their background concen-
trations from the ITCT 2K2 flight campaign. The emission factors of particle components (SO4*~, BC, and
OC) are based on the TexAQS/GoMACCS 2006 field study, which was carried out from Charleston, South
Carolina to Houston, Texas, with most sampling occurring in the Gulf of Mexico, Galveston Bay, and the
Houston Ship Channel (Lack et al., 2009), due to the lack of emission information of the particle compo-
sitions in the ITCT 2K2 observations. The emission factor of NH;, a key parameter impacting new particle
formation, is 0.003 g kWh™ (Cooper & Gustafsson, 2004). In our box model with a Gaussian dispersion, the
emissions of pollutants are converted into initial concentrations calculated using Equation 10. The back-
ground concentrations (except for NH;) are obtained from the ITCT 2K2 flight campaign. The background
concentration of NHj; is assumed to be 1 ppbv based on GEOS-Chem simulations in the area where ITCT
2K2 measurements were collected (Yu, Nair, & Luo, 2018). Table 1 summarizes the simulation conditions
used in the present study.

3.2. Measurements Versus Model Simulations

The measurements took place at approximately 11 am local time around 100 km off the coast of Califor-
nia (Chen et al., 2005). Figures 2 and 3 show the model-simulated changes in the major trace gas species
concentrations (SO,, NO,, O3, OH, H,SO,, and NH3) and total particle number concentrations as the ship
plume evolved and aged up to 3 h after emission. As a result of dilution and chemical reactions, the prima-
ry pollutants NO, and SO, decrease rapidly, and both drop quickly below 10 ppbv within 10-15 min after
emission (Figures 2a and 2b). As shown in Figure 2c, O; is titrated because of the high levels of NO via
reaction 5 during the early plume development stage, as we applied a NO:NO, ratio of 96:4 reported by the
EPA (2000), and then is recovered via the reaction of O, and increasing O(’P) generated by the photolysis
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Table 1 of NO, (reactions 6 and 7) as the NO, concentration decreases. The
Simulation Conditions Used in the Present Study for ITCT 2K2 Ship simulated concentrations of SO, and NO, are slightly lower than the
Plume Case Study observations with NMBs (normalized mean biases) of —7.03% and
Variables Values —28.04%, while the calculated O; is in good agreement with the ob-
- - servations (NMB = —1.59%). Overall, the model captures the changes
Emission rates (gs) . .. . .
of major species in the ship plume. For OH radicals, the peak value
/0% 6.25 is similar to the results of Chen et al. (2005) and Kim et al. (2009),
S0, 9.38 reaching ~1.52 X 10" no. cm™ at ~57 min after the ship exhaust was
co 0.74375 emitted (Figure 2d). Photolysis of Oj; is the predominant source of
NH, 0.0055 OH radicals via reactions 8 and 9. As discussed above, O; is depleted
HCHO 0.04 and is low in concentration during the early plume stage, causing
C.H, 0.043 low production of OH. Thereafter, OH radicals increase following the
recovery of Os;. The uncertainties in simulating SO,, NOx, and O; by
CaHs Lvad the box model may be caused by, but not limited to, chemical mecha-
CeHs 0.108 nism, microphysical conditions, and dilution process.
SO, 0.247
Figure 3a shows a comparison of BOXMOX-APM-simulated gaseous
BC 0.119 H,SO, concentration ([H,SO,]), which is critical for secondary parti-
oc 0.594 cle formation and growth in ship plumes, with the observations and
Ship information those predicted by Chen et al. (2005) and Kim et al. (2009). Chen
Moving direction WNW et al. (2005) underestimated H,SO, by a factor of two compared with
Speed (knot) 9.7 observations due to OH being underpredicted by a factor of two. The
. . simulated [H,SO,] in the present study is higher than that from Kim
Meteorological conditions . s
et al. (2009). While the modeled [H,SO,] is higher than that observed
S5 CoELien SR in the young ship plume (time (f) < ~70 min), it agrees reasonably
Stability class Neutral stable (D) well with the measured values when the plume age is >~70 min.
Wind velocity (m s™") 9-11 The production of H,SO, is controlled by the reaction of SO, with
Wind direction SSE OH, while the condensation sink (CS) depends on the surface area
T e ) 300 of pre-existing particles. The CS is controlled by background aerosols
Pressure (hPa) 1002 and does not change considerably after t > ~10 min (Figure 3b), and
thus it is unlikely to be the source of large differences in [H,SO,] at a
s () 2 young plume age. Since the predicted [SO,] is close to the measure-
RH (%) 38 ments (Figure 2a), the large discrepancies between the observed and
j(©D) (s 3.79x107° simulated [H,SO4] when the plume age is <~70 min may be caused
J(NO,) (s7) 7.80%1073 by the possible overestimation of OH radicals. On the other hand,
. [H,SO,] was measured with a chemical ionization mass spectrometer
Aerosol-related variables
. . 4 (CIMS) during ITCT 2K2 (Chen et al., 2005), and it is well recog-
XQ (ion pairscm™ s™") 5 . .
nized that the CIMS [H,SO4] measurements are likely to have large
Background gas concentrations (ppbv) uncertainties due to the uncertainty in the charge efficiency, calibra-
[NO4] 0.14 tion errors, and formation of sulfuric acid clusters (a factor of two or
(0] 40 more, Neitola et al., 2015), especially in the plumes with the airborne
[CO] 130 approach. Further investigation is needed to resolve this difference.
50,] - Figure 3b shows that ship-emitted NH; gets quickly mixed with am-
bient air within ~5 min and that the ambient level of NH; affects
[NH;] ! the nucleation rate. Figure 3c shows the evolution of primary, sec-
[C5Hy] 0.37 ondary, and total particle numbers with diameters larger than 5 nm,
[H,S0,] 0.0004 which indicates that the total particle numbers (>5 nm) are con-
[PAN | 0.135 sistent with observations with NMB of 9.49% and are dominated by
Background particle concentrations (pg m™) secondary particles. The total particle numbers rapidly decreased in
[504] 1 the fresh plume owing to dilution, then increased, and finally, slow-
ly decreased as a result of nucleation, growth, and coagulation. The
[BC] g primary (or pre-existing) particle number concentrations decreased
[oC] 2 quickly and approached the background level because of the dilution
[SEA SALT] 30 process. Additionally, the simulated particle number concentration
MAO ET AL. 6of 18
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Table 1
Continued

