
Climatic responses to the shortwave and longwave direct radiative
effects of sea salt aerosol in present day and the last
glacial maximum

Xu Yue • Hong Liao

Received: 20 September 2011 / Accepted: 4 February 2012

� Springer-Verlag 2012

Abstract We examine the climatic responses to the

shortwave (SW) and longwave (LW) direct radiative

effects (RE) of sea salt aerosol in present day and the last

glacial maximum (LGM) using a general circulation model

with online simulation of sea salt cycle. The 30-year con-

trol simulation predicts a present-day annual emission of

sea salt of 4,253 Tg and a global burden of 8.1 Tg for the

particles with dry radii smaller than 10 lm. Predicted

annual and global mean SW and LW REs of sea salt are,

respectively, -1.06 and ?0.14 W m-2 at the top of

atmosphere (TOA), and -1.10 and ?0.54 W m-2 at the

surface. The LW warming of sea salt is found to decrease

with altitude, which leads to a stronger net sea salt cooling

in the upper troposphere. The changes in global mean air

temperature by the present-day sea salt are simulated to be

-0.55, -0.63, -0.86, and -0.91�K at the surface, 850,

500a, and 200 hPa, respectively. The emission of sea salt at

the LGM is estimated to be 4,075 Tg year-1. Relative to

present day, the LGM sea salt emission is higher by about

18% over the tropical and subtropical oceans, and is lower

by about 35% in the mid- and high-latitudes in both

hemispheres because of the expansion of sea ice. As a

result of the weakened LGM water cycle, the LGM annual

and global mean burden of sea salt is predicted to be higher

by 4% as compared to the present-day value. Compared

with the climatic effect of sea salt in present day, the sea-

salt-induced reductions in surface air temperature at the

LGM have similar magnitude in the tropics but are weak-

ened by about 0.18 and 0.14�K in the high latitudes of the

Southern and Northern Hemispheres, respectively. We also

perform a sensitivity study to explore the upper limit of the

climatic effect of the LGM sea salt. We assume an across-

the-board 30% increase in the glacial wind speed and

consider sea salt emissions over sea ice, so that the model

can reproduce the ratio of sea salt deposition between the

LGM and present day in the high latitudes of the Southern

Hemisphere as suggested by the ice core records. This

sensitivity run predicts a global emission of sea salt of

11,941 Tg year-1 with a global burden of 20.9 Tg. With

such a high loading, sea salt aerosol at the LGM can have a

net RE of -2.28 W m-2 at the TOA and lead to an annual

and global mean cooling of 1.27�K at the surface.

Keywords Sea salt aerosol � Radiative effect � Climatic

responses � Last glacial maximum

1 Introduction

Aerosols of both anthropogenic and natural origin play

important roles in the Earth’s climate system. In the past

few decades, substantial effort has been placed on the
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assessment of the environmental and climatic impacts of

anthropogenic aerosol species, including sulfate, nitrate, and

carbonaceous aerosols (Forster et al. 2007). Natural aero-

sols, dominated by mineral dust and sea salt, are also

important for understanding climate change, because of

their large burdens in the troposphere and their interactions

with the ancient and current climate (e.g., Mahowald et al.

2006b; Ma et al. 2008; Carslaw et al. 2010; Yue et al. 2011).

Sea salt aerosol is produced by winds over the oceans

(Mulcahy et al. 2008). Parameterizations based on the wind

production relationship estimate an annual global total

emission of 1,000–10,000 trillion grams (Tg) of sea salt

aerosol into the troposphere (Blanchard 1985). Sea salt

particles are highly hygroscopic and easily grow to larger

size (Tang et al. 1997; Irshad et al. 2009), leading to short

residence time in the atmosphere. The suspended small sea

salt particles are efficient in scattering solar energy, con-

tributing largely to the marine aerosol optical depth (AOD)

(Haywood et al. 1999). Sea salt aerosol is not absorptive of

solar radiation; it causes similar direct radiative perturba-

tions at the surface and at the top of the atmosphere (TOA).

In addition, sea salt aerosol can influence the formation and

lifetime of clouds by acting as cloud condensation nuclei

(Kaufman et al. 2005), leading to indirect changes in the

Earth’s energy budget. Previous modeling studies reported

that the estimated global annual mean direct and indirect

shortwave (SW) radiative effects (RE) of sea salt aerosol

are within the range of -0.15 to -3.5 W m-2 and -0.4 to

-1.3 W m-2, respectively (Haywood et al. 1999; Jacobson

2001; Grini et al. 2002; Takemura et al. 2002; Dobbie et al.

2003; Liao et al. 2004; Koch et al. 2006; Ayash et al. 2008;

Ma et al. 2008). These solar radiative perturbations are

comparable to or even larger than those of -0.8 to

-3.0 W m-2 by mineral dust at the surface as summarized

by Yue et al. (2010).

Sea salt aerosol is also important in influencing long-

wave radiative transfer. The experimentally retrieved val-

ues of the imaginary part of the refractive index of sea salt

aerosol show large values at small wave numbers (Hess

et al. 1998; Irshad et al. 2009), indicating that sea salt

aerosol has an absorbing effect in the infrared wavebands.

By combining a discrete ordinate radiative transfer model

with observed atmospheric and aerosol profiles, Lubin

et al. (2002) estimated that sea salt aerosol contributed to

about 30% of the total LW REs by aerosols at the TOA

over Indian Ocean. Satheesh and Lubin (2003) used the

same radiative transfer model and found that the total

surface SW aerosol RE was offset by 45% as a result of the

LW RE of sea salt generated by moderate sea surface

winds. Reddy et al. (2005a) utilized the Laboratoire de

Météorologie Dynamique General Circulation Model

(LMDZT GCM) and obtained an annual global mean all-

sky LW RE of about 0.12 W m-2 at the TOA for sea salt

aerosol, representing about 40% of its SW RE. Li et al.

(2008) utilized a one dimensional radiative transfer model

and estimated that the LW RE efficiency (RE per unit mass

density) is about 20% of the SW component with the

opposite sign. These studies showed the importance of the

LW effect of sea salt aerosol, but did not further investigate

the spatial and temporal characteristics of the LW effect on

a global scale.

Geological records have shown that the concentrations

of sea salt aerosol vary significantly during the glacial-

interglacial cycles. Ice core records from both Antarctica

and Greenland revealed two to five folds increases in sea

salt aerosol concentrations during the last glacial maximum

(LGM, about 21,000 years ago). Some studies attributed

the high amount of sea salt to the stronger glacial wind

which produced and/or transported aerosol to high latitudes

(Petit et al. 1990; DeAngelis et al. 1997), while others

considered that the local production from sea ice (espe-

cially frost flowers on the new sea ice) was the primary

cause (Wagenbach et al. 1998; Rankin et al. 2002). All the

previous modeling studies could not reproduce such

increases in sea salt deposition at the LGM, even after

taking into account the possible production of sea salt over

sea ice (Reader and McFarlane 2003; Mahowald et al.

2006a). Sea salt aerosol is expected to contribute to the

cooling at the LGM, but no studies, to our knowledge,

estimated the climatic impact of sea salt aerosol at the

LGM.

The purpose of this study is to quantify the climatic

responses to the direct RE of sea salt aerosol, including

both the SW and LW radiative effects, in both present-day

and the LGM atmospheres. We pay special attention to (1)

the spatial and temporal variations of sea salt LW and net

(SW ? LW) REs, and (2) the changes in air temperature in

response to direct RE of sea salt in present day and the

LGM. The descriptions of the numerical model and sim-

ulations are presented in the next section. Section 3 shows

and evaluates the simulated present-day sea salt concen-

tration and optical depth. In Sect. 4, the spatial and tem-

poral characteristics of sea salt RE are discussed. Section 5

analyzes the climate responses to the direct REs of sea salt

aerosol in present day, which are further compared to the

results at the LGM in Sect. 6. In Sect. 7, we carry out

several sensitivity experiments to identify major factors

that can lead to increases in sea salt deposition in the high

latitudes and explore the upper limit of the climatic effect

of sea salt at the LGM.

2 Model and experiments

The general circulation model (GCM) IAP9L-AGCM

(Zeng et al. 1989; Zhang 1990; Liang 1996; Yue and Wang
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2009) is used in this study. The model has a horizontal

resolution of 4� 9 5� with nine vertical layers up to

10 hPa. It is coupled with a mixed-layer ocean model

(Hansen et al. 1984), which utilizes a prescribed annual

mean mixed-layer depth derived by Levitus et al. (2000).

