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Abstract

This note presents a straightforward method to correct sea-salt-emission particle-size distributions according to local

relative humidity. The proposed method covers a wide range of relative humidity (0.45–0.99) and its derivation

incorporates recent laboratory results on sea-salt properties. The formulas are given as functions of relative humidity

and compared with growth factors derived from earlier theoretical work. Application of this method to several common

open-ocean and surf-zone sea-salt-particle source functions is described. The resulting sea-salt-emission aerosol

distributions can be used directly in atmospheric model simulations without further correction.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Sea-salt particles may have profound impacts on

urban air quality (Knipping and Dabdub, 2003),

ecosystems of estuaries (Paerl et al., 2002; Evans et al.,

2004), and global climate change (Laskin et al., 2003),
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which make them essential components of atmospheric

models at urban, regional and global scales (Gong et al.,

1997). Sea-salt generation functions are usually given in

the form of a continuous particle-size distribution at a

specific relative humidity (RH), usually 80% (Monahan

et al., 1986; Smith and Harrison, 1998) or at formation

(de Leeuw et al., 2000). Given the hygroscopic nature of

sea-salt electrolytes and the wide variability in the

relative humidity within the planetary boundary layer,

a size correction is needed to represent local conditions

when calculating sea-salt emission rates. Traditionally,

this correction is carried out inside a mathematical air

quality model, i.e. sea-salt particle size distributions are

adjusted according to the local relative humidity using
d.
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Table 1

Composition of seawater (1 kg) with �19.4% chlorinity (Mill-

ero, 1996)

Species Concentration (g) Concentration (mol)

Cl– 19.3529 0.54588

Na+ 10.7838 0.46907

Mg2+ 1.2837 0.05282

SO4
2– 2.7124 0.02824

Ca2+ 0.4121 0.01028

K+ 0.3991 0.01021

HCO3
– 0.107 0.00175

Br– 0.0672 0.00084

B(OH)3 0.0194 0.00031

CO3
2– 0.0161 0.00027

Sr2+ 0.0079 0.00009

F– 0.0068 0.00068

B(OH)4
– 0.001 0.0001

OH– 0.0008 0.00008

Overall 35.172 0.56012

Table 2

Polynomial coefficients for water activity and density of

seawater (Tang et al., 1997)

Water activity Density

C1 �5.872� 10�3 A1 7.93� 10�3

C2 1.24� 10�4 A2 �4.28� 10�5

C3 �1.688� 10�5 A3 2.52� 10�6

C4 3.105� 10�7 A4 �2.35� 10�8

C5 �1.44� 10�9 A5 0
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thermodynamic algorithms within the model at every

time step. However, this method results in some

deficiencies. For a model with a sectional aerosol

representation (i.e., based on particle size bins), sea-salt

emissions take a discrete form; the accuracy of the

particle size correction will depend largely on how finely

the particle size bins are divided and numerical errors

will inevitably be introduced. This problem can be

reconciled in a modal representation only if the adopted

sea-salt emission function is also given by lognormal

modes; otherwise, the same problem arises.