is lower than the observed value when the plume age is ~40 min, al-
though overpredicted [H,SO,] (Figure 3a) would lead to high nucleation

Variables

Values and growth rates at that time. This underestimation could be associated

[DUST]

with an under-predicted growth rate, possibly due to other species, since

! [H,SO,] was already over predicted. The underprediction of growth could

also be caused by the biogenic VOCs from the marine surface (Arnold

et al., 2009; Griffin et al., 1999; Gantt et al., 2010; Hoffmann et al., 1997),
which are not considered in this study. Overall, the results indicate that the ternary ion-mediated nucleation
(TIMN) scheme is reasonable to investigate the microphysical evolution of aerosol particles in ship plumes
in the marine boundary layer.

Figure 3d shows the evolution of the secondary particle number size distributions as the plume aged. New
particle formation occurred at ~20 min of the plume age, and then a large fraction of these new particles
grew further to 5-20 nm. Under the conditions of the ITCT 2K2 case study, secondary particles dominate
the total particle number concentrations in the ship plume.

4. Key Parameters Controlling the Ship Particle Number Emission Index

The formation of secondary particles, which generally dominate the particle number in the ship plume,
depends on the gaseous H,SO, and ammonia concentrations, temperature, and pre-existing particles. By
affecting H,SO, production in the ship plume, SO, and OH radicals also influence ship particle number
emission, and OH radicals are further controlled by the nonlinear chemistry of NOx/HO,/O;. Therefore, it is
necessary to systematically investigate the sensitivity of the ship particle number emission index to key pa-
rameters, including stability class, wind speed, sea salt, photolysis rates of NO, and o('D) (cloudy and clear
sky conditions, and solar radiation), ambient temperature, emission rates of SO, and NO,, and background
[SO,], [NOy4], [Os], and [NH;]. In the present sensitivity study, the ranges of wind speed, ambient [NO,]
and [O5] are 2-20 m s™*, 10-6,000 pptv, and 5-75 ppby, respectively (Vinken et al., 2011); and temperature
varies from 250 to 310 K (Fagerlund et al., 2019; Yang et al., 2015). Vinken et al. (2011) determined emission
rates of NO, in the range of 4-184 g s, and Diesch et al. (2013) calculated NO, emission rate at 2.4 g s,
so we tested NO, emission rates ranging widely from 0.5 to 190 g s™". Song, Chen, & Davis (2003) chose SO,
emission rates ranging from 13 to 90 g s™}, and Cao et al. (2019) detected SO, emission rates varying from
0.01 to 0.02 g s™* in the inland waterway of the Jiangsu province, so we used SO, emission rates in the wide
range of 0-90 g s~'. We applied ambient [SO,] varying from 0.5 to 15 ppb, as its background concentration
can reach up to ~14 ppbv in the Shanghai port (X. Wang et al., 2019). Quinn et al. (1987) reported [NH;] in
marine air in the range of 0.01-10 ppbv.

The emission index of particle number (EIPN) can be calculated as:

([5a]-[Pw] <10 x5 =
CRFUEL

EIPN =

where the unit of EIPN is no. kg™ fuel; [PN,,,] and [PN »el represent the total and background particle num-
ber concentrations, respectively, and both units are no. cm™>; and u,, S, and CRFUEL represent the resulting
wind speed, sectional area, and fuel combustion rate, whose units are m s}, m? and kg fuel s, respectively.
Because of new particle formation and growth, the EIPN changes with plume age. In this study, we use the