Yue et al. (2009) coupled the Global Transport Model of

Dust (GMOD) into the GCM to simulate the transport of

mineral dust aerosol, and then Yue et al. (2010) updated the

radiative transfer scheme of the GCM to consider the REs

of dust aerosol at both SW and LW spectra. Based on these

studies, we further implement the global transport of sea

salt aerosol and its REs in the GCM in this work.

2.1 Sea salt cycle

The production of sea salt aerosol is closely related to the

intensity of sea surface wind. There have been many

studies that parameterize the generation of sea salt particles

as a function of wind speed at 10 m, such as Monahan et al.

(1986), Smith et al. (1993), and Gong (2003). The Mona-

han’s formula was found to predict reasonable mass of sea

salt particles with dry radii ranging from 0.2 to 4.0 lm

(Guelle et al. 2001; Gong 2003), and the parameterization

by Smith et al. (1993) was found to obtain reasonable sea

salt mass for particles larger than 4.0 lm (Guelle et al.

2001). For particles smaller than 0.2 lm, Gong (2003)

proposed an updated parameterization to reduce the over-

estimation of the flux of sea salt particle number based on

the work of Monahan et al. (1986). In our simulation, we

assume that particles with dry radii ranging from 0.1 to

10.0 lm are representative of the climatic effect of sea salt.

As a result, parameterizations from Gong (2003), Monahan

et al. (1986), and Smith et al. (1993) are combined as

Focean = f (U10) to calculate the production of sea salt

aerosol over open oceans in the GCM. U10 is the wind

speed at 10 meters.

Production of sea salt aerosol over sea ice is possible

(Wagenbach et al. 1998; Rankin et al. 2002) but quite

uncertain (Reader and McFarlane 2003; Mahowald et al.

2006a). In this study, we propose three cases to take into

account the uncertainties. First, no sea salt is produced over

sea ice (Fseaice = 0, hereafter referred to as ICE00

scheme). Second, sea salt is produced over sea ice under

the same conditions as those over open water but with half

amount [Fseaice = f (U10)/2, referred to as ICE05 scheme].

Third, sea salt is produced over sea ice only when surface

wind speed is larger than an arbitrary threshold 5 m s-1

[Fseaice = f (U10 - 5), referred to as ICET scheme]; the

production rate is dependent on U0 � 5j j and hence smaller

than that over the open oceans.

Deposition schemes for sea salt aerosol are similar to the

treatments for mineral dust in the GCM (Yue et al. 2009).

Dry deposition of particles is dependent on both the

gravitational settling and turbulent mixing at the lowest

model level. At the upper levels, only the gravitational

settlement is considered. Wet deposition efficiency is

determined by the precipitation rate and the size-dependent

empirical constants, as described by Yue et al. (2009).

We simulate six size bins of sea salt, with dry radii

of 0.1–0.2, 0.2–0.5, 0.5–1.0, 1.0–2.0, 2.0–5.0, and

5.0–10.0 lm, respectively. Each bin is transported inde-

pendently; size changes by breaking or coagulation among

different bins are not allowed. We consider the hygroscopic

growth of the sea salt particles using the empirical formula

proposed by Gerber (1985), which changes the gravita-

tional settling velocity (dry deposition) by altering the wet

radius and mass density of sea salt particles (Table 1). For

example, the gravitational settling velocity for a wet sea

salt particle at the relative humidity (RH) of 80% is about 2

times that for a dry particle, according to the settlement

Eq. 4 in Yue et al. (2009).

2.2 Sea salt radiative effect

The original radiative transfer scheme in the GCM

follows that in the NCAR Community Climate Model

version 3 (CCM3, Yue and Wang 2009). In the solar

spectra, the model utilizes a d-Eddington approximation

to calculate radiative fluxes at each model hour in 18

bands ranging from 0.2 to 5.0 lm (Briegleb 1992). In the

thermal spectra, parameterizations for the absorptivity

and emissivity of air, water vapor, ozone, and trace gases

are employed in a broadband model approach (Kiehl and

Briegleb 1991).

Table 1 Ratios of parameters of wet sea salt particles to those of dry particles at different relative humidity

RH (%) 0 50 70 80 90 95 98 99

r/rd 1.00 1.57 1.79 1.97 2.35 2.92 3.91 4.91

q/qd 1.00 0.60 0.55 0.53 0.50 0.48 0.46 0.46

V/Vd 1.00 1.47 1.76 2.03 2.73 4.06 7.09 11.07

K/Kd 1.00 2.25 2.88 3.47 5.08 8.00 13.34 21.25

Parameters includes radius (r), mass density (q), gravitational settling velocity (V), and specific extinction coefficient (K) at 500 nm for particles

with dry radii from 0.5 to 1.0 lm. The parameters for dry particles are denoted with a subscription d
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The radiation schemes are updated to consider the

effects of sea salt aerosol. The AOD s, single scattering

albedo (SSA) x, and asymmetry parameter g are calculated

with the Mie theory (de Rooij and van der Stap 1984;

Mishchenko et al. 1999) and are utilized in the GCM to

consider the scattering of solar energy by sea salt. In the

thermal bands, the exponential transmission approximation

proposed by Carlson and Benjamin (1980) is employed,

which is based on the thermal optical depth of aerosols

(Yue et al. 2010).

The refractive indices (kr–i�ki) of sea salt aerosol utilized

in the Mie calculation are from the Optical Properties of

Aerosols and Clouds (OPAC) package (Hess et al. 1998);

kr and ki are the real and imaginary parts of the indices,

respectively. kr is around 1.5 for most wavelengths while ki

is close to zero at SW bands (Fig. 1a). The value of ki

increases with wavelength at the LW bands (k[ 10 lm),

indicating strong absorption of the aerosol. Relative to dry

condition, kr at RH of 80% is reduced due to the lower

scattering capability of water coat, while ki at RH of 80%

reaches up to 0.4 at the wavelengths of 15–30 lm.

For the dry sea salt particles with column burden Md,

particle radius rd, and mass density qd, the AOD can be

calculated by (Tegen et al. 1997),

sd ¼
3Qd

4rdqd

�Md ð1Þ

where Qd is the extinction efficiency for spherical particles

derived with Mie theory. When sea salt particles are wet,

the AOD is then calculated by,

s ¼ 3Q

4rq
�M ¼ 3QM

4rqMd
�Md ð2Þ

where M, r, and q are the column burden, radius, and mass

density of wet particles, respectively. If we define Kd ¼
3Qd

4rdqd
and K ¼ 3QM

4rqMd
as the specific extinction coefficients,

the ratio K/Kd reflects the change in sea salt AOD due to

the hygroscopic growth of particles (Table 1). For exam-

ple, the AOD of accumulation-mode sea salt particles at the

RH of 80% is 3.5 times as large as that at the dry condition.

The variation of the specific extinction coefficient K with

wavelength and particle size is shown in Fig. 1b. While

small particles have strong scattering effect at SW spectra,

large particles are efficient in influencing LW radiation.

Figure 1c shows the derived SSA of sea salt aerosol. In

the solar and near-infrared spectra (k\ 2 lm), sea salt

absorbs practically no energy (SSA & 1). However, the

aerosol shows strong absorption at LW spectra; the small

particles in the size bin of 0.2–0.5 lm even have SSA of

nearly zero as the wavelength is larger than 10 lm. In

addition, the aerosol becomes more absorptive when air

humidity increases.

The RE of sea salt aerosol is calculated with the ‘‘double

radiation call’’ method as described in Woodward (2001).

This method calls the radiative transfer scheme twice at

every time step; one includes sea salt radiative effects and

the other omits them. Only the latter call feeds the calcu-

lated sea-salt-free radiation fluxes back into the GCM to

change the simulated atmospheric circulation. As a result,

the meteorological fields are kept the same as those in the

control run (see Sect. 2.3). The RE of sea salt aerosol is

derived as the differences in the radiative fluxes between

these two calls.
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Fig. 1 Optical parameters of sea salt aerosol at different air humidity.

a Refractive indices (kr–i�ki); b specific extinction coefficient K, unit
m2 g-1; c SSA, unit: fraction. The dry air and wet air with 80%

relative humidity are denoted as ‘‘dry’’ and ‘‘RH80%’’, respectively.

