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Abstract

Coarse sea salt particles are emitted ubiquitously from the oceans’ surfaces by wave
breaking and bubble bursting processes. These particles impact atmospheric chem-
istry by affecting condensation of gas-phase species and nucleation of new fine par-
ticles, particularly in regions with high air pollution. In this study, atmospheric particle5

concentrations are modeled for the North and Baltic Sea regions, Northwestern Eu-
rope, using the Community Multiscale Air Quality (CMAQ) modeling system and eval-
uated against European Monitoring and Evaluation Programme (EMEP) measurement
data. As model extension, sea salt emissions are scaled by water salinity because of
low salinity in large parts of the Baltic Sea and in certain river estuaries. The resulting10

improvement in predicted sea salt concentrations is assessed. The contribution of surf
zone emissions is separately considered. Additionally, the impact of sea salt particles
on atmospheric nitrate, ammonium and sulfate concentrations is evaluated.

The comparisons show that sea salt concentrations are commonly overestimated at
coastal stations and partly underestimated when going inland. The introduced salinity15

scaling improves predicted Baltic Sea sea salt concentrations considerably. Dates of
measured peak concentrations are appropriately reproduced by the model. The impact
of surf zone emissions is negligible in both seas. Nevertheless, they might be relevant
because surf zone emissions were cut at an upper threshold in this study. Deactivating
sea salt leads to a minor increase of NH+

4 and NO−
3 and a minor decrease of SO2−

420

concentrations. However, the overall effect is very low and lower than the deviation
from measurements. Size resolved measurements of Na+, NH+

4 , NO−
3 , and SO2−

4 are
needed for a more detailed analysis on the impact of sea salt particles.
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1 Introduction

Atmospheric sea salt particles are generated from saline water droplets emitted from
the sea surface by wind-governed processes and the breaking of waves. Sea salt parti-
cle generation is influenced by sea surface temperature, salinity and the composition of
the sea surface micro-layer (Martensson et al., 2003; Jaeglé et al., 2011; Gantt et al.,5

2011). It is considerably enhanced in the surf zone, where waves break along the coast.
Sea salt particles affect the abundance and chemistry of atmospheric pollutants in

various ways. Gas-phase species condense on coarse sea salt particles instead of
nucleating as new ones, and undergo heterogeneous reactions on the particle surfaces
(Seinfeld and Pandis, 2006, Chp. 10.4.4 and 10.4.6). Coarse particles have higher10

dry deposition velocities than fine particles, which leads to faster dry deposition of
those species adhering to the course particles. Additionally, hydrochloric acid (HCl)
is released from sea salt particles, which affects ozone chemistry in polluted marine
air (Cai et al., 2008; Crisp et al., 2014; Knipping and Dabdub, 2003). The effect of
sea salt particles on atmospheric chemistry is most relevant in coastal regions where15

anthropogenic and natural land-emitted species and sea salt particles coincide.
The North and Baltic Sea regions are areas of high anthropogenic activity, including

heavy industry, shipping, road transport, agriculture, power generation and residential
heating. These activities emit various air pollutants, such as NOx, SO2, NH3 and par-
ticulate matter. Although emissions have been reduced over the past 30 years (Lövblad20

et al., 2004; Crippa et al., 2015), their effects on human health and their environmental
impact are still significant. In this air pollution regime, sea salt is expected to play an
important role in affecting the deposition and heterogeneous chemistry of relevant pol-
lutants. The target of this study was to evaluate the following questions for the central
European domain using the EPA’s Community Multiscale Air Quality (CMAQ) modeling25

system:

a. What effects do sea salt emissions have on atmospheric ammonium and nitrate
concentrations?
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b. How strongly do surf zone emissions contribute to total sea salt and what influ-
ence do these emissions have on (a)?

c. Are sea salt emissions well represented in CMAQ for this region?

These analyses were conducted by setting up three sea salt emission cases and com-
paring the model results to each other and to European Measurement and Evaluation5

Program (EMEP) measurement data. Manders et al. (2010) recently evaluated sea
salt measurements from various EMEP stations. Modeling air quality in the Eastern
Mediterranean Sea using CMAQ, Im (2013) found a strong impact of sea salt emis-
sions on atmospheric nitrate concentrations and considered surf zone emissions to be
important. Liu et al. (2015) found a strong impact of sea salt particles on nitrate as well10

in a modeling study in the Pearl River Delta, China.
In models, sea salt emissions are parameterized by wind speed and other meteo-

rological and oceanic parameters. Several current parameterizations are based on the
wind dependence derived by Monahan and Muircheartaigh (1980) and Monahan et al.
(1986). Spada et al. (2013) provided a useful overview and comparison of available15

sea salt emission parameterizations. Additionally, Jaeglé et al. (2011) and Ovadnevaite
et al. (2014) recently published improved approaches that include wind speed, salin-
ity, SST, and wave data. However, sea salt emissions are still not well parameterized
in the surf zone, an area of increased wave breaking along the coastline. CMAQ em-
ploys a parameterization published by Gong (2003) that expands the Monahan et al.20

(1986) parameterization to smaller particle diameters. This study adds a dependence
on salinity.
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2 Materials and methods

2.1 Target region

The study region is located in the northeast corner of the Atlantic Ocean and includes
the North and Baltic Seas. The North Sea is directly connected to the Atlantic Ocean
via the English Channel to the southwest and via the Norwegian Sea to the north. The5

English Channel is a region of major shipping activity because nearly all ships traveling
from outer Europe to the large North European ports, such as Antwerp, Rotterdam and
Hamburg, pass through it. In addition to shipping, considerable anthropogenic activ-
ity occurs on land, such as industry, agriculture and road traffic. The North Sea has
a salinity of approximately 35 ‰, which is similar to the Atlantic Ocean. The Baltic10