EIPN at the plume age of 2 h to represent relatively well-developed and aged ship plumes.

For the sensitivity studies presented below, we varied the values of one selected parameter with all other
parameters, which are the same as those for the ITCT 2K2 case study described in Section 3.

4.1. Stability Class, Wind Speed, and Background Sea Salt Particles

The SO, and OH concentrations are largely controlled by dilution factors that depend on stability classes.
Figure 4a shows the emission index of the total, secondary, and primary particle numbers (EIPNp, EIPNgp,

and EIPNpp), plume cross-sectional area (S), Nsp ([PNM] - [PN hg]), and two-hour averaged nucleation
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Figure 2. Changes of gaseous species' concentrations along the ship-plume travel times in the ship plume: (a) SO,, (b) NO,, (c) Os, and (d) OH. The solid line
represents simulations, circles represent observed mean concentrations, and the dashed line represents average background concentrations.

rate as a function of the stability class. Not surprisingly, EIPNyp is strongly sensitive to the stability class
when EIPNgp, dominates, decreasing from extremely unstable (class A) to stable (class E) atmospheric con-
ditions. The EIPNgp level is higher under unstable conditions, which is caused by quick dilution and a larger
cross-sectional area, although there is less new particle formation per unit area (see the nucleation rate and
newly formed secondary particle concentration in Figure 4a. Under real marine boundary layer (MBL) con-
ditions, the most common stability condition to occur over the open ocean is “neutral”, and the “unstable”
condition is a relatively unlikely setting (Song, Chen, Hanna, et al., 2003). The “stable” class may also occur
over the open ocean under certain circumstances (Frick & Hoppel, 2000). The ITCT 2K2 measurements
used in the present study were measured under clear-sky neutral condition (Chen et al., 2005). We were
not able to find other suitable datasets under a wider range of meteorological conditions that can be used
to constrain the model study.

Wind speed, a key parameter of the dilution factor, can affect the EIPN via the dilution process. As “neutral”
is the most common stability class in the MBL, we test the sensitivity of wind speed under neutral condi-
tions. Meanwhile, sea salt is generally the dominant background aerosol mass in the marine environment.
There is a strong functional relationship between the sea salt aerosol concentration and surface wind speed,
as shown by the following formula: C,,,__, = Aexp(b Uy ) where parameters A and b are setas 3.33 pygm™

and 0.24 s m™, respectively (Gong et al., 1997). Figure 4b gives EIPNp, EIPNgp, EIPNpp, Ngp, total conden-
sation sink (CS), and two-hour averaged nucleation rate (J) as a function of wind speed. Figure 4b shows
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Figure 3. Changes of parameters related to particle numbers with respect to the ship-plume travel time: (a) H,SO,, (b) NH; and condensation sink (CS), (c)
particle number concentrations (TP, SP, and PP represent total, secondary, and primary particle number, respectively) with diameter over 5 nm and nucleation
rate (J), (d) simulated evolution of particle number size distributions. The solid lines represent simulations, and circles represent observed mean concentrations
in (a and c). The squares in (a) are simulated [H,SO,] by Chen et al. (2005). The dashed line in (d) marks 5 nm diameter.