Particles from the 2nd and 5th bins are, respectively, denoted as the

‘‘small’’ and ‘‘large’’ aerosols in (b) and (c). The vertical coordinate

of (b) is logarithmic
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2.3 Numerical experiments

2.3.1 Climate simulations

We perform five climate simulations to quantify the cli-

matic responses to the direct REs of sea salt aerosol in

present day and the last glacial maximum (Table 2). Two

simulations, PD_CTRL and PD_CPLD, are carried out for

present day. The PD_CTRL simulates present-day sea salt

aerosol online, but sea salt RE is not allowed to feed back

into the GCM. The PD_CPLD has coupled sea salt-climate

for present day; the suspended sea salt particles influence

climate by SW and LW REs, while the perturbed meteo-

rological fields affect sea salt cycle in turn. The differences

between PD_CPLD and PD_CTRL indicate the interactive

climatic effects of sea salt aerosol in present-day atmo-

sphere. For the present-day simulations, greenhouse gases

concentrations are taken from the 20C3 M scenario from

the Intergovernmental panel on climate change (IPCC)

fourth assessment report (AR4) database (Table 3), and the

sea surface temperatures (SST) over open water are cal-

culated with the present-day Q-flux ocean.

Similarly, we perform simulations LGM_CTRL and

LGM_CPLD to understand the climatic effect of sea salt at

the LGM (Table 2). The CO2 concentration at the LGM is

set to 185 ppm (Table 3), which is about half of the pres-

ent-day level. The LGM continental ice sheet, topography,

and coastline are implemented into IAP9L-AGCM using

the datasets from Peltier (2004), with the similar treatment

to that in Yue et al. (2011). The land cover at the LGM is

taken from the simulation performed by Jiang (2008), who

used the same version of the GCM and obtained the LGM

land surface by running the equilibrium vegetation model

BIOME3 (Haxeltine and Prentice 1996) driven by the cli-

matological differences between the LGM and the present

day. It was found that the area of arid and semiarid regions

expands by 82% at the LGM relative to present day, as a

result of the low air temperature, precipitation, atmospheric

CO2 concentration, and exposure of coastlines from

decreased sea level (Jiang 2008). The LGM SSTs over

open water are calculated using the LGM Q-flux ocean,

which is obtained based on the energy balance between the

predicted net atmosphere-to-ocean heat flux and the water

heat content within the oceanic mixed layer from the

CLIMAP (Climate: Long-range Investigation, Mapping,

and Prediction) LGM SSTs (CLIMAP Project Members

1981). Following Manabe and Broccoli (1985), the depth

of the mixed layer ocean at the LGM is assumed to be the

same as that in present day. The ocean model does not

simulate the dynamics of sea ice; it reports a new sea ice

grid if the simulated SST is lower than 273.15�K. The

temperature of sea ice is taken from the monthly sea ice

climatology of the CLIMAP dataset (Yue et al. 2011).

We perform an additional climate simulation, LGMU

130_CPLD, for LGM (Table 2). In LGMU130_CPLD, we

assume an across-the-board increase in glacial wind speed by

30% in the sea salt emission scheme, and, unlike the simula-

tions PD_CTRL, PD_CPLD, LGM_CTRL, and LGM_CPLD

that have zero sea salt emission from sea ice, this simulation

accounts for sea salt generation over ice with the ICET

scheme. All other parameters in the climate simulation

LGMU130_CPLD are the same as those in the sensitivity

Table 2 List of climate simulations

Climate

simulations

50 years of model integration

with 20-year spin up

PD_CTRL Present-day sea salt cycle

Present-day climate without climatic

effects of sea salt

No sea salt emission over sea ice

PD_CPLD Present-day interactive sea salt and climate

No sea salt emission over sea ice

LGM_CTRL LGM sea salt cycle

LGM climate without climatic effects of sea salt

No sea salt emission over sea ice

LGM_CPLD LGM interactive sea salt and climate

No sea salt emission over sea ice

LGMU130_CPLD LGM interactive sea salt and climate

Wind speed increases by 30% for aerosol

emission

Sea salt emission scheme of ICET over sea ice

Table 3 Concentrations of greenhouse gases for climate simulations

Model yearc CO2 (ppm) CH4 (ppb) N2O (ppb) CFC11 (ppt) CFC12 (ppt)

LGMa -19000 185 350 200 0 0

PDb 1990 353 1,676 309 263 479

a Source: http://pmip2.lsce.ipsl.fr/design/boundary.shtml
b Source: http://www.mri-jma.go.jp/Dep/cl/cl4/IPCC-AR4/GHG_hist_table.html
c Model year is used to calculate Earth’s orbital parameters with the equations from Berger (1978)

X. Yue, H. Liao: Climate responses to radiative effect of sea salt

123

http://pmip2.lsce.ipsl.fr/design/boundary.shtml
http://www.mri-jma.go.jp/Dep/cl/cl4/IPCC-AR4/GHG_hist_table.html


experiment LGM_U130_IT (see Sect. 2.3.2), except that the

former one considers the climatic responses to the REs of sea

salt.

Each climate simulation is integrated for 50 years and

the averaged values of the last 30 years are considered as

the model climatology and shown in Sect. 5, 6, and 7. The

Student t test is used to calculate the statistical significance

of the model results, and only the differences that exceed

the 95% confidence level will be discussed.

2.3.2 Sensitivity tests

We perform four groups of sensitivity experiments to

estimate the possible contributions of sea salt emissions

from sea ice and/or changes in wind speed to the glacial sea

salt deposition (Table 4). The first group of experiments

(PD_U100_I00, PD_U100_I05, and PD_U100_IT) are the

reference tests, which utilize present-day sea ice distribu-

tion and wind fields. The second group (PD_U120_I00,

PD_U120_I05, and PD_U120_IT) also uses present-day

sea ice distribution, but the present-day wind fields are

increased by 20% when calculating sea salt emissions. The

third group (LGM_U100_I00, LGM_U100_I05, and

LGM_U100_IT) considers the LGM sea ice distribution

and LGM wind fields. The last group (LGM_U130_I00,

LGM_U130_I05, and LGM_U130_IT) has the LGM sea

ice distribution but assumes a 30% increase in the LGM

wind speed for sea salt emission. In each group, we per-

form three separate experiments with different aerosol

emission schemes over sea ice (ICE00, ICE05, or ICET).

Each sensitivity experiment is integrated for 15 years with

the first 5 years as the spin-up. We discuss their results in

Sect. 7.

3 Simulated present-day sea salt cycle

3.1 Sea salt budget

The predicted present-day sea salt cycle in PD_CTRL is

examined and evaluated in this section. Figure 2 shows the

simulated seasonal mean emissions of sea salt. Sea salt

production is always more active in the winter hemisphere.

In December–January–February (DJF) (Fig. 2a), the strong

winds from the active Aleutian Low and the Azores High

lead to large sea salt production over the North Pacific and

the North Atlantic. In June–July–August (JJA) (Fig. 2c),

sea salt production becomes quite active in the middle

latitudes of the southern hemisphere (SH), due to the

intensified circumpolar westerlies there in this season.

Large emissions of sea salt are predicted over the Arabian

Sea as a result of the strengthened Indian summer mon-

soon. On a global scale, the simulated total sea salt emis-

sion is 4,253 Tg year-1 with small seasonal variation. The

simulated seasonality of sea salt production is consistent

with that in previous studies (e.g., Erickson et al. 1986;

Gong et al. 1997; Grini et al. 2002).

The simulated sea salt budget for different size bins is

shown in Table 5. Sea salt emission is predicted to increase

with particle size; the largest particles (r C 5.0 lm) con-

tribute to 62.3% of the total emission. Wet deposition

removes over 94% of the sub-micron particles, and dry

deposition accounts for 68% of the total deposition for

super-micron particles. On an annual and global mean

basis, the simulated sea salt burden is 8.1 Tg. The smallest

sea salt particles with dry radii of 0.1–0.2 lm have the

longest lifetime of 3.3 days, and the largest particles with

dry radii of 5–10 lm deposit within a few hours. Averaged

over all the size bins, the simulated lifetime of suspended

sea salt particles is 0.7 days.

The simulated present-day sea salt budget is compared with

previous model results in Table 6. Most models simulated the

sea salt particles with dry radii smaller than 10.0 lm and

obtained annual global emissions of 1,000–12,000 Tg year-1.

The simulated global burdens of sea salt in different models

ranged from 3.8 to 25.7 Tg. Our simulated sea salt burden is

within the range of previous studies.