Sea is connected to the North Sea via a natural passage between Denmark and Nor-
way/Sweden. In the Baltic Sea, the salinity is approximately 20 ‰ in the western parts
and decreases to below 8 ‰ in the eastern parts. During winter, northeastern parts of
the Baltic Sea are covered by sea ice. High anthropogenic activity also occurs on the
land and water. However, shipping activity is not as pronounced as in the North Sea.15

2.2 Model set up

The simulations were performed with the Community Multi-scale Air Quality (CMAQ)
modeling system, which was developed and maintained by the US EPA. Version 5.0.1
was used for this study. The cb05tucl mechanisms, i.e., the Carbon Bond 05 mech-
anism Yarwood et al. (2005) with updated toluene (Whitten et al., 2010) and chlo-20

rine chemistry (Tanaka et al., 2003; Sarwar et al., 2007), represented the gas phase
chemistry. Heterogeneous chemistry is covered by the AERO05 mechanism, which
is based on the ISORROPIA2 (Fountoukis and Nenes, 2007) mechanism. Among
other processes, this mechanism governs the condensation of HCl, NH3, HNO3 and
H2SO4 on particles and the nucleation of new particles. HCl, NH3 and HNO3 may25

evaporate back into the gas phase, whereas H2SO4 does not. The aerosol phase is
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modeled by three lognormal-distributed modes that are each represented by three
moments (Binkowski and Roselle, 2003). The AERO05 mechanism is described in
the CMAQ Wiki (http://www.airqualitymodeling.org/cmaqwiki). CMAQ also includes in-
cloud chemistry.

The study region is covered by a grid of 24 km×24 km resolution and is enclosed by5

a grid of 72 km×72 km resolution covering Europe (Fig. 1). The boundary conditions
of the outer grid are taken from monthly means of the tM5 global chemistry transport
model system (Huijnen et al., 2010), and the boundary conditions of the 24 km grid
are taken from the enclosing 72 km grid. Wind-blown dust is not included in the outer
boundary conditions.10

Two three-month periods – January to February and July to August 2008 – de-
noted as winter and summer, respectively, are considered. No model input data for
December 2007 and no German EMEP measurement data for September to Decem-
ber 2008 were available. Therefore, it was decided to represent winter and summer
by two months each. A 10 day spin-up phase, which was initiated from standardized15

spatially homogeneous initial conditions, preceded each of the two periods.

2.3 Input data

Meteorological input data were calculated by COSMO-CLM (Consortium for Small-
scale Modeling in Climate Mode) version 4.8 on a rotated lon-lat grid of 0.22◦ resolution
with hourly output (Geyer and Rockel, 2013; Geyer, 2014). The model grid covers Eu-20

rope, parts of Greenland and the southern coast of the Mediterranean Sea. The data
were remapped onto the CMAQ grid, and relevant variables were extracted and con-
verted using a modified version of CMAQ’s Meteorology-Chemistry Interface Processor
(MCIP) (Otte and Pleim, 2010).

The European land-based emissions were compiled with SMOKE for Europe (Bieser25

et al., 2011), and agricultural emissions were updated according to Backes et al.
(2015a, b). Shipping emissions were calculated on the basis of Automated Identifi-
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cation System (AIS) data (Aulinger et al., 2015). Sea salt emissions were calculated
inline (Kelly et al., 2010; Gong, 2003). Details are given in the next section.

2.4 Sea salt emissions

Physically, sea salt particles are dried sea water droplets that are ejected from the sea
surface into the atmosphere (Lewis and Schwartz, 2004). Under most weather condi-5

tions, the generation of sea salt particles is dominated by bubble bursting: air is mixed
into sea water by breaking waves and forms air bubbles that rise to the sea surface
and burst. Small water droplets are ejected from the breaking hull of the bubble (film
droplets). Through the abruptly changing pressure within the bursting bubble, some
water is sucked from below the bubble into the air (jet droplets). The fraction of sea10

surface covered by bursting bubbles is denoted as white cap coverage. Droplets, which
are emitted primarily when waves break and which are torn by the wind from wave
crests, are denoted as spume and splash droplets, respectively. High wind speeds of
approximately larger than 10ms−1 are needed for both processes to be relevant for at-
mospheric sea salt particle generation. The naming conventions for spume and splash15

droplets are not consistent throughout the literature.
The amount of sea salt per droplet and the resulting sea salt particle size are gov-

erned by the sea surface salinity (Martensson et al., 2003). Sea surface temperature,
biofilms and other surfactants affect the sea salt particle size spectra (Martensson
et al., 2003; Gantt et al., 2011). In the surf zone, sea salt emissions are enhanced20

due to a higher number of breaking waves. Additionally, sea salt particles may be elec-
trically charged (Gathman and Hoppel, 1970; Bowyer et al., 1990).

2.4.1 Sea salt emission parameterizations in CMAQ

Edward Monahan and colleagues (Monahan et al., 1982; Monahan and Muirc-
heartaigh, 1980) derived a parameterization that describes the generation of sea salt25

particles by bursting bubbles. A sea salt particle number flux distribution was estimated

29711

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/29705/2015/acpd-15-29705-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/29705/2015/acpd-15-29705-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 29705–29745, 2015

Sensitivity of
modeled atmospheric

nitrogen species to
variations in sea salt

emissions

D. Neumann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

for 100 % white cap coverage and multiplied by the white cap coverage W , which is fit-
ted by a power law to the 10m wind speed (u10) as given in Eq. (1) (Monahan et al.,
1986, Eq. 12). Sea salt emissions in CMAQ are calculated following Gong (2003), an
enhancement of Monahan et al. (1982) that incorporates smaller radii (see Eq. 2).
Particle number, dry surface, dry mass flux and water content at an ambient relative5

humidity (RH) are calculated explicitly in CMAQ. Water content is calculated using
a polynomial fit published by Zhang et al. (2005). The total emitted dry sea salt mass
is split into 7.55 % SO2−

4 , 53.98 % Cl−, and 38.56 % Na+ (Kelly et al., 2010). The model

Na+ represents Na+, Mg2+, K+, and Ca2+.