Earlier research has produced particle-growth for-

mulas for a variety of particle types including sea salt

(Fitzgerald, 1975; Hänel, 1976; Gerber, 1985). Applica-

tion of these growth formulas to sea-salt emission

generation functions is cumbersome because the former

are functions of the dry particle size whereas the latter

are functions of the particle size at 80% RH or at

formation. Moreover, recent experimental evidence

indicates that the properties of a ‘‘dry’’ sea-salt particle

are not well-defined because water is present in sea-salt

particles even at very low relative humidity (Tang et al.,

1997). Considering the source of sea-salt particles in

nature (namely, marine water bodies), it is intuitive to

use the particle’s size at formation as the reference state

rather than the dry particle size. Applying knowledge of

sea-salt properties developed in recent years (Millero,

1996; Tang et al., 1997), we show that the particle size at

the local RH relative to the particle size at formation can

be expressed as a function of relative humidity alone. This

yields a straightforward method to correct sea-salt-

emission particle size distributions according to the local

RH, thereby allowing the emissions to be used directly in

air quality models without requiring further correction

within the model.
2. Size adjustment with respect to RH

Sea-salt particle composition at formation resembles

that of seawater, which has been well documented

(Millero, 1996) as shown in Table 1. In the present

study, seawater composition is approximated as 3.5%

solute and 96.5% solvent on a mass basis (i.e., the solute

weight fraction of seawater, xsw, is 0.035). The solute

weight fraction, xsw, of seawater varies in a narrow

range of 0.034 to 0.036; for atmospheric modeling

purposes, the assumption above does not add significant

uncertainty to aerosol calculations. The additional

assumptions applied herein are: (1) thermodynamic

equilibrium of water between sea-salt particles and the

ambient environment (Andreas, 1992), (2) negligible

effect of particle-surface curvature on water equilibrium

(i.e., Kelvin effect) because sea-salt-particle diameters

are usually above 0.1 mm, (3) conservation of solute

within each particle, and (4) negligible dependence of the
thermodynamic properties of sea-salt electrolytes on

ambient temperature. Note that water activity (aw) is

equal to RH under these assumptions.

Tang et al. (1997) used laboratory measurements of

sea-salt particles to obtain a best-fit curve of water

activity, aw, in terms of solute weight fraction in natural

sea-salt solutions, x, as aw ¼ 1:0 þ
P5

i¼1Cið100xÞi;
where the values of Ci are given in Table 2. To represent

x as a function of RH, we fit a polynomial to the inverse

of Tang’s equation,

xðRHÞ ¼
X5

i¼0

W iRHi; 0:45oRHo0:99, (1)

where Wi are polynomial coefficients provided in

Table 3. Eq. (1) reproduces the results of Tang’s

polynomial within 2% over the 0.45–0.99 RH range.

Fig. 1 depicts the relationship of solute weight

fraction as a function of relative humidity as given by

Eq. (1). We compare this result in Fig. 1 with similar

curves obtained for pure sodium chloride, NaCl, as
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Table 3

Polynomial coefficients for solute weight fraction, density and

size correction

i Wi Di S0
i

0 3.1657 3.8033 28.376

1 �19.079 �16.248 �205.44

2 55.72 46.085 653.37

3 �83.998 �68.317 �1031.7

4 63.436 50.932 803.18

5 �19.248 �15.261 �247.08
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 Tang et al. (1997)
 NaCl by AIM
 Approximated seawater (AS)

           NaCl     : 0.43338 mol kg-AS-1

  Na2SO4: 0.02242 mol kg-AS-1

  MgCl2   : 0.05626 mol kg-AS-1

  MgSO4 : 0.00582 mol kg-AS-1

Fig. 1. Solute weight fraction of sea salt as a function of

ambient relative humidity.
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calculated using the aerosol inorganic model (AIM)

(Wexler and Clegg, 2002; http://mae.ucdavis.edu/wex-

ler/aim) and for an approximated sea salt (AS) as

calculated using the standard Zdanovskii–Stokes–Ro-

binson approach (Stokes and Robinson, 1966). The AS

uses only the principal four ions in seawater—chloride,

sodium, sulfate and magnesium—to construct an

artificial solution similar to that of seawater given in

Table 1. Chloride and sulfate are maintained at equal

concentrations to that of seawater, whereas the molar

concentrations of sodium and magnesium are increased

slightly (proportionate to the molar ratio of potassium

and calcium found in seawater) to maintain charge

balance and an ionic strength similar to seawater. In

order to use the standard ZSR approach, the distribu-

tion of the ions over the four possible salt combina-

tions—NaCl, MgCl2, Na2SO4 and MgSO4—is

determined using the mixing scheme of Clegg and

Simonson (2001).

The curves in Fig. 1 for NaCl using the AIM and for

the AS using the standard ZSR approach are fairly

similar throughout the relative humidity range of
interest. These two curves diverge slightly from the

curve calculated using (1) at low relative humidity (o
0.60 RH). In the case of the AIM results, this difference

is due likely to the compositional difference between sea

salt and pure sodium chloride. As the standard ZSR

approach uses only single-solute data in its calculations,

the divergence in the case of the AS is due, at least in

part, to the inability of the method to account accurately

for interactions among the electrolytes of multiple

solutes, particularly in concentrated non-ideal solutions.