Table 4 List of sensitivity simulations

Simulations 15 years of model integration with 5-year spin up

PD_U100_I00 Present-day wind speed and sea ice distribution

with ICE00 scheme, same as PD_CTRL

PD_U100_I05 Present-day wind speed and sea ice distribution

with ICE05 scheme

PD_U100_IT Present-day wind speed and sea ice distribution

with ICET scheme

PD_U120_I00 Same as PD_U100_I00 but wind speed increased

by 20%

PD_U120_I05 Same as PD_U100_I05 but wind speed increased

by 20%

PD_U120_IT Same as PD_U100_IT but wind speed increased

by 20%

LGM_U100_I00 LGM wind speed and sea ice distribution with

ICE00 scheme, same as LGM_CTRL

LGM_U100_I05 LGM wind speed and sea ice distribution with

ICE05 scheme

LGM_U100_IT LGM wind speed and sea ice distribution with

ICET scheme

LGM_U130_I00 Same as LGM_U100_I00 but wind speed

increased by 30%

LGM_U130_I05 Same as LGM_U100_I05 but wind speed

increased by 30%

LGM_U130_IT Same as LGM_U100_IT but wind speed increased

by 30%

For the cases with increased wind speed, the increased wind velocities

are used for emissions of sea salt only
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3.2 Station-based evaluation

3.2.1 Aerosol concentrations

The simulated present-day sea salt cycle is evaluated with

measurements. The observations of sea salt concentrations

are from the University of Miami Ocean Aerosol Network

(Galloway et al. 1993; Prospero 1996). Figure 3 shows the

distribution of the sites with observations. The operation

periods were different among these sites; we use multi-year

average for sites with measurements available. Since the

collected sea salt particles are always wet, we examine the

content of sodium ion (Na?) in model evaluation. We

calculate the mean bias (MB) and normalized mean bias

(NMB) of concentrations using the following formulae

(Liao et al. 2007),

MB ¼ 1

n

Xn

i¼1

Pi � Oið Þ ð3Þ

NMB ¼ 100%�
Xn

i¼1

Pi � Oið Þ
,
Xn

i¼1

Oi ð4Þ

where Pi and Oi are predicted and observed values at site i,

respectively. n is the total number of stations in the com-

parison. The MB and NMB of the predicted sea salt con-

centrations for the 20 sites are -0.11 lg m-3 and -1.9%,

respectively. The linear correlation coefficient between

observations and simulation is only 0.05 for 20 sites. The

poor correlation is consistent with other studies (e.g.,

Ginoux et al. 2006; Koch et al. 2006), which may be

attributed to the coarse resolution of the model, biases in

simulated surface wind, and/or parameterization for sea salt

emission.

Figure 4 compares the monthly mean sea salt concen-

trations at each site. We also show the monthly mean

surface wind velocities during the same period of aerosol

measurements calculated using the NCAR/NCEP reanaly-

ses (Kalnay et al. 1996). Sites 1–6 are located in the

(a) Emission in DJF (0.260) (b) Emission in MAM (0.256)
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Fig. 2 Simulated sea salt

emission in a DJF; b MAM;

c JJA; d SON. The global

averages are shown in the

parentheses. Unit lg m-2 s-1

Table 5 Simulated global sea

salt budget in present day

(PD_CTRL)

Dry radius

(lm)

Production

(Tg year-1)

Dry deposition

(Tg year-1)

Wet deposition

(Tg year-1)

Burden

(Tg)

Lifetime

(days)

0.1–0.2 5 0 5 0.0 3.3

0.2–0.5 44 1 44 0.4 3.2

0.5–1.0 213 13 199 1.7 2.9

1.0–2.0 545 109 436 2.8 1.9

2.0–5.0 794 448 346 1.7 0.8

5.0–10.0 2,651 2,151 499 1.5 0.2

0.1–10.0 4,253 2,722 1,529 8.1 0.7
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southern oceans; wind speeds at these sites generally peak

in JJA. At Cape Point (site 1), observed concentrations

show the maximum in July and minimum in March, gen-

erally consistent with the reanalyzed seasonal variation of

surface wind speed. However, simulated concentrations

show small seasonal variation. At Cape Grim (site 2), both

observed sea salt concentrations and reanalyzed wind

speed reach maximum in August. Simulated sea salt con-

centrations show low bias and peak in June. King George

Island (site 3) is located on the tip of the Antarctic Pen-

insula. Observed concentrations show high values in MAM

and SON. Simulated results capture such feature although

the magnitude of the springtime maximum is overestimated

by about 100%. Marion Island (site 4) is located within the

westerlies surrounding the Antarctic; the annual mean wind

speed at this site is as high as 9.4 m s-1 with the maximum

appears in July. However, observed sea salt concentrations

are much lower than expected and exhibit small seasonal

variation. Anguelova and Webster (2006) reported that

other factors, such as the atmospheric stability at low level,

ocean surface current velocity, duration of wind, and sea

surface temperature, may also be influential on sea salt

production. These factors are not considered in our sea salt

generation functions, which can lead to uncertainties in

Table 6 The comparisons of

simulated present-day sea salt

budget in different studies

a Median value of multi-model

ensemble

Studies Dry radius

(lm)

Emission

(Tg year-1)

Burden

(Tg)

Lifetime

(days)

Gong et al. (1997) 0.03–8.0 11,700 N/A N/A

Tegen et al. (1997) 2.0–16.0 5,900 11.4 0.71

Haywood et al. (1999) N/A N/A 3.8–18.8 N/A

Takemura et al. (2000) 0.1–10.0 3,529 5.6 0.58

Chin et al. (2002) 0.1–10.0 6,950 11.3 0.60

Grini et al. (2002) 0.02–12.5 6,500 6.1 0.34

Easter et al. (2004) N/A 8,076 4.3 0.19

Liao et al. (2004) 0.03–64.0 6,056 6.9 0.40

Alexander et al. (2005) 0.1–10.0 5,370 5.9 0.40

Reddy et al. (2005b) 0.02–10.0 3,442 4.6 0.50

Tie et al. (2005) 0.1–10.0 N/A 13.2 N/A

Ginoux et al. (2006) N/A N/A 5.0 N/A

Koch et al. (2006) 0.1–4.0 1,734 5.2 1.10

Mahowald et al. (2006a) 0.1–10.0 5,990 12.0 0.76

Textor et al. (2006)a N/A 6,280 6.4 0.41

Ma et al. (2008) 0.05–12.5 N/A 5.2 N/A

Bellouin et al. (2011) N/A N/A 25.7 N/A

Jaegle et al. (2011) 0.01–10.0 5,200 4.6 0.33

This study 0.1–10.0 4,253 8.1 0.70
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Fig. 3 Locations of 20 sites in

the University of Miami Ocean

Aerosol Network. Solid circles
denote sites in the southern

oceans, triangles denote sites in

the North Atlantic, squares
denote sites in the North Pacific,

and empty circles denote sites in

the South Pacific
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Fig. 4 Comparison of the monthly time series of Na? concentrations

in 20 sites between observations and simulations. Solid line represents

simulated monthly means with one standard deviation denoted by

shadings. Solid circles are observed monthly means. Error bars
indicate one standard deviation. The time span of available observa-

tions at each site is shown in the upper right hand corner of each box.

Both the observed and predicted concentrations are scaled by the left
vertical coordinate (unit lg m-3). Dotted lines are the monthly mean

surface wind speeds during the same period of aerosol measurements

calculated with the NCAR/NCEP reanalyses, which are scaled by the

right vertical coordinate (unit m s-1)
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estimated sea salt emissions at some sites. Mawson (site 5)

is located on the edge of Antarctica. Observed sea salt

concentrations are very low, probably because the site is

covered by sea ice which limits the production of sea spray.

Simulated sea salt concentrations show reasonable magni-

tude except for the large variation during the springtime. At

Renion Island (site 6), predicted sea salt concentrations are

slightly higher than the observed values.

Sites 7–12 are located on the North Atlantic; simulations

show good performance at these sites. At Barbados (site 7),

observed sea salt concentrations peak in both JJA and DJF,

which agree well with the seasonal variation of the rean-

alyzed surface wind speed. Predicted concentrations cap-

ture the summer maximum but have a low bias in DJF. For

sites 8–11, the model reasonably reproduces the magnitude

and seasonal variation of observed concentrations. The

wind-dependent sea salt production function is found to be

suitable for this region; strong winds generally cause large

concentrations of sea salt aerosol. Sal Island (site 12) is

close to the west coast of North Africa. High concentra-

tions of sea salt aerosol are observed in JJA when surface

wind speed is the minimum of the year. Our simulation

captures the JJA maximum of sea salt concentration but

overestimates it by about 180%.