W = 3.84×10−6 ×u3.41
10 (1)10

dF
dr80

=W ×3.5755×105 × r−A80 ×
(

1+0.057× r3.45
80

)
×101.607×e−B

2

= 1.373×u3.41
10 × r−A80 ×

(
1+0.057× r3.45

80

)
×101.607×e−B

2

(2)

A = 4.7× (1+θ× r80)−0.017×r−1.44
80

B =
0.433− log(r80)

0.433

In the above equations, r80 [µm] is the particle radius at 80 % relative humidity, u1015

[ms−1] is the 10m wind speed and θ is an adjustable parameter, which is set to 30.
The term dF/dr is the number flux [number m−2 µm−1 s−1] of sea salt particles. The
parameterization is valid in a size range of 0.06µm ≤ r80 ≤ 20µm.

2.4.2 Surf zone emissions

In the surf zone, the sea salt particle number flux is considerably higher than in the20

open ocean. Addressing surf zone emissions is quite difficult because they depend on
the direction of waves and the wind, as well as on local coastal features, such as steep
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cliffy coasts and flat beaches. In the employed CMAQ version, the surf zone is parame-
terized by setting the white cap coverage W to 1. The surf zone area is proposed to be
a 50 m wide strip along the coastline (Kelly et al., 2010). CMAQ simulations in parts of
Florida performed well with this definition of surf zone (J. T. Kelly, personal communica-
tion, 2014). Equation (3) shows a modified emission function in-cooperating surf zone5

and open ocean fractions. These fractions need to be pre-calculated for each model
domain.
dFeff

dr80
= (W ×open+ surf)× 1

W
× dF

dr80
(3)

For this study, the ratios of open ocean and surf zone surface per grid cell were calcu-
lated by ArcGIS based on the Natural Earth data set: the surf zone area was obtained10

by placing a 50 m wide strip along the coastline and calculating the area of that strip.
Overlapping areas were ignored. Grid cells with long fragmented coastlines and many
islands do not necessarily have a large surf zone area because some parts of the
coastline and islands are protected by others. Therefore, the surf zone fraction per grid
cell was cut at a threshold (see Supplement for details).15

2.4.3 Salinity dependence

The salinity in large parts of the Baltic Sea is less than 10 ‰ , in contrast to the North
Sea’s 35 ‰. Therefore, the sea salt emissions must be corrected to account for differ-
ences in salinity. The open ocean and surf data were scaled by the salinity S (S/0.035,
with 0.035 = 35 ‰) to obtain salinity-dependent sea salt emissions (Martensson et al.,20

2003). CMAQ sea salt emissions would otherwise not depend on salinity. Sea ice cover
is not considered. Finally, Eq. (4) for sea salt emissions was obtained:

dFeff

dr80
=

S
0.035

× (W ×open+ surf)× 1
W

× dF
dr80

(4)

The technical procedure of including salinity dependence is described in the Supple-
ment Sect. A.25
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2.4.4 Sea salt emission scenarios

Three different sea salt emission cases are investigated in this study: base, noSurf and
zero. The base case corresponds to the standard CMAQ sea salt emissions. The zero
case contains no sea salt emissions. In the noSurf case, the surf zone is treated as the
open ocean. The cases are listed in Table 1.5

2.5 Evaluation procedure

The CMAQ simulation results were evaluated against concentration measurements
performed at EMEP stations. The data were obtained via EBAS (http://ebas.nilu.no/).
The stations were chosen according to the availability of data for comparison (Fig. 2).
Three stations – Westerland (DE0001R), Waldhof (DE0002R), and Zingst (DE0009R)10

– are described in detail in Sect. 3; the data from the other stations are included in the
Supplement. The Westerland station is located directly on the North Sea coast, Zingst
is located on the Baltic Sea coast, and Waldhof is located approximately 200km inland.

Species including Na+, corrected SO2−
4 , NH3 +NH+

4 and HNO3 +NO−
3 were com-

pared. Sodium cations (Na+) represent pure sea salt. They are considered for evalu-15

ating sea salt particle predictions. Corrected sulfate, xSO4, is defined as total sulfate
minus sea salt sulfate. Because natural sulfate sources such as DMS are quite low,
xSO4 commonly represents anthropogenically emitted sulfate. Ammonium (NH+

4 ) and
ammonia (NH3) as well as nitrate (NO−

3 ) and nitric acid (HNO3) are considered as
sums only. Because these substances are collected with three filter packs at certain20

EMEP stations, the individual measurements of NH+
4 , NH3, NO−

3 , and HNO3 are sub-
ject to large uncertainties, whereas the sums are accurately determined (EMEP, 2014,
Chp. 3).

Daily mean concentrations are compared as plotted time series, box plots, and via
three statistical metrics: mean normalized bias (MNB), residual absolute error (RAE),25

and Spearman’s correlation coefficient (R). See Schlünzen and Sokhi (2008) for de-
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scriptions of these figures. The box plots contain data of only those days for which
measurement data are available.

3 Results

3.1 Emissions

Figure 3 shows modeled monthly averaged sea salt emissions for the base emission5

case (top row) in winter and summer (left and right columns, respectively). The bottom
row shows differences between noSurf and base cases.