that EIPNgp ranges from 1.0 X 10 to 1.01 x 10" no. kg™* fuel, with a three orders of magnitude difference,
while EIPNpp is at a constant value of ~2.50 X 10 no. kg_1 fuel (as expected). EIPNgp is very sensitive to
wind speed, a 1 m s™" difference, with wind speed increasing from 15 to 16 m s™*, can cause up to one order
of magnitude change in the nucleation rate, Ngp, and EIPNgp. At a wind speed of 2 m s, large accumulation
of ship-emitted BC and OC and the small cross-sectional area caused by a low dispersion rate lead to EIPNgp
value below 10'° no. kg™ fuel. Also, the sea salt concentration increases with increasing wind speed, leading
to H,SO, and small clusters scavenged by abundant pre-existing particles (sea salt) and further affecting
nucleation, Ngp, and EIPNgp. Under the specified conditions, new particle formation is negligible when wind
speed is over 16 m s™*, mainly due to the scavenging by sea salt particles in the ship plume. The impact of
sea salt emissions on new particle formation in ship plumes and in the marine boundary layer may have
important implications for potential climate interventions, such as marine cloud brightening, which can be
a subject of future research.

4.2. Photolysis

To study the impact of photolysis, we chose the sunlight intensity of one day (the variable SUN in the BOX-
MOX model) as an index to represent photolysis, and only the associated j(NO,) and j(O('D)) changes are
taken into consideration. The dependence of EIPNyp, EIPNgp, EIPNpp, and two-hour averaged [OH] radicals
on the ship exhaust release time varying from 00:00 to 21:00 local time, with the other parameters set the
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Figure 4. (a) Emission index of total, secondary, and primary particle numbers (EIPNrp, EIPNgp, EIPNpp), sectional area of plume (S), Ngp ([PNio¢]-[PNy,]), and
two-hour averaged nucleation rate (J) as a function of stability class; (b) Emission index of total, secondary, and primary particle numbers (EIPNp, EIPNgp,
EIPNpp), condense sink (CS), Nsp ([PNq]-[PNyg]), and two-hour averaged nucleation rate (J) as a function of wind speed. The range of wind speed measured
during the ITCT 2K2 experiment is shaded in gray.

same as in the baseline case, is shown in Figure 5a. As expected, EIPNj; is sensitive to the sunlight intensity
during the daytime, with the value of EIPNgp varies from 3.40 x 10" to 1.27 x 10"” no. kg™* fuel. When the
release of the ship plume occurs during morning and night hours, OH radical levels are too low to oxidize
SO, in the plume to nucleate new particles.

Clouds affect the sunlight intensity; Figure 5b compares EIPNsp under a clear sky and a cloudy sky at two
different temperatures (260 and 300 K). The cloud optical depth is set to 37.3 in the present study (Hong
et al., 2007). Not surprisingly, it is favorable for new particle formation during the daytime under a clear sky
condition. Cloudy conditions can reduce photolysis rates, which can decrease the production of OH radicals
and result in 1-2 orders of magnitude decrease in EIPNgp compared to that under clear sky conditions.

The sunlight intensity can change with latitude, solar zenith angle, cloud cover, aerosols, etc. Hence, it is
convenient to relate solar irradiation (G) to the photolysis rates of NO, and O('D), following the formulas
reported by Trebs et al. (2009) and Palancar et al. (2005), respectively:

J(NO) = (1+0.04)x (147 %107 x G - 4.84 x 107 x G (16)

j(00D)) =19x107 x Gy _y +146x10° 17)

Figure 5c shows EIPNrp, EIPNgp, EIPNpp, Nsp, two-hour averaged nucleation rate (J), and two-hour averaged
[H,S0,] as functions of solar irradiation. Solar radiation has a strong nonlinear effect on EIPNgp, increasing
from lower than 1.0 x 10 (no nucleation occurred) to 1.56 x 10"’ no. kg™ fuel as G increases from near zero
to 1200 W m™>. Not surprisingly, low solar irradiation, for example during the night, morning, or on a cloudy
day, leads to low photolysis rates, which results in low OH radical concentrations, [H,SO,], nucleation rate,
and Ngp in the ship plume.