Sites 13–16 are located over the North Pacific. Simu-

lated aerosol concentrations match observations reasonably

well and follow the seasonality of surface wind speed at

Midway (site 13) and Okinawa (site 14). In Fanning Island

(site 15), the abrupt increase in the observed sea salt con-

centration in October cannot be explained by the observed

minimum local surface wind velocity in this month. The

observed sea salt concentrations are very high in Enewetak

(site 16), although the local wind speeds are not the

strongest among the 20 sites. Simulated aerosol concen-

trations are much lower than the observed values at this

site.

Sites 17–20 are located over the South Pacific. Yate (site

17) and Norfolk Island (site 18) are close to each other and

simulations show small seasonal variations at both sites.

However, observations reach peaks in MAM and SON at

these two sites, respectively. Such biases may be caused by

the low resolution of the GCM, which fails to resolve the

seasonality of local wind. Wind speed at Samoa (site 19)

shows high values in JJA, while both the observed and

predicted sea salt concentrations at this site do not show

large seasonal variations. At New Zealand (site 20),

observed concentrations do not change significantly

throughout the year, and the simulated concentrations are

higher than observations during April–September.

As shown above, simulated sea salt concentrations are

consistent with observations at most locations around the

world, indicating the reasonableness of the simulated

present-day sea salt cycle. The poor correlation between

the observed concentrations and the surface wind velocities

at some sites [e.g., Marion Island (site 4), Sal Island (site

12), Enewetak (site 16), and American Samoa (site 19)]

indicates the requirement of more complicated parameter-

izations for sea salt production in future studies.

3.2.2 Aerosol optical depth

The predicted AODs of sea salt at 500 nm are compared

with observations at eight ocean sites from AERONET

(AErosol RObotic NETwork) (Holben et al. 1998) in

Fig. 5. The average of observed AODs at these sites is

0.08, higher than the average of 0.06 simulated for the

same sites, because the former includes the contribution

from other aerosol species. At Crozet Island (site 2),

modeled AODs show opposite seasonality as compared to

the measurements, which may be attributed to the incorrect

seasonality of the simulated wind speed in the GCM. The

simulation does not capture the spring peak of AOD at

Midway Island (site 4) and Coconut Island (site 5), which

is probably caused by the transpacific transport of Asian

dust and/or pollutants in this season. Except for these

biases, simulations agree reasonably well with observations

at most sites. On an annual and global basis, the simulated

AOD of sea salt is 0.051 at 500 nm. This value is within

the range of 0.007–0.055 estimated by previous studies

(Tegen et al. 1997; Chin et al. 2002; Liao et al. 2004;

Reddy et al. 2005b; Tie et al. 2005; Ginoux et al. 2006;

Koch et al. 2006; Mahowald et al. 2006a; Myhre et al.

2007; Bellouin et al. 2011), most of which calculated AOD

at 550 nm.

4 Radiative effect of sea salt aerosol in present day

The predicted all-sky REs of sea salt in both SW and LW

spectra are shown in Fig. 6. The SW REs are negative at

both the TOA (Fig. 6a) and the surface (Fig. 6b) with

similar magnitude and spatial pattern. Strong SW REs are

predicted around 60�S and over the tropical oceans, such as

the Atlantic, the North Indian Ocean, and the East Pacific.

Although aerosol concentrations are smaller in the tropics

than in the mid- and high-latitudes, the stronger local solar

insolation leads to similar magnitude of SW RE by sea salt

in the low latitudes compared with that in the high lati-

tudes. On an annual and global mean basis, the simulated

SW REs are -1.06 W m-2 at the TOA and -1.10 W m-2

at the surface. The LW REs of sea salt are always positive

(Fig. 6c and d). Because a large fraction of sea salt mass is

in the lower troposphere, the LW RE is much larger at the

surface than at the TOA. At the surface, the maximum LW

RE is found in the mid- and high-latitudes of both hemi-

spheres, consistent with the locations of maximum sea salt
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concentrations. The predicted global and annual mean LW

REs are ?0.14 and ?0.54 W m-2 at the TOA and the

surface, respectively.

The predicted present-day sea salt RE is compared with

previous model estimates in Table 7. Globally, the estimated

all-sky SW REs of sea salt from different studies range from

-0.30 to -1.10 W m-2. Our TOA all-sky SW RE of

-1.06 W m-2 and clear-sky SW RE of -1.97 W m-2 are

close to the values reported in Grini et al. (2002). We also

compare simulated SW REs with measurement-based
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Fig. 5 Comparison of simulated aerosol optical depths at 500 nm (dark lines with grey shades) and observed AODs from AERONET (dark
solid circles with error bars). The time span of available observations at each AERONET site is shown in the top right corner of each panel
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estimates over the southern oceans (30�–60�S, 180�W–

180�E) where sea salt has a dominant contribution to AOD.

Since AODs estimated in different studies had uncertainties,

the measurement-based radiative efficiencies (RE per unit

AOD) are summarized and compared with our model result

in Table 8. Most of the studies listed in Table 8 used AODs

from Moderate Resolution Imaging Spectroradiometer

(MODIS) and obtained SW REs using one of the following

two approaches. The first approach obtained clear-sky SW RE

by examining the differences in the instantaneous radiative

fluxes measured by the Clouds and the Earth’s Radiant Energy

System (CERES) for cases with and without aerosols

(Christopher and Zhang 2002; Loeb and Manalo-Smith 2005;

Zhao et al. 2008). The second approach calculated aerosol RE

with radiative transfer models using measured parameters

(e.g., AOD, single scattering albedo, asymmetry factor, and

surface albedo) as inputs (Yu et al. 2004; Remer and Kaufman

2006; Myhre et al. 2007). Estimated radiative efficiencies

from these studies were within the range of -39.6 to

-62.4 W m-2 saer
-1 with a median value of -47.9 W m-2 saer

-1.

Our simulation gives an efficiency of -36.4 W m-2 saer
-1,

which is lower than observed values by 8–42%.

Few previous studies have reported the LW RE of sea

salt aerosol. Our TOA LW RE of ?0.14 W m-2 is close to

the ?0.12 W m-2 obtained by Reddy et al. (2005a). Lubin

et al. (2002) estimated that the TOA LW RE of aerosols

over the Indian Ocean (mainly composed of sea salt aer-

osol) is about 20% of that at the surface. Our results show a

similar ratio as indicated by Fig. 6.

Predicted RE of sea salt aerosol exhibits distinct sea-

sonal variations. Fig. 7 shows the net RE of sea salt in DJF

(Figs. 7a and b) and JJA (Figs. 7c, d). In DJF, the maxi-

mum sea salt concentrations are predicted over the mid-

and high-latitudes of the northern hemisphere (NH). Because

the incident solar radiation is small in the NH in DJF, the SW

RE in the NH is simulated to be small at the surface. As a

result, the positive LW RE dominates at the surface, resulting

in a net warming over the northern mid- and high-latitudes

where high sea salt concentrations are simulated (Fig. 7b). At

the TOA, the LW RE of sea salt is much smaller than that at the

surface; therefore a small proportion of SW RE is offset by

LW component (Fig. 7a). The simulated global mean net REs

in DJF are -0.90 W m-2 at the TOA and -0.56 W m-2 at

the surface. The pattern of the net surface RE in JJA is opposite

to that in DJF, with the positive REs predicted around 60�S in

JJA (Fig. 7d). On a global mean basis, the net REs in JJA are

predicted to be -0.91 W m-2 at the TOA and -0.54 W m-2

at the surface.

The simulated REs for particles in different size bins are

shown in Table 9. We use radiative effect efficiency (REE)

to denote the RE per unit mass. The particles with dry radii

between 0.5 and 1.0 lm contribute to about 40% of the

total SW RE at both the TOA and the surface. As expected,

the larger the size, the smaller the values of SW REE.