According to Fig. 3, winter sea salt emissions are two to five times higher than sum-
mer sea salt emissions due to higher wind speeds. In the Baltic Sea, sea salt emissions
are considerably lower than in the North Sea, which is caused by the salinity-dependent10

downscaling of the sea salt emissions. Because wind speeds decrease towards the
coast and are highest above open waters, sea salt emissions decrease towards the
coast as well. Comparing the base and noSurf sea salt emissions, the greatest dif-
ferences are observed along the Norwegian and British Atlantic coasts, and lowest
differences are observed along the Baltic Sea coast.15

Figure 4 shows daily averaged sea salt emissions in three coastal grid cells. Although
the surf zone covers only a small fraction of the grid cell surface, surf zone emissions
contribute a considerable share of sea salt emissions in low wind speed situations.
This result emphasizes the importance of correctly parameterizing surf zone sea salt
emissions.20

3.2 Concentrations

Modeled and measured concentrations of two 90 day time series at three EMEP sta-
tions, i.e., Westerland (DE0001R), Waldhof (DE0002R), and Zingst (DE0009R), are
described and discussed in this section. For each species and station, the actual time
series, box plots of the data and statistical key figures are presented. For the box plots,25
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only the modeling data points that had corresponding measurement data points were
used. The corresponding raw and statistical data from the remaining 12 stations are
attached as Supplement.

3.2.1 Sodium

The concentration time series in Fig. 5 shows that the dates of peaks are consistent5

across all three stations. The correlation coefficient is greater than 0.75 in winter and
greater than 0.70 in summer. However, the magnitudes of the peak values do differ in
most situations. The model overestimates these values. During winter, overestimations
of peak concentrations occur at all stations, which is indicated by the box plots (Fig. 5)
and the bias values (Table 2). During summer, sea salt is moderately overestimated10

at coastal stations (Westerland and Zingst) and underestimated inland (Waldhof), as
indicated by the bias values. The measured base line concentrations, i.e., when no
peaks are present, are well matched by the model. Winter sodium concentrations are
approximately twice as high as summer concentrations (see scale in Fig. 5).

Surf zone emissions lead to a reduction in the modeled concentrations most of the15

time. MNB is reduced at all stations. This reduction leads to an improved bias in over-
estimation situations. Surf zone emissions have an important impact in certain low-
emission periods, such as in mid-February and at the end of July, when surf zone emis-
sions contribute more than the half of the atmospheric sodium. The zero case is not
considered here. The orange line represents a simulation without salinity-dependent20

scaling of sea salt emissions. The simulation considerably overestimated sodium con-
centrations at Zingst (Baltic Sea coast). Salinity scaling of emissions is therefore im-
portant. Because sodium concentrations are not underestimated at Zingst and not as
overestimated as in the non-salinity-scaling case, we assume that the applied linear
salinity scaling of the sea salt emissions in the Baltic Sea is a valid procedure as a first-25

order correction.
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3.2.2 Corrected sulfate

The temporal occurrence of peak concentrations is well represented by the modeled
corrected SO2−

4 (xSO4) concentrations in Fig. 6. The correlation coefficients are greater
than 0.6, except for Waldhof in winter (0.57). Generally, winter peak concentrations
are underestimated, particularly in late February, but the background concentrations at5

Westerland and Zingst are slightly overestimated, as indicated by the MNB. Summer
peak concentrations are better matched than the winter peak concentrations. Baseline
concentrations are partly over- and partly underestimated.

The sea salt emission time series plots of the base and noSurf case do not show
any relevant differences. The R, MNB, and RAE values confirm this observation. De-10

activating sea salt emissions leads to a slight reduction in xSO4 peak concentrations
in a few situations.

3.2.3 Ammonia and ammonium

NH3 +NH+
4 (sNH4, s= sum) concentrations are slightly underestimated at Westerland,

as shown in the time series (Fig. 7) and indicated by the box plots and the MNB (Ta-15

ble 4). During summer, the absolute MNB value is high, but the correlation is strong,
which can also be seen directly in the time series in Fig. 7: the shape is well matched,
but the predicted magnitude is generally too low. In winter, certain peak concentra-
tions are overestimated, which improves the MNB and RAE values, but decreases R.
At Waldhof, baseline concentrations are well matched, but peak concentrations are20

overestimated. In winter, the MNB is lower than during summer due to a strongly un-
derestimated time period at the end of February. The correlation coefficient is 0.59 in
winter and increases slightly in summer to 0.63. At Zingst, the measured concentra-
tions are most consistent in terms of the order of magnitude, which is represented by
MNB ≈ 0 and by a low RAE. The occurrence of peaks is well matched, but the correla-25

tion coefficient is below 0.5 in summer. This pattern is caused by peak concentrations
that are sometimes over- and sometimes underestimated. For example, in late July,

29717

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/29705/2015/acpd-15-29705-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/29705/2015/acpd-15-29705-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 29705–29745, 2015

Sensitivity of
modeled atmospheric

nitrogen species to
variations in sea salt

emissions

D. Neumann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

CMAQ predicts a decrease in concentrations, but measured concentrations increase.
This episode will be analyzed in more detail in Sect. 4.3.

The effect of surf zone sea salt emissions is negligible, as indicated by the plots and
statistics. During winter, zero case sNH4 concentrations increase slightly, particularly
when peak concentrations occur. Because these peak concentrations are already over-5

estimated in the base case, deactivating sea salt emissions decreases the prediction
quality.