Given that Eq. (1) is based on direct experimental

observations, it is the preferred method for calculating

the relation of solute weight fraction of sea salt as a

function of relative humidity.

In sea-salt particles, the ratio of water mass at a

particular RH to water mass at the point of formation,

RH2O; may be expressed as

RH2O ¼
MH2O;RH

MH2O;0
¼

MH2O;RH=Msolute

MH2O;0=Msolute

¼
1=xðRHÞ � 1

1=xsw � 1
, ð2Þ

where MH2O;0 and MH2O;RH are the mass of water in a

sea-salt particle at formation and at the local relative

humidity, respectively, and Msolute is the mass of solute

in the sea-salt particle.

The density of a sea-salt particle, rp (kgm�3), may be

expressed as a function of x using the empirical formula

given by Tang et al. (1997):

rp ¼ 1000 0:9971 þ
X5

i¼1

Aið100xÞi

 !" #
, (3)

where the values of Ai are listed in Table 2. Since x in

Eq. (1) is expressed as a function of RH, combining Eqs.

(1) and (3), rp can be calculated also as a function of

RH:

rpðRHÞ ¼ 1000
X5

i¼0

Di RHi; 0:45oRHo0:99, (4)

using the coefficients, Di, listed in Table 3. Particle

densities calculated using Eq. (4) match those calculated

by Eq. (3) within 0.12% over the 0.45–0.99 RH range.

The mass of a spherical sea-salt particle is the product

of its volume and density,

Mp ¼
p
6
rpD3

p. (5)

This mass can be expressed also in terms of the particle

mass at formation:

Mp ¼
p
6
rswD3

p0ðRH2Oð1 � xswÞ þ xswÞ, (6)

where rsw is the sea-water density (1.027� 103 kg m�3)

and Dp0 is the diameter at formation. Equating Eqs. (5)

and (6), we obtain a correction term that relates the

http://mae.ucdavis.edu/wexler/aim
http://mae.ucdavis.edu/wexler/aim
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diameter at formation with the diameter at ambient RH.

C0 ¼
Dp0

Dp
¼

rp

rswðRH2Oð1 � xswÞ þ xswÞ

� �1=3

. (7)

Since both RH2O and rp are functions of RH and xsw is

constant, C0 is solely a function of RH. The curve of C0

is depicted in Fig. 2a and fit to a polynomial as

C0ðRHÞ ¼
X5

i¼0

S0
i RHi; 0:45oRHo0:99 (8)

using the coefficients listed in Table 3. Note that C0 is

equal to 1.97 at RH ¼ 0:8; in good agreement with the

value of �2 reported by Fitzgerald (1975) and Andreas

(1989). Therefore, we can express C80, i.e., Dp80/Dp, as

C80ðRHÞ ¼ C0ðRHÞ=1:97; 0:45oRHo0:99. (9)
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Fig. 2. Particle-size correction factors as functions of ambient

relative humidity with respect to the state at (a) formation and

(b) 80% RH. Eqs. (8) and (9) reproduce those calculated

indirectly from Tang’s polynomial expressions within 2.8%

over the 0.45–0.98 RH range, and within 8.6% over the

0.98–0.99 RH range.
C0 and C80 should be relatively constant when RH is

below the efflorescence point of sea salt (�45% RH),

but some residual water (5–10wt%) is still found to be

present in ‘‘solid’’ sea-salt particles at very low RH

(Tang et al., 1997). Due to this uncertainty, we do not

extend our formulas below 45% RH; nevertheless, the

equation is valid for essentially all RH conditions

expected over marine regions.
3. Comparison to other correction formulas

Particle-growth equations have been developed for the

calculation of growth factors (GF), which are defined as

a particle’s size at a specified RH divided by the

particle’s size when it is dry (Fitzgerald, 1975; Hänel,

1976; Gerber, 1985). These growth equations were

derived for a variety of electrolyte solutions in addition

to seawater and account for the Kelvin effect. For

reasons given above, they cannot be applied directly to

adjust sea-salt emission distributions to the local RH.