Accounting for sea salt in all size bins, the SW REEs are

-0.13 W m-2 Tg-1 at the TOA and -0.14 W m-2 Tg-1

Table 7 Inter-model comparisons of simulated SW RE of present-

day sea salt

Studies TOA SW RE (W m-2)

All sky Clear sky

Haywood et al. (1999) N/A -1.10 to -3.50

Jacobson (2001) -0.54 -1.10

Grini et al. (2002) -1.10 -2.20

Takemura et al. (2002) -0.31 -0.59

Dobbie et al. (2003) N/A -0.15

Liao et al. (2004) -0.56 N/A

Reddy et al. (2005a) -0.30 -0.63

Koch et al. (2006) -1.10 N/A

Ayash et al. (2008) -0.65 -1.50

Ma et al. (2008) -0.60 -1.52

This study -1.06 -1.97

Table 8 Measurement-based estimates of the clear-sky SW radiative

efficiency (W m-2 saer
-1) at the TOA in southern oceans (30�–60�S,

180�W–180�E)

References Period Dataa Efficiency

Christopher and

Zhang (2002)b
September, 2000 MODIS,

CERES

-44.4

Yu et al. (2004) 2000–2001 MODIS -47.9

Loeb and Manalo-

Smith (2005)

2000–2001 MODIS,

CERES

-39.6

Remer and Kaufman

(2006)

2003–2004 MODIS -55.0

Myhre et al. (2007) 1996–1997 POLDER -50 to -60

Zhao et al. (2008) 2001 MODIS,

CERES

-44.6

Myhre et al. (2009) 2004 MODISc -62.4

Myhre et al. (2009) 2004 MODIS,

CERESd
-41.7

Myhre et al. (2009) 2004 MODIS,

CERESe
-48.2

This study 30-year average Simulation -36.4

a All the data are satellite retrievals, including radiative fluxes from

the Clouds and the Earth’s Radiant Energy System (CERES), aerosol

optical properties from Moderate Resolution Imaging Spectroradi-

ometer (MODIS) or Polarization and Directionality of the Earth’s

Reflectance (POLDER)
b For oceans over (20�–40�S, 100�–120�W) where sea salt dominates

local AOD
c Followed the approach in Remer and Kaufman (2006)
d Followed the approach in Christopher and Zhang (2002)
e Followed the approach in Loeb and Manalo-Smith (2005)
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at the surface. For LW RE, the largest contribution to the

total TOA or surface LW RE is from particles in the size

range of 0.5–2.0 lm. At the TOA, smaller particles have

larger LW REEs. At the surface, particles from different

size bins have about the same LW REEs.

5 Climatic responses to sea salt RE in present day

In this section, we investigate climatic responses to present-

day sea salt RE by examining the differences in meteorolog-

ical parameters between PD_CTRL and PD_CPLD.

5.1 Air temperature

The predicted temperature responses to present-day RE of

sea salt are shown in Fig. 8 for different vertical layers. Sea

salt aerosol is predicted to lead to a cooling globally, which

is attributed to its global mean negative net REs (Fig. 7).

The surface air temperature (SAT) exhibits the largest

reductions over the tropical oceans (Fig. 8a) and relatively

smaller cooling in the mid- and high-latitudes of both

hemispheres, because the surface LW warming partly

offsets the SW cooling, especially in high latitudes where

the SW RE is small in winter. On an annual and global

(a) TOA Net RE in DJF (-0.90) (b) Surface Net RE in DJF (-0.56)

(c) TOA Net RE in JJA (-0.91) (d) Surface Net RE in JJA (-0.54)
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Fig. 7 Simulated all-sky net

RE of sea salt aerosol in

different seasons. a TOA net RE

in DJF; b Surface net RE in

DJF; c TOA net RE in JJA;

d Surface net RE in JJA. The

global averages are shown in the

parentheses. Positive values
indicate increases of downward
radiation. Unit W m-2

Table 9 Simulated annual global mean all-sky REs of present-day sea salt in different size bins (unit W m-2)

Dry radius (lm) TOA Surface

SW LW Net SW LW Net

0.1–0.2 -0.04 (-0.79) ?0.00 (?0.05) -0.04 (-0.74) -0.04 (-0.81) ?0.00 (?0.07) -0.04 (-0.74)

0.2–0.5 -0.21 (-0.54) ?0.02 (?0.05) -0.19 (-0.49) -0.21 (-0.55) ?0.03 (?0.07) -0.18 (-0.47)

0.5–1.0 -0.44 (-0.26) ?0.06 (?0.03) -0.39 (-0.23) -0.46 (-0.27) ?0.13 (?0.08) -0.32 (-0.19)

1.0–2.0 -0.30 (-0.11) ?0.05 (?0.02) -0.25 (-0.09) -0.32 (-0.11) ?0.20 (?0.07) -0.11 (-0.04)

2.0–5.0 -0.07 (-0.04) ?0.01 (?0.01) -0.06 (-0.03) -0.08 (-0.04) ?0.12 (?0.07) ?0.04 (?0.02)

5.0–10.0 -0.02 (-0.01) ?0.00 (?0.00) -0.02 (-0.01) -0.02 (-0.02) ?0.07 (?0.05) ?0.05 (?0.03)

0.1–10.0 -1.06 (-0.13) ?0.14 (?0.02) -0.92 (-0.11) -1.10 (-0.14) ?0.54 (?0.07) -0.56 (-0.07)

The radiative effect efficiencies (REEs) are shown in the parentheses (unit W m-2 Tg-1). Positive values indicate increases of downward radiation
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mean basis, sea salt is predicted to lead to a cooling of

0.55�K in SAT.

The cooling induced by sea salt increases with altitude,

as a result of the smaller LW REs at higher layers. At

850 hPa, the cooling over the mid- and high-latitudes of

both hemispheres is strengthened, leading to a global mean

change in air temperature of -0.63�K (Fig. 8b). At

500 hPa, the global mean air temperature is reduced by

0.86�K, with maximum reductions in air temperature found

over the tropical oceans (Fig. 8c). The cooling is the

strongest at 200 hPa (Fig. 8d); a widespread cooling

exceeding -1.0�K is predicted over 30�S–30�N.

5.2 Surface energy balance

Figure 9a shows the changes in latent heat flux in response

to sea salt RE. Large decreases in the upward transport of

latent heat are predicted over the tropical oceans. This can

be explained by sea-salt-induced reductions in SST (not

shown), which inhibit evaporation over the oceans. Over

central Africa, latent heat fluxes are predicted to increase,

because of the predicted local increases in precipitation

(Fig. 9d). On a global scale, the annual mean upward latent

heat flux decreases by 1.17 W m-2 (1.7%).

The changes in the sensible heat flux are shown in

Fig. 9b. Over the continents, the changes in sensible heat

flux are generally opposite to those in latent heat (Fig. 9a).

The increased latent heat reduces ground temperature by

evaporation, leading to reduced differences in temperature

between ground and surface air. As a result, the surface

sensible heat fluxes decrease, and vice versa. On an annual

and global mean basis, the upward sensible heat flux

increases by 0.30 W m-2 (1.4%).

5.3 Hydrological cycle

The temperature changes induced by sea salt lead to

responses in hydrological cycle. Figure 9c shows the

changes in surface air humidity. The widespread decreases

in air temperature (Fig. 8) lead to reductions in evaporation

over the oceans. In addition, the decreases in air tempera-

ture reduce the ability of atmosphere to hold water. Both

effects contribute to the large decreases in air humidity at

the surface and higher layers. Since water vapor is an

important greenhouse gas in the troposphere, the reduction

in air moisture helps to reduce air temperature ultimately.

The predicted annual global mean change in surface-layer

air humidity is -0.32 g kg-1.

The reductions in upward latent heat flux (Fig. 9a) fur-

ther reduce precipitation, especially over the oceans

(Fig. 9d). However, increased precipitation is found over

the tropical Atlantic, central Africa, and the Arabian Sea.

Because the sea-salt-induced cooling over the tropics is

stronger in the upper troposphere than in the lower layers

(Fig. 8), atmospheric stability decreases and hence clouds

(Figs. 9e, f) and precipitation (Fig. 9d) increase over these

tropical areas. It should be noted that sea-salt-induced

changes in precipitation and cloud show fewer regions that

(a) ΔSAT (-0.55) (b) ΔT at 850 hPa (-0.63)

(c) ΔT at 500 hPa (-0.86) (d) ΔT at 200 hPa (-0.91)
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Fig. 8 Simulated annual mean

changes in air temperature at

a surface; b 850 hPa;

c 500 hPa; and d 200 hPa in

response to sea salt aerosol at

present day (PD_CPLD–

PD_CTRL). Results from the

significance test are not shown

in this figure because at least

95% of the grid cells pass the

95% confidence level. The

global averages are shown in the

parentheses. Unit K
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pass the significance test (Figs. 9d, e) as compared with the

changes in temperature (Fig. 8). This is because changes in

precipitation and cloud amount not only follow those in

temperature, but also depend on other physical processes

(e.g., water vapor supply and convection). The complicated

interactions among these processes induce large internal

variability in the GCM. On a global scale, annual mean

precipitation is predicted to be reduced by 0.04 mm day-1

while both the total cloud amount and middle cloud amount

increase by 0.13%.