3.2.4 Nitrate and nitric acid

When analyzing HNO3 +NO−
3 (sNO3, s = sum) concentrations, one has to distinguish

between Westerland on one side and Waldhof and Zingst on the other side. At West-10

erland, several measured concentrations in the EMEP database are marked as “under
detection limit”, which leaves only 21 comparable values in winter and 26 in summer.
In mid-February, very high concentrations are predicted, even though the measured
values were below the detection limit. Due to the low number of valid measurements,
Westerland was not analyzed further.15

At Waldhof, the average concentrations are well represented, as indicated by box
plots (Fig. 8) and MNB (Table 5). In winter, the timing of peaks is well matched, but
their heights are overestimated in some situations and underestimated in others. This
leads to a high RAE value of approximately 0.6. Additionally, in mid-February, one wide
and high peak is considerably overestimated. In summer, the RAE improves. However,20

the correlation coefficient decreases from 0.64 to 0.34 due to two quite poorly matched
peaks at the beginning and end of August. The winter concentrations at Zingst are very
well represented by CMAQ. The time series plots and box plots agree with each other,
yielding an R value of 0.76. In summer, the correlation decreases. A period of highly
underestimated sNO3 concentrations exists in late July at Zingst and Waldhof.25

In the no surf zone case, sNO3 concentrations are slightly higher than those of the
base case. Deactivating sea salt emissions generally increases predicted sNO3 con-
centrations. The prediction quality, i.e., R and MNB, increases at Waldhof and Zingst
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because slightly underestimated concentrations are increased, which automatically im-
proves MNB.

4 Discussion

4.1 Salinity dependence and particle size spectra

The salinity dependence of sea salt emissions was analyzed by Martensson et al.5

(2003) in laboratory studies. They found that for particles below 0.1µm dry radius, the
number flux remains roughly unchanged, but the number flux distribution was shifted

to smaller radii by a factor of
(
S/0.035

)1/3
(Martensson et al., 2003, Fig. 5). Thus, the

volume flux is reduced by S/0.035 and the surface flux by
(
S/0.035

)2/3
. For particles

larger than 0.1µm (dry radius), they found that the number flux was reduced by an order10

of magnitude. In the approach chosen in this study, the number, surface, and volume
fluxes are all scaled by S/0.035. Technically, this process was performed by scaling the
fractions of the open ocean and surf zone in one input file by S/0.035. The resulting
salinity dependence is not in accordance with the findings of Martensson et al. (2003),
neither in terms of the fine particles nor the coarse ones. However, this method was15

the only way to include basic salinity dependence without modifying the CMAQ code.
Thus, the chosen solution is easily applicable to other CMAQ versions and by other
CMAQ users. Changing the CMAQ code would have meant that the changes needed
to be applied in each new CMAQ version.

Two different sea salt fluxes exist: the sea salt surface flux and the effective sea salt20

flux. The effective sea salt flux represents the sea salt particles emitted from the sea
surface that do not fall back into the ocean immediately. The surface flux represents all
particles emitted from the sea surface. The effective flux is a combination of the sur-
face flux and the atmospheric behavior of the sea salt particles which means surface
emissions flux minus instant dry deposition. Martensson et al. (2003) measured the25
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surface flux, whereas Gong (2003) described the effective flux. The shift in the num-
ber flux distribution of particles less than 1µm in size due to salinity variations, which
Martensson et al. (2003) observed, might not be directly applicable to the effective flux.
The shape of the distribution might change as well. Changes in the relative humidity
might alter the particle size distribution, as well. Additionally, de Leeuw et al. (2000,5

Sect. 6) noted that the bubble-bursting process itself might be affected by low-salinity
conditions. Therefore, scaling bulk sea salt emissions by functions dependent upon
salinity and relative humidity is not necessarily a correct approach. Changes in the
distribution’s shape need to be evaluated in the laboratory and in real world studies.

4.2 Discussion of the sea salt results10

The sodium concentrations were well matched in terms of the order of magnitude and
the temporal occurrence of peaks. Measurements at Zingst showed that sea salt emis-
sions were considerably overestimated in this region if salinity scaling was not applied.
Therefore, salinity downscaling is important. Further studies should investigate whether
an improved downscaling procedure (see Sect. 4.1) improves predicted sea salt con-15

centrations.
Sea salt concentrations tend to be over-predicted at coastal stations (Westerland

more so than Zingst) and under-predicted at inland stations (Waldhof). This pattern
may be due to a combination of over-predicted sea salt emissions and over-predicted
dry deposition velocities for coarse sea salt particles. Additionally, certain peaks are20

better matched in terms of magnitude than others. This difference may be attributable to
meteorological conditions, droplet generation processes missing from Gong’s sea salt
emission parameterization, and the sea surface micro layer (SML). Because Gong’s pa-
rameterization lacks splash and spume droplet generation as well as non-wind-related
bubble bursting, repeating the simulations with other sea salt emissions parameteriza-25

tions might yield interesting results. To analyze the impact of the SML, satellite-derived
chlorophyll a data could be correlated with the deviations between the measured and
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modeled results. However, chlorophyll a data may not be the ideal proxy (Fuentes et al.,
2010).