However, they can serve to corroborate the size-

correction formulas derived in Section 2. After some

algebraic manipulation, C0 and C80 may be expressed as

a ratio of GFs:

C0 ¼
Dp0

Dp
¼

r0=rdry

rRH=rdry
¼

GFðRH0Þ

GFðRHÞ

and

C80 ¼
Dp80

Dp
¼

r80=rdry

rRH=rdry
¼

GFðRH80Þ

GFðRHÞ
. (10)

In Eq. (10), rdry, r0, and rRH, are the dry particle radius,

the radius at formation, and the radius at a specified

relative humidity, respectively, and RH0 is the relative

humidity at formation. By definition of the GF, values

of C0 and C80 calculated from Eq. (10) are dependent on

rdry. Also, a value of RH0 must be specified when

calculating C0 by the growth-factor approach.

Values of C0 and C80 are calculated from Eq. (10),

using the GFs of Fitzgerald (1975) and Gerber (1985),

and plotted over the RH range of interest in Fig. 3. The

resulting values of C0 are quite sensitive to rdry and RH0,

while the C80 values are sensitive to rdry. In contrast, the

formulas derived in the present work are independent of

rdry because the Kelvin effect is neglected and are

independent of RH0 because a fixed value of xsw is

assumed. The lack of dependence on rdry and RH0

makes the present formulas straightforward to imple-

ment in air quality models. The formulas can be readily

applied to sea-salt generation functions, as discussed in

Section 4. Values of C0 calculated from the present

method match those from Fitzgerald’s equation when

rdry ¼ 3:0mm and RH0 ¼ 0:98; and match those from

Gerber’s equation when rdry ¼ 0:05mm and RH0 ¼ 0:98

(see Fig. 3a). The C80 values from all three methods are



ARTICLE IN PRESS

3.0

2.5

2.0

1.5

1.0

0.5

C
0  

as
 D

P
0/

D
P

0.90.80.70.60.5
Relative Humidity

 Fitzgerald,  rdry= 0.05 µm, RH0= 98.0% 
 Fitzgerald,  rdry= 3.0 µm,   RH0= 98.0%
 Gerber,      rdry= 0.05 µm, RH0= 98.0%
 Gerber,      rdry= 3.0 µm,   RH0= 98.0%
 Fitzgerald,  rdry= 0.05 µm, RH0= 98.3%
 Fitzgerald,  rdry= 3.0 µm,   RH0= 98.3%
 Gerber,      rdry= 0.05 µm, RH0= 98.3%
 Gerber,      rdry= 3.0 µm,   RH0= 98.3%
 this study, independent of rdry and RH0

(a)

(b)

1.2

1.0

0.8

0.6

0.4

C
80

 a
s 

D
P

80
/D

P

0.90.80.70.60.5
Relative Humidity

 Fitzgerald,  rdry= 0.05 µm, RH0= 98.0% 
 Fitzgerald,  rdry=   3.0 µm, RH0= 98.0%
 Gerber,      rdry= 0.05 µm, RH0= 98.0%
 Gerber,      rdry=   3.0 µm, RH0= 98.0%
 this study, independent of rdry and RH0

Fig. 3. Comparisons of correction factors from Fitzgerald

(1975), Gerber (1985) and this study with respect to the state at

(a) formation and (b) 80% RH.
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in excellent agreement, as shown in Fig. 3b, further

confirming the validity of the proposed method.
4. Application to sea-salt generation functions

Sea-spray droplets come in three varieties: film

droplets, jet droplets, and spume droplets. Film

(0.5–5 mm) and jet droplets (3–50mm) derive from the

same process: the bursting of air-entrained bubbles from

oceanic whitecaps formed during the breaking of wind-

induced waves. Spume droplets (420 mm), on the other

hand, derive from the wind shear which tears the

droplets directly from the wave crests (Andreas, 1998).

In the surf zone, however, wave breaking is dominated

by interactions with the sea bottom surface (de Leeuw et

al., 2000) which increase the rate of air entrainment and

whitecap formation. Consequently, sea-salt emissions
per unit area from the surf zone can be 1–2 orders higher

than the oceanic background.