6 Climatic responses to sea salt RE at the LGM

6.1 The LGM climate

Figure 10a shows the simulated differences in SAT

between the LGM and present-day climate (LGM_CTRL–

PD_CTRL). Relative to present day, a strong LGM cooling

is predicted in mid- and high-latitudes in both hemispheres,

mainly because of the large ice coverage and low con-

centrations of greenhouse gases (Jansen et al. 2007).

However, a weak warming is predicted over the subtropical

Pacific. Such pattern is determined by the CLIMAP LGM

SSTs (CLIMAP Project Members 1981) used in our sim-

ulations; similar results are obtained by the first and second

phases of Paleoclimate Modelling Intercomparison Project

(PMIP1 and PMIP2) simulations (Braconnot et al. 2007).

On an annual global mean basis, the predicted SAT is

lowered by -4.64�K, within the estimated range of -3.3 to

-4.7�K by models from PMIP1 and -3.6 to -5.7�K from

PMIP2 (Braconnot et al. 2007).

The predicted changes in precipitation are shown in

Fig. 10b. Compared with present day, the annual mean

precipitation decreases by 0.24 mm day-1 globally at the

LGM, although increased rainfall is predicted over the

tropical oceans, especially over the tropical Pacific, as a

result of the warmer-than-today SSTs in these regions as
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Fig. 9 Responses of

meteorological fields to the RE

of sea salt aerosol at present day

(PD_CPLD–PD_CTRL).

a Latent heat flux (W m-2);

b sensible heat flux (W m-2);

c surface specific humidity

(g kg-1); d precipitation

(mm day-1); e total cloud

amount (%); f middle cloud

amount (%). Positive values in

(a) and (b) indicate increases of

upward fluxes. The difference

that passes the 95% significant

level is denoted with dot. The

globally averaged changes are

indicated in parentheses
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indicated by the CLIMAP reconstructions (Jiang 2008).

The largest reduction in precipitation is predicted over

South Asia where heavy monsoon rainfall dominates in

present day; the expansion of glacial ice sheets leads to a

reduction in global sea level, leaving an increased area of

desert in South Asia from the exposure of coastal land.

Another important change for the LGM climate is the

wind speed (Fig. 10c). Relative to present day, an increase

in the low-level wind velocity is predicted at the LGM over

many regions (although decreases are also seen). The wind

speed is strengthened by 5 and 6% at 50�S and 50�N,

respectively. Such change could result from stronger and

shifted storm tracks due to the increased temperature gra-

dient in mid- and high-latitudes as a result of the cooler

Polar Regions (Petit et al. 1981). On an annual and global

mean basis, the LGM wind cubed is stronger than the

present-day value by 13%.

6.2 Climatic effects of sea salt at the LGM

In response to the glacial climate, sea salt cycle shows dif-

ferent features at the LGM. Compared with present day, sea

salt production is predicted to increase by 18% over the

tropical and subtropical oceans at the LGM (Fig. 11a and

Table 10), due to the stronger glacial winds (Fig. 10c). In the

high latitudes in the SH and NH, sea salt emissions are sim-

ulated to be reduced by 35 and 37%, respectively (Table 10),

because the expansion of sea ice during the glacial period

limits the emissions of sea salt. As a result, the global total sea

salt production exhibits a moderate decrease of 4% at the

LGM relative to the present day, similar to the value of -5%

estimated by Mahowald et al. (2006a). The ratio of the wet

deposition to total deposition decreases from 36% in present

day to 35.5% at the LGM, due to the reduction in global

precipitation (Fig. 10b) at the glacial period. Since wet

scavenging is the only efficient way to remove small particles

(Table 5), the LGM annual mean global burden of the aerosol

increases by 4% (Table 10) and even more for small particles

with dry radius smaller than 2 lm as a result of the weakened

wet deposition.

Compared with the present-day values, the LGM AOD

shows large increases over the tropical and subtropical

oceans and decreases in high latitudes in both hemispheres

(Fig. 11b), consistent with the changes in sea salt emission

(Fig. 11a). In addition, the AOD over most continents, such

as Asia, Africa, Australia, and Europe, exhibits widespread

increases likely due to the reduced precipitation (Fig. 10b)

and hence the reduced wet deposition of sea salt at the

LGM. As a result, the regionally averaged AOD increases

by 13% in the tropical and subtropical areas but decreases

by 33 and 15% in the high latitudes of the SH and NH,

respectively, leading to a 2% increase in AOD on the

global scale (Table 10).

The changes in net RE of sea salt aerosol at the LGM

relative to the present day are shown in Fig. 11c and d. Over

the tropical and subtropical regions, the increased AOD

(Fig. 11b) leads to stronger negative REs at both the surface

and the TOA. However, the decreased AOD in the high lati-

tudes weakens the negative RE at the TOA and the positive

value at the surface in both hemispheres, because the net sea

salt RE in the high latitudes is negative at the TOA and

positive at the surface (Fig. 7). On an annual and global mean

basis, the net negative RE of the aerosol is strengthened by

0.06 W m-2 at the surface and 0.03 W m-2 at the TOA

during the LGM period relative to present day.
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Fig. 10 Differences in the simulated a SAT (K), b precipitation

(mm day-1), and c wind speed at the lowest model level (m s-1)

between the LGM and present-day climate (LGM_CTRL–

PD_CTRL). The difference that passes the 95% significant level is

denoted with dot. The globally averaged differences are indicated in

parentheses
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Following the changes in RE, relative to the sea-salt-

induced cooling in the present-day atmosphere, the cooling

in SAT by sea salt at the LGM is stronger by 0.01�K in the

tropical and subtropical latitudes (Table 10), whereas

smaller by about 0.18 and 0.14�K in the high latitudes of

the SH and NH, respectively. The weakened cooling in the

Polar Regions can be attributed to the lower sea salt pro-

duction as a result of the increased sea ice area at the LGM.

On an annual and global mean basis, the surface cooling

induced by sea salt at the LGM is 0.5�K, which is about the

same magnitude as the sea salt cooling in the present day.

7 Sensitivity studies on climatic effects of sea salt

at the LGM

7.1 Roles of wind and sea ice in simulation of the LGM

sea salt emissions

Ice core record has time series of sodium concentrations

during glacial and interglacial cycles, which can be used as

an indicator for sea salt aerosol (Petit et al. 1999; Roth-

lisberger et al. 2002). Mahowald et al. (2006) assumed that

the aerosol concentration in the ice core is equal to the
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Fig. 11 Differences in the

simulated a emission (lg m-2

s-1), b AOD at 500 nm (0.01),

c net RE at surface (W m-2),

and d net RE at the TOA

(W m-2) of sea salt aerosol

(LGM_CTRL–PD_CTRL). The

globally averaged differences

are indicated in parentheses

Table 10 Simulated

production, burden, mean AOD,

and net TOA RE of sea salt, as

well as the sea-salt-induced

SAT responses in the present

day and LGM

a For PD and LGM, results are

from simulations PD_CTRL

and LGM_CTRL, respectively.

For LGMU130, results are from

simulation LGMU130_CPLD
b For PD and LGM, DSATs are

calculated by PD_CPLD–

PD_CTRL and LGM_CPLD–

LGM_CTRL, respectively. For

LGMU130, results are from

LGMU130_CPLD–

LGM_CTRL

Climates Productiona

(Tg year-1)

Burdena

(Tg)

AODa TOA net

REa (W m-2)

DSATb

(K)

Global

PD 4,253 8.1 0.051 -0.92 -0.55

LGM 4,075 8.5 0.052 -0.96 -0.50

LGMU130 11,937 20.9 0.130 -2.28 -1.27

[45�S–45�N, 180�W–180�E]

PD 2,514 6.3 0.055 -1.08 -0.60

LGM 2,957 7.2 0.062 -1.21 -0.61

LGMU130 7,804 16.6 0.144 -2.84 -1.53

[90�S–45�S, 180�W–180�E]

PD 1,209 1.3 0.057 -0.78 -0.47

LGM 785 0.8 0.038 -0.47 -0.29

LGMU130 3,031 2.9 0.129 -1.31 -0.72

[45�N–90�N, 180�W–180�E]

PD 531 0.6 0.027 -0.32 -0.41

LGM 332 0.5 0.023 -0.29 -0.27

LGMU130 1,102 1.4 0.066 -0.75 -0.63
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atmospheric deposition divided by the ice accumulation

rate. By considering the ratio of precipitation between

LGM and present day, they obtained ratios of 2.3, 1.9 and

4.8 for sea salt deposition between the LGM and present

day, based on the data from Vostok [78�S, 107�E], Dome C

[75�S, 124�E], and GRIP [73�N, 38�W]. Although we

simulate an increase of 4% in global wind speed at the

LGM relative to the present day (Fig. 10c), we obtain

ratios of 0.24, 0.12, and 0.03 for sea salt deposition in the

same locations based on the LGM_CTRL and PD_CTRL

simulations. Similar underestimates in glacial deposition

were also reported by other modeling studies (e.g., Reader

and McFarlane 2003; Mahowald et al. 2006a).