4.3. Temperature

Figure 6 illustrates that the dependence of EIPNyp, EIPNgp, EIPNpp, two-hour averaged nucleation rate, and
Nsp on temperature (T). Temperature has an intense impact on EIPNgp, which varies from 1.23 X 10" to
3.81 x 10" no. kg™ fuel. EIPNgp is insensitive to T'when T changes from 270 to 280 K (0.05 no. cm™ s™'<nu-
cleation rate<0.1 no. cm™ s™") and from 300 to 310 K (nucleation rate<0.0001 no. cm ™ s™") but is very sen-
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Figure 5. Sensitivity of emission index of particle number to photolysis. (a) Emission index of total, secondary, and primary particle numbers (EIPNrp, EIPNgp,
EIPNpp), two-hour averaged [OH] radical on ship exhausts release time varying from 00:00 to 21:00; (b) EIPNsp under clear sky and cloudy sky conditions and at
different temperatures (260 and 300 K); (c) EIPNyp, EIPNgp, EIPNpp, Ngp, two-hour averaged nucleation rate (J), and two-hour averaged [H,SO,] as a function of

solar irradiation. The range of solar radiation measured during the ITCT 2K2 experiment is shaded in gray.

sitive to T when T changes from 250-270 K and 280-300 K, a 10 K difference in T can cause up to around
1 order of magnitude change in the Ngp and EIPNgp. The nonlinear relationship is mainly caused by the
dominance of different nucleation processes (homogeneous vs. ion-mediated nucleation). The dependence
of EIPN on temperature is similar to that of nucleation rate (J) on temperature in Yu, Nadykto, et al. (2018).
New particle formation may be suppressed by the effects of global warming, causing a reduction of the
particle number in ship plumes, a subsequent CCN abundance and aerosol indirect radiative cooling, which
requires further study. It should be noted that sea spray emissions also depend on sea surface temperature
(Jaeglé et al., 2011). As shown in Section 4.1, sea salt emissions can indirectly affect particle formation in
ship plumes. The effect of sea surface temperature change on sea salt emission and hence particle formation
in ship plumes remains to be studied.

4.4. SO, Emission Rates and Background Concentration of SO,

The SO, level in the plume is determined by the SO, emission rates and background SO, in addition to the
dilution process. Figure 7a displays the influence of the SO, emission rates on EIPNyp, EIPNgp, EIPNpp,
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Figure 6. Dependence of EIPNrp, EIPNgp, EIPNpp, two-hour averaged

nucleation rate (J), and Ngp on temperature (T). The range of temperature

measured during the ITCT 2K2 experiment is shaded in gray.

two-hour averaged H,SO, concentrations, two-hour averaged nucleation
rate (J), and Ngp. As pointed out earlier, EIPNyy is dominated by EIPNgp.
Higher SO, emission rates increase gaseous H,SO,, leading to higher
levels of Ngp and EIPNgp. EIPNgp ranges from 6.72 x 10" to 3.83 x 10"
no. kg™* fuel and is sensitive to the SO, emission rates when they are
under 30 g 5. Since 2011, Emission Control Areas (ECAs) were gradu-
ally built in Europe, America, and China. Recently, according to the In-
ternational Maritime Organization (IMO) regulation (UNCTAD, 2019),
the maximum fuel sulfur content (FSC) has been lowered from 3.5% to
0.5% globally for ocean-going vessels from 2020; this value is even more
stringently limited to 0.1% within 200 nautical miles of the Baltic Sea, the
North Sea, North American emission control area, and the Caribbean Sea
(Feng et al., 2019; Viana et al., 2015). Practically, the global mean sulfur
content is about 2.6% in 2019 (IMO, 2020). Since the emission rate is not
only determined by the sulfur content changes but also the combustion
efficiency and engine power conditions, we take the emission rate of
9.38 g s~ in ITCT 2K2 (2.2% FSC, 67% engine loading factor) to scale the
emission rates under the variable sulfur contents of 3.5%, 2.6%, 0.5% and
0.1%. Under the conditions specified for Figure 7, the EIPN changes by
a factor of ~5-7 with FSC decreasing from 2.6% and 3.5% to 0.5%. When
the FSC is stringently limited, the EIPN changes by a factor of ~11 and