Source functions, formulated from different ap-

proaches using laboratory and field experiments, are

often presented as continuous particle number-size

distributions (dFN/dr, where FN is the number flux and

r is a characteristic radius; unit: particlesm�2 s�1mm�1) as

a function of wind speed. Although the magnitude of the

number flux is a function of wind speed, the profile of the

size distribution generated is independent of wind speed

since the source functions are of the form dF=dr ¼

f ðuÞ � f ðrÞ; where u is a characteristic wind speed. An

overview of current estimates of the surface fluxes of sea-

spray aerosol, beyond the scope of this study, can be

found in Andreas (1998). Here we use several common

source functions to demonstrate how to apply the method

introduced in this paper.

4.1. Open-ocean source functions

Monahan et al. (1986):

dFN-Open

dr80
¼

dF0

dr80
ðbubblesÞ,

¼ 1:373 U3:41
10 r�3

80 ð1 þ 0:057r1:05
80 Þ � 101:19 expð�B2Þ,

ð11Þ

where r80 is the droplet radius ðmmÞ at a reference

relative humidity of 80%, U10 is the wind speed (m s�1)

at an elevation of 10m from the water surface, and B ¼

ð0:380 � log r80Þ=0:650: This function is applicable to

U10o20 m s�1 and 0.8or80o10mm.

Smith and Harrison (1998):

dFN-Open

dr80
¼
X2

i¼1

Ai exp �f i ln
r80

r0i

� �	 
2
)(

, (12)

where r01 ¼ 3mm and r02 ¼ 30mm; f 1 ¼ 1:5 and f 2 ¼

1:0; and A1 and A2 are approximated by A1 ¼ 0:2U3:5
10

and A2 ¼ 6:8 � 10�3U3
10: This function is applicable to

U10o20 m s�1 and 0.5or80 o150mm (Dr. Michael H.

Smith, per. comm.). Note here we use the notation Ai to

be consistent with Smith and Harrison (1998). It is

different from Ai in Eq. (3).

To apply the proposed method,

number :
dFN-Open

dDp
¼

dFN-Open

dr80

dr80

dDp80

dDp80

dDp

¼
1

2
C80 dFN-Open

dr80
ð13Þ

and

mass :
dFM-Open

dDp
¼ 10�15 dFN-Open

dDp

p
6

D3
prpx (14)

for dry mass flux. The factor of 10�15 accounts for unit

conversion and C80, rp and x are given by Eqs. (9), (4)

and (1). The units of dFN-Open=dDp and dFM-Open=dDp
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are particles m�2 s�1 mm�1 and g m�2 s�1 mm�1, respec-

tively. When using Eqs. (13) and (14), the applicable size

ranges of Eqs. (11) and (12) should be adjusted to local

RH using the relationship, r80 ¼
1
2 C80Dp:

4.2. Surf-zone source function

de Leeuw et al. (2000) provide a source function for

sea spray produced by waves breaking in the surf zone

from data collected at two locations on the California

coast as

dFN-Surf

dDp0
¼ 1:1 � 107 e0:23U10 D�1:65

p0 , (15)

where Dp0 is sea-salt particle diameter at formation. The

function is applicable for U10o9 m s�1 and 1.6o Dp0

o20mm. (Note that the factor of 107 was inadvertently

omitted in the original publication.)

To apply the proposed method,

number :
dFN-Surf

dDp
¼

dFN-Surf

dDp0

dDp0

dDp
¼ C0 dFN-Surf

dDp0
(16)

and

mass :
dFM-Surf

dDp
¼ 10�15 dFN-Surf

dDp

p
6

D3
prpx (17)

for dry mass flux, where C0, rp and x are given by Eqs.

(8), (4) and (1), respectively. Again, the applicable size

range of Eq. (15) should be adjusted to local RH when

using Eqs. (16) and (17) following the relationship Dp0 ¼

C0Dp:
5. Conclusion

Here we introduced a simple method for correcting

sea-salt-emission particle-size distributions as a function

of relative humidity. The correction factors, correspond-

ing to the size at formation and the size at 80% RH, are

given as polynomial functions of local relative humidity

which are straightforward to implement. Without major

compromises, these factors are thermodynamically

accurate and can be applied between 0.45 and 0.99

RH. Since the thermodynamic properties of sea-salt

electrolytes have a weak dependence on ambient

temperature, these factors can be regarded as tempera-

ture independent. The resultant sea-salt emissions can be

used directly in atmospheric model simulations without

further correction.
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