As summarized in Table 4, we carry out several sensitivity

experiments to try to identify the factors that contribute to the

low bias. We examine here whether these sensitivity simula-

tions can reproduce the ratios of aerosol deposition fluxes

within the latitudinal belt of 70�–80�S as suggested in ice core

data. We select the observed flux ratio of 1.9 between the

LGM and present day at Dome C (75�S, 124�E) as a reference

value. The ratios of deposition fluxes from the sensitivity

simulations are given in Table 11. The ratios of deposition

fluxes of PD_U120_I00/PD_U100_I00, PD_U120_I05/

PD_U100_I05, and PD_U120_IT/PD_U100_IT are 1.30,

2.04, and 2.09 (Table 11), respectively, indicating that with

the present-day sea ice distribution, the deposition fluxes

increase when the wind speed is increased by 20%, even when

no sea salt is allowed to emit over sea ice. For the simulations

with the LGM sea ice distribution, the ratios of deposition

fluxes of LGM_U100_I00/PD_U100_I00, LGM_U100_I05/

PD_U100_I05, and LGM_U100_IT/PD_U100_IT are smal-

ler than 1.0 whether with or without sea salt emissions from

sea ice (Table 11), probably because the simulated increases

in the regional glacial wind speed are not big enough to obtain

the observed large ratios of deposition flux between the LGM

and present day. Petit et al. (1981) suggested that the LGM

wind velocities could be 50–80% higher than present-day

values at the regions close to Antarctica. In the sensitivity tests

with the LGM wind speed increased by 30%, the ratios of

deposition fluxes of LGM_U130_I05/PD_U100_I05 and

LGM_U130_IT/PD_U100_IT are 1.99 and 1.95 (Table 11),

respectively, when we consider sea ice as a source of sea salt

emissions (ICE05 or ICET). We find that the simulated

deposition ratios are similar with the two different sea-ice

emission schemes (ICE05 and ICET) if the same meteoro-

logical fields and sea ice distribution are applied in the sim-

ulations (Table 11), suggesting that the wind speed may be

more important than the accuracy of sea-ice emission scheme

in influencing simulated deposition in the polar region.

7.2 Upper limit of the climatic effect of sea salt

at the LGM

Based on the results from the sensitivity experiments, we

find that the simulation LGM_U130_IT can reproduce the

observed ratios of sea salt deposition between the LGM

and present day in the high latitudes of SH. Since the

LGM_CPLD simulation has a low bias in simulation of sea

salt deposition in the high latitudes of the SH, we try to

estimate the upper limit of the climatic effect of sea salt at

the LGM with simulation LGMU130_CPLD (Table 2).

In LGMU130_CPLD, the global aerosol production

reaches 11,937 Tg year-1 (Fig. 12a), which is 2.9 times as

large as that in LGM_CTRL (Table 10). Consistent with

the changes in emission, the global burden and optical

depth (Fig. 12b) of the aerosol are larger by 146% and

150%, respectively, relative to LGM_CTRL. The aerosol

RE reaches -2.28 W m-2 globally at the TOA (Fig. 12c),

which is 2.4 times the value in the LGM_CTRL simulation.

In response to such a strong RE by sea salt, the global mean

SAT decreases by 1.27�K at the LGM (LGMU130_CPLD–

LGM_CTRL, Fig. 12d).

8 Conclusions and discussions

We present a first global modeling study that examines (1)

the spatial and temporal variations of the longwave and net

(shortwave plus longwave) direct radiative effects of sea

salt, and (2) the climatic responses to the direct radiative

effects of sea salt in present day and the LGM.

The present-day global total emission of sea salt parti-

cles with dry radii ranging from 0.1 to 10.0 lm is estimated

to be 4,253 Tg year-1. Predicted sea salt burden is 8.1 Tg,

with an average lifetime of 0.7 day in the atmosphere. The

simulated aerosol burden is within the estimates of

3.8–25.7 Tg by previous modeling studies (Table 6).The

present-day sea salt is found to lead to an annual global

mean SW and LW REs of -1.06 and ?0.14 W m-2,

respectively, at the top of the atmosphere, and of -1.10

Table 11 Ratios of mean sea

salt deposition flux in high

latitudes in the SH (70�–80�S)

between the sensitivity

experiments

Ratios

Ratios to PD_U100_I00

PD_U120_I00 1.3

LGM_U100_I00 0.01

LGM_U130_I00 0.03

Ratios to PD_U100_I05

PD_U120_I05 2.04

LGM_U100_I05 0.70

LGM_U130_I05 1.99

Ratios to PD_U100_IT

PD_U120_IT 2.09

LGM_U100_IT 0.51

LGM_U130_IT 1.95
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and ?0.54 W m-2 at the surface. Our estimated TOA LW

RE is close to the value of ?0.12 W m-2 obtained by

Reddy et al. (2005a). The net RE is generally negative at

the TOA, but exhibits obvious seasonal variation at the

surface. Net positive REs are simulated over the mid- and

high-latitudes of the winter hemisphere, because the LW

RE is larger than the SW RE in those regions.

We examine the climatic responses to the net RE of sea

salt. The air temperature is simulated to decrease by -0.55,

-0.63, -0.86, and -0.91�K at the surface, 850, 500, and

200 hPa, respectively. The cooling at surface induced by

sea salt inhibits evaporation over the oceans, leading to

global reductions in latent heat flux and the upward

transport of water vapor. As a result, the annual global

mean precipitation decreases by 0.04 mm day-1. However,

regional increases in precipitation are predicted over the

tropical Atlantic, central Africa, and the Arabian Sea.

Because the sea-salt-induced cooling over the tropics is

stronger in the upper troposphere than in the lower layers

(Fig. 8), atmospheric stability decreases and hence clouds

and precipitation increase over these tropical areas.

Compared with present day, the global total sea salt

production is lower by 4% globally at the LGM, similar to

the value of 5% estimated by Mahowald et al. (2006a).

Regionally, the LGM sea salt emissions are higher by 18%

over the tropical and subtropical oceans, but lower by

about 35% in the mid- and high-latitudes of both hemi-

spheres, as a result of the stronger winds and larger area of

sea ice at the LGM. The annual mean global burden and

optical depth of sea salt aerosol at the LGM are larger, by 4

and 2%, respectively, than the values in the present day,

because of the reduced precipitation (or the wet deposition

of sea salt) at the LGM. The net negative RE of sea salt at

the LGM is stronger by 0.06 W m-2 at the surface and

0.03 W m-2 at the TOA as compared with the present-day

values. In response to the differences in RE between LGM

and the present day, the LGM sea-salt-induced cooling in

SAT is larger by about 0.01�K in the tropical and sub-

tropical latitudes, but smaller by about 0.18 and 0.14�K in

the high latitudes of the SH and NH, respectively. Globally,

the surface cooling induced by sea salt is 0.5�K at the

LGM, which is very close to the value in the present day.

Our model does not reproduce the large increases in sea

salt deposition in the high latitudes during the glacial

period as indicated by ice core records. Since similar

underestimates were reported by previous studies (e.g.,

Reader and McFarlane 2003; Mahowald et al. 2006a), we

perform sensitivity simulations to try to identify the causes

for such underestimation. The best estimate is obtained in

the sensitivity run that has a 30% increase in LGM wind

speed and has sea salt emissions over sea ice. In this sen-

sitivity simulation, the estimated global sea salt emission is

11,937 Tg year-1 and the global burden reaches 20.9 Tg.

This high loading of aerosol leads to a net RE of

-2.28 W m-2 at the TOA and a sea-salt-induced global

mean cooling of 1.27�K at the surface at the LGM. The

simulated change of -1.27�K in global mean SAT by sea

salt in the sensitivity experiment is likely, considering that

the simulated LGM aerosol burden of 20.9 Tg is even

within the range of present-day estimates from other

studies (3.8–25.7 Tg shown in Table 6). This global mean

cooling of 1.27�K by the