15 with the FSC decreasing from 2.6% and 3.5% to 0.1%. Sulfate aerosols may decrease with the wider appli-
cation of lower FSC. The resulting decrease may be unfavorable for global warming mitigation, since Rasch
et al. (2008) revealed that sulfate aerosols can counteract the global warming associated with increasing
greenhouse gases and reduce changes to some other components of the Earth system. Compared with that
of the SO, emission rate, the effect of the background SO, concentration on EIPNg; is weaker (Figure 7b).
With the background concentration of SO, increasing from 0 to 3 ppbv, the gaseous H,SO, concentrations
and nucleation rates increased, which caused the Ngp and EIPNgp to increase by approximately one order of
magnitude, from 9.91 X 10> t0 9.78 X 10’ no. cm™ and 3.96 x 10'° to 3.88 X 10'” no. kg™ fuel, respectively. It
should be noted that EIPNgp is not sensitive to background SO, when its value is > 3 ppbv.
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Figure 7. (a) Emission index of total, secondary, and primary particle numbers (EIPNyp, EIPNgp, EIPNyp), two-hour averaged [H,SO,], Nsp (I:PN m,] - [PN be ]),
and two-hour averaged nucleation rate (J) as a function of emission rate of SO,; (b) same as (a) but as a function of ambient SO, concentrations. The range of
observed values during the ITCT 2K2 experiment is shaded in gray.
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Figure 8. Sensitivity of emission index of particle number to NOy emission rates and background concentration of NO,, and O;. (a) Dependence of EIPNp,
EIPNgp, EIPNpp, two-hour averaged [H,SO,], two-hour averaged nucleation rate (J), and Nsp on NOy emission rates; (b) same as (a) but for a function of ambient
[NO4]; (c) same as (a) but for a function of ambient [O;]. The area shaded in gray in (a—c) is the range of NO, emission rates, ambient [NOy], and ambient [Os],
respectively, observed during the ITCT 2K2 experiment.

4.5. NO, Emission Rates and Background Concentrations of NO, and O;

Figure 8a shows the dependence of EIPNyp, EIPNgp, EIPNpp, two-hour averaged concentration of H,SO,,
two-hour averaged nucleation rate, and Ngp on the NOy emission rates. Primary particles dominate in the
plume when the NO, emission rate is above 140 g s*. The NO, emission rates have a significant impact on
EIPNgp, which increases from 4.66 x 10™ to 9.27 x 10'® no. kg_1 fuel as the NOy emission rate changes from
5t0180 g s™', and there is a slight increase when NO, emission rates change from 0.5 to 5 g s~' with EIPN
ranging from 5.26 x 10'® to 9.27 x 10" no. kg™" fuel. EIPNg; decreased rapidly as the NO, emission rates
(>5gs™") increased. It should be emphasized that OH radical is a key species in generating H,SO,. High NO;
emission rates lead to high NO levels, which reduce O; levels via NO and O; reaction and reduce OH pro-
duction via photolysis reaction of Os. It can be seen that the sensitivity of EIPNgp at a low NO, emission rate
(5-65 g s™") is greater than that at a relatively high NO, emission rate (70-150 g s™"), which is likely caused
by the higher NO level decelerating the production of OH radicals. Such as, when the NOy emission rate
increases from 5t0 40 g s71, the H,SO, level decreases from 7.88 x 107 to 2.72 X 10’ no. cm ™, which causes

the nucleation rate to decrease to 1 no. cm™ s™' and the Ngp and EIPNsp to decrease by approximately 1 or-
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decrease the formation of new particles in ship plumes. Figures 8b and 8c
- give EIPNrp, EIPNgp, EIPNyp, two-hour averaged concentration of H,SO,,
two-hour averaged nucleation rate (J), and Ngp as a function of ambient
[NOy] and [Os], respectively. Neither the changes of ambient [NOy] nor
[O;] dramatically affect [H,SO,] and thus fail to change the nucleation
rate and new particle formation (Ngp). Hence, EIPNgp decreased slightly
from 1.20 x 10" t0 9.44 X 10'® no. kg™ fuel, with the background concen-
tration of NOjy increasing from 10 pptv to 6 ppbv (Figure 8b). Similarly,
EIPNgp is slightly changed, with the background concentration of O; in-
1100 creasing, from 7.59 X 10" to 1.29 x 10" no. kg™ fuel (Figure 8c), although