Under low wind conditions, surf zone emissions are a major source of atmospheric
sea salt in the coastal grid cells. The contribution of these emissions decreases un-
der high wind conditions. In this study, the maximum fraction of surf zone per grid cell5

(24 km×24 km grid) was capped at 0.47 % to reduce the amount of surf zone emis-
sions. Commonly, this parameter is not capped. Without capping, the fraction of surf
zone was greater than 10 % in certain coastal grid cells, particularly along the Norwe-
gian Atlantic coast, with its numerous fjords and islands. Not capping the surf zone
would have led to considerably higher surf zone emissions. de Leeuw et al. (2000)10

found through measurements at a beach in late January that surf zone emissions
can contribute approximately 10 times more to ambient atmospheric sea salt concen-
trations than open ocean emissions. However, at other times, surf zones contribute
just 0.1 times as much as the open ocean. The surf zone emissions in grid cells with
a large proportion of surf zone, without capping, might be comparable to the maximum-15

contribution situations observed in de Leeuw et al. (2000). However, the observed high
contributions did not occur continuously. Additionally, the measurements were collected
in January, when winds are stronger than those in summer. Therefore, the modeled surf
zone emissions were reduced by capping the surf zone fraction. Mechanistically, mod-
ifying the white cap coverage would have been more correct. In the new CMAQ v5.120

release, surf zone emissions will be reduced by 50 % by setting the white cap coverage
to 0.5. This step was not included in this study because changes in the CMAQ code
were avoided in order to make the chosen procedure simpler and more applicable in
other CMAQ versions. As an alternative, one might choose another parameterization.
For example, de Leeuw et al. (2000) and Chomka and Petelski (1997) presented al-25

ternative surf zone emission parameterizations. In their study, de Leeuw et al. (2000)
analyzed measured surf zone-related sea salt concentrations, meteorological data and
video data of the surf zone. They found no correlation between surf zone width or wave
height and the surf zone production of sea salt.
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Im (2013) estimated a considerably higher contribution of surf zone emissions to
atmospheric sea salt concentrations. In that study, the surf zone fraction per grid cell
was not capped and was calculated by multiplying the length of the coastlines by 50m
(and dividing by grid cell area). In our study, the surf zone size was calculated in a way
so as to not count overlapping surf zones twice. Therefore, the surf zone contribution5

estimated in this study is lower.
Salinity in coastal waters is commonly lower than in open ocean waters due to fresh-

water inflow. Thus, surf zone emissions are indirectly scaled down in this study. Im
(2013); Kelly et al. (2010, 2014) do not consider salinity. Hence, this study’s surf zone
emissions are reduced compared to those in the named studies due to salinity depen-10

dent scaling.
Sea ice is not considered in this study. If the sea surface is covered with sea ice,

no sea salt particles are emitted by bursting bubbles. Therefore, sea salt emissions
can be deactivated in regions with sea ice cover. For the study region, sea surface
salinity is very low in areas with significant sea ice cover (northeastern Baltic Sea).15

Additionally, these areas are commonly in the downwind direction to the considered
EMEP stations. Therefore, the overestimation of sea salt emissions introduced by not
considering sea ice is expected to be negligible. Moreover, sea salt particles have been
found to be re-emitted by wind-blown snow from sea ice (Tian-Kunze et al., 2009; Yang
et al., 2008). Additionally, the edges of sea ice required a similar treatment as the surf20

zone. Therefore, deactivating sea salt emissions above sea ice would not necessarily
improve sea salt emission prediction quality.

4.3 Discussion of nitrogen and sulfur compounds

The concentrations of sNH4 were found to be well matched at Zingst, under-predicted
at Westerland, and over-predicted at Waldhof. Because land-based NH3 emissions are25

not the topic of this paper, Waldhof will not be discussed further. Backes et al. (2015a)
described and discussed the employed NH3 emissions in detail.
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A one-week episode of north-easterly winds during end of July corresponds in the
time series plots to a strong decline in sNH4 concentrations at Zingst and a strong
increase at Westerland. The increase at Westerland is due to NH3-rich air from Den-
mark. Although modeled concentrations increased considerably, measured concentra-
tions increased even more. This result might be due to under-predicted emissions or5

over-predicted NH3/NH+
4 deposition. The discrepancy is not caused by sea salt. Re-

markably, at Zingst, the modeled sNH4 concentrations decreased, whereas the mea-
sured concentrations increased during this episode. No major landmasses are on the
route between the Swedish coast and Zingst, the path by which the air masses likely
travelled. If we consider the measured NH3 and NH+

4 concentrations individually (which10

one should not do, EMEP, 2014, Chp. 3), the measured sNH4 consists primarily of NH3
(> 95% by mass, not shown here). Because NH3 has a short atmospheric lifespan, we
assume that most sNH4 is transported over a short distance and does not originate
from Sweden. The NH3 may be emitted from the sea surface (Barrett, 1998; Paulot
et al., 2015). Norman and Leck (2005) found oceanic emissions to be relevant con-15

tributors to atmospheric NH3 in remote marine regions. These oceanic NH3 emissions
would explain the generally under-predicted concentrations at coastal stations. How-
ever, these emissions are approximately two to three orders of magnitude lower than
land-based emissions. Additionally, a brief look on chlorophyll a data (Lavender et al.,
2015) does not indicate the presence of algae blooms. Therefore, marine NH3 cannot20

account for the entire difference at Zingst. Another reason might be incorrectly pre-
dicted wind directions caused by sea and land breezes and planetary boundary layer
height (e.g. Miao et al., 2009). Sea and land breezes during day and night do not form
in COSMO-CLM with the given setup, version and grid resolution (M. Schulz, personal
communication, 2015). Furthermore, certain land-based NH3 sources, which are lo-25

cated close to the measurement station, might not be considered by the employed
emission dataset. This topic needs to be considered further.

Predicted and measured sNO3 concentrations are not well correlated at Westerland
in either seasons and at all stations in summer. Approximately half of the measure-
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ments at Westerland were under the detection limit and not in the EMEP database.
Thus, the peak concentrations were measured and compared. Comparing peak con-
centrations is biased because they are often over- or underestimated, e.g., via smooth-
ing in the discretization. Therefore, an analysis of the sNO3 Westerland data is prob-
lematic. Additionally, peaks arise in the model results that do not exist in the mea-5

surements. This effect may be due to the employed shipping emission inventory, which
contains the weekly averaged shipping emissions of 2011 (whereas the model year is
2008) or due to problems with the measurements.