Nucleation rate(no. cm

there was an obvious impact on the remaining NO, and integrated net
ozone production efficiency in the ship plume (Vinken et al.,, 2011). In

l014

107!

Ambient NH3(ppbv)

10° 10! total, the NOx emission rate has a strong impact on EIPNgp, with an ap-
proximate change of 4 orders of magnitude, while EIPNG; is insensitive to
background concentrations of [NO,] and [Os].

Figure 9. Dependence of EIPNrp, EIPNsp, EIPNpp, two-hour averaged
nucleation rate (J), and Ngp on ambient NH; concentrations. The range of

[NH;] observed during the ITCT 2K2 experiment is shaded in gray.

4.6. The Background Concentration of NH;

As a key parameter of new particle formation, NH;, directly affecting the

nucleation rate, is investigated in the sensitivity to emission index of par-
ticle numbers. Figure 9 shows the dependence of EIPNrp, EIPNgp, EIPNpp, two-hour averaged nucleation
rate, and Ngp on the concentration of ambient ammonia ([NH;]), with other parameters the same as the
baseline case. EIPNgp changed 1 order of magnitude (1.07 X 10 to 1.11 x 10" no. kg™* fuel) when [NH;]
increased from 0.01 to 1 ppbv. The simulations include a “zero-sensitivity zone” in the region of 2-4 ppbv
of [NH;] (~1.7 x 10" no. kg™* fuel) (caused by the limitation of nucleation rate by the ionization rate, Yu,
Nadykto, et al., 2018), followed by a region of strong sensitivity of EIPNgp, increasing from 2.31 x 10" to
1.08 x 10'® no. kg™ fuel to [NH;] commencing at [NH;] > 4-10 ppbv as the nucleation rate rapidly increases.
The latter zone may have important implications for nucleation process in heavily polluted coastal regions,
including India and China, where [NH;] may exceed 5 ppbv (Kumar et al., 2016; S. Wang et al., 2015).

5. Conclusions and Discussions

In the present work, we integrated a photochemistry box model (BOXMOX) with a size-resolved parti-
cle microphysics model (APM) and applied the model to investigate key controlling parameters on the
particle number emission index. Comparisons of simulated concentrations of SO,, NOy, O;, H,SO,4, and
the total particle number with measurements from ITCT 2K2 taken off the California coast show good
agreement, indicating that the model is able to capture key chemistry and particle microphysics in ship
plumes. We show that significant formation of new particles via ternary ion-mediated nucleation occurs
shortly after emission of exhaust and these secondary particles generally dominate the total particle number
concentrations.

Our systematic model simulations indicate that combined wind speed and sea salt concentration, SO, emis-
sion rate, NO, emission rate, solar irradiation, ambient temperature, and background [NH;] can all affect
the emission index of secondary particle numbers, resulting in a large range of secondary particle number
emission index with the values in the range of 1.0x10"-1.01 x 10", 6.72x10"-3.83 x 10", 4.66x10"*-
9.27 x 10", 1.0x10"-1.56 x 10", 1.23x10"-3.81 x 10", and 1.07x10'°-1.08 x 10" no. kg-fuel™, respec-
tively. The results highlight the sensitivity of new particle formation during the evolution of ship plumes
to emission rates of precursors and ambient conditions. Specifically, ship emissions may imply important
feedback to the climate with expected increased shipping through the Arctic since low temperature can
facilitate new particle formation. Moreover, we demonstrate that the lowering of the FSC from a typical
value of 3.5% or 2.6% globally to 0.5% is expected to decrease EIPNgp linearly, but with its further reduction
to 0.1%, the reduction in EIPNgp would be nonlinear.
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