Im (2013), Liu et al. (2015) and Kelly et al. (2014) found that sea salt has a significant
impact on atmospheric nitrate concentrations. In Im (2013) and Liu et al. (2015), par-10

ticulate nitrate concentrations considerably increased when sea salt was added. They
increased even more when surf zone emissions were activated (Im, 2013, Table 4).
The emission and meteorological regimes in the Mediterranean and Pearl River Delta
regions are different from those in the North Sea region, which may account for the dif-
ferent behavior. Due to high agricultural activity in the North Sea region, sufficient fine15

particles and ammonia are available for the condensation of ammonium nitrate onto
existing particles. As described above, ammonium and nitrate concentrations correlate
well in the model but are less correlated in reality. If the nitrate condensation is NH3
limited in the Mediterranean region, modeled nitrate may condense on particles only in
exchange for the release of HCl. According to the both other studies, HCl displacement20

is a relevant process in those regions. Hence, comparing the NH3/NH+
4 concentrations

would be interesting. Additionally, Sahara dust is blown from the boundaries into the
model domain of Im (2013). The dust may have an indirect effect on atmospheric chem-
istry that is not present in this study because desert dust is not included in this study’s
boundary conditions.25

When sea salt emissions were deactivated, sNH4 and sNO3 concentrations in-
creased and xSO4 concentrations decreased. This observation is confusing because
we expected xSO4, NH+

4 and NO−
3 concentrations to increase: the lack of sea salt

results in fewer coarse particles, more condensation on fine particles and more nucle-
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ation. Because fine particles are deposited more slowly than coarse ones, we expected
the concentrations of condensing species to rise. Particulate sulfate does not evapo-
rate back into the gas phase. Consequently, it remains adhered to coarse sea salt
particles, which is why we expected an increase in sulfate in the zero case. The de-
creased sulfate concentrations may be due to decreased sulfate production by hetero-5

geneous chemical reactions. In CMAQ, H2SO4 is formed from SO2 via heterogeneous
reactions on wet particle surfaces (Seinfeld and Pandis, 2006, Chp. 6.13) and by gas
phase reactions. Deactivating sea salt emissions decreases the availability of wet par-
ticles considerably, therefore reducing heterogeneous H2SO4 production. This process
is confirmed by increased production of H2SO4 in the gas phase and slightly higher10

SO2 concentrations when sea salt emissions are deactivated, which can be found in
the model output.

The impact of surf zone emissions on atmospheric sNH4, sNO3, and xSO4 concen-
trations is negligible.

5 Conclusions15

Measured sea salt concentrations are fairly well represented in the given model setup.
Commonly, sea salt peak concentrations are overestimated. The current parameteriza-
tion might overestimate sea salt emissions under strong wind conditions during the win-
ter. This overestimation should be evaluated in future studies. A few peak concentra-
tions are underestimated, indicating that one or more sea salt particle generation pro-20

cesses are not considered in the current sea salt emission parameterizations. These
parameterizations should be tested with alternative sea salt emission source functions
to determine whether these alternatives provide better predictions in these situations.
However, the underestimated peak concentrations may be due to differences between
the modeled meteorology and the real-world meteorology, as well. Figure 5 clearly25

shows that salinity-dependent scaling of sea salt emissions is important in marginal
seas with salinities that differ from 35 ‰.
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Surf zone emissions do not generally improve or deteriorate estimated sea salt con-
centrations in the presented model setup. Their effect on xSO4, sNH4, and sNO3 is
negligible. At a finer grid resolution, however, the impact of surf zone emissions might
be relevant due to a relatively higher surf zone fraction. The general effect of sea
salt particles on atmospheric xSO4, sNH4, and sNO3 concentrations is low. The con-5

centrations of sNH4 and sNO3 increased when sea salt emissions were deactivated,
whereas xSO4 concentrations decreased. The latter is expected to be caused by re-
duced H2SO4 production on particle surfaces. Im (2013); Liu et al. (2015) and Kelly
et al. (2014) found that sea salt had a stronger impact on nitrate than found is this
study. We assume that this difference is due to different emission and air pollution10

regimes, in particular due to NH3 emissions. In one 10 day episode in late July, sNH4
concentrations were considerably underestimated by the model. The reason for this is
unclear. However, it is not related to sea salt particles.

For an improved validation it would be favorable to have hourly resolved measure-
ments of these species and individual measurements of NO−

3 , HNO3, NH+
4 , and NH315

available. Data from both coastal and inland stations are needed in order to evaluate
whether either the emission parameterization or modeled atmospheric transport pro-
cesses lead to observed discrepancies. Size resolved sea salt measurements would be
of high value for this process. Finally, more experimental work is needed in the subject
of determining parameterizations for surf zone emissions.20

The Supplement related to this article is available online at
doi:10.5194/acpd-15-29705-2015-supplement.
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Table 1. Sea salt emission scenarios.

case description

base standard CMAQ emissions: 50 m surf zone, coast
line from Natural Earth data set, linearly scaled
with salinity

noSurf like base but surf zone is treated like open ocean
zero no sea salt
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Table 2. Statistical values (R, NMB and MNB) for the comparison of measured and modeled
(base and noSurf scenarios) sodium concentrations at three stations (DE0001R, DE0002R and
DE0009R) and during two time periods (winter and summer 2008).

Na+ R MNB RAE n

win base
DE1

0.76 1.01 1.89 60
noSurf 0.75 0.65 1.84 60
base

DE2
0.67 1.75 0.42 55

noSurf 0.74 1.02 0.40 55
base

DE9
0.79 1.24 0.72 60

noSurf 0.82 0.69 0.64 60

sum base
DE1

0.70 2.37 0.72 61
noSurf 0.79 1.17 0.63 61
base

DE2
0.70 −0.33 0.18 60

noSurf 0.71 −0.43 0.20 60
base

DE9
0.69 0.20 0.26 61

noSurf 0.62 −0.16 0.31 61
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Table 3. Similar to Table 2 but with the addition of xSO4 (corrected sulfate) concentrations.
Three sea salt emissions scenarios – base, noSurf, and zero – are considered.

xSO4 R MNB RAE n

win base 0.67 0.17 0.22 58
noSurf DE1 0.67 0.17 0.22 58
zero 0.66 0.17 0.22 58
base 0.64 −0.15 0.55 54
noSurf DE2 0.63 −0.15 0.55 54
zero 0.63 −0.15 0.55 54
base 0.75 0.16 0.36 60
noSurf DE9 0.75 0.15 0.36 60
zero 0.75 0.15 0.36 60

sum base 0.73 −0.11 0.13 60
noSurf DE1 0.73 −0.11 0.13 60
zero 0.71 −0.11 0.13 60
base 0.57 0.12 0.21 60
noSurf DE2 0.57 0.11 0.21 60
zero 0.58 0.08 0.20 60
base 0.68 0.08 0.18 61
noSurf DE9 0.68 0.08 0.18 61
zero 0.68 0.05 0.18 61
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Table 4. Similar to Table 2 but with the addition of sNH4 (NH3 +NH+
4 ) concentrations. Three

sea salt emissions scenarios – base, noSurf, and zero – are considered.

sNH4 R MNB RAE n

win base 0.60 −0.46 1.00 58
noSurf DE1 0.61 −0.45 0.99 58
zero 0.60 −0.39 0.96 58
base 0.59 0.25 1.28 54
noSurf DE2 0.59 0.26 1.28 54
zero 0.59 0.31 1.31 54
base 0.72 −0.19 0.81 57
noSurf DE9 0.72 −0.19 0.81 57
zero 0.71 −0.12 0.77 57

sum base 0.69 −0.57 1.29 61
noSurf DE1 0.69 −0.56 1.29 61
zero 0.69 −0.55 1.27 61
base 0.63 0.39 0.88 60
noSurf DE2 0.63 0.39 0.88 60
zero 0.62 0.40 0.89 60
base 0.46 −0.02 0.60 59
noSurf DE9 0.46 −0.01 0.60 59
zero 0.47 0.00 0.60 59
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Table 5. Similar to Table 2 but with the addition of sNO3 (HNO3 +NO−
3 ) concentratios. Three

sea salt emissions scenarios – base, noSurf, and zero – are considered.

sNO3 R MNB RAE n

win base 0.10 1.17 0.76 21
noSurf DE1 0.10 1.19 0.76 21
zero 0.11 1.48 0.81 21
base 0.64 0.00 0.67 50
noSurf DE2 0.64 0.01 0.67 50
zero 0.67 0.10 0.68 50
base 0.76 −0.17 0.56 54
noSurf DE9 0.76 −0.16 0.57 54
zero 0.77 −0.08 0.58 54

sum base −0.14 0.41 0.25 26
noSurf DE1 −0.14 0.43 0.26 26
zero −0.13 0.57 0.28 26
base 0.34 0.05 0.31 59
noSurf DE2 0.34 0.06 0.31 59
zero 0.34 0.16 0.32 59
base 0.55 −0.23 0.26 56
noSurf DE9 0.55 −0.22 0.26 56
zero 0.55 −0.14 0.26 56
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Figure 1. Study region and size of the model grids. The coarse grid (blue) includes Europe and
parts of northern Africa. The first nested grid (green) includes Northwestern Europe, including
the North and Baltic Seas.
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Figure 2. The EMEP stations chosen for the comparison to CMAQ data. Red circles indicate
the stations discussed in Sect. 4. Data from the other stations are attached in the Supplement.
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Figure 3. Average total sea salt emissions in t/d of the base case (top, a and b) in winter
2008 (a) and summer 2008 (b). The difference noSurf – base case is shown in the bottom row
(c and d).
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Figure 4. Daily averaged sea salt emission flux in t/d in three exemplary coastal grid cells
(one per row) in winter 2008 (left) and summer 2008 (right). The fraction of open ocean and
surf zone is listed in the plots on the right. The remaining share is land. Location A is located on
the Dutch coast, location B is on the German coast and location C is on the Norwegian Atlantic
coast.

29741

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/29705/2015/acpd-15-29705-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/29705/2015/acpd-15-29705-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 29705–29745, 2015

Sensitivity of
modeled atmospheric

nitrogen species to
variations in sea salt

emissions

D. Neumann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 5. Measured (gray bars and black boxplots) and modeled (colored symbols) sodium
concentrations at three stations (top to bottom) during winter 2007/08 (left) and summer 2008
(right). The orange line indicates sodium concentrations without salinity-dependent downscal-
ing of sea salt emissions. On the left of each plot, the time series of the data are plotted. To the
right of each time series, box plots showing minimum, 25 % percentile, median, 75 % percentile,
maximum and mean values (rhombus) are shown.
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Figure 6. Similar to Fig. 5 but with the addition of xSO4 values and showing base, noSurf, and
zero sea salt emission cases.
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Figure 7. Similar to Fig. 6 but with the addition of sNH4 values.
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Figure 8. Similar to Fig. 6 but with addition of sNO3 values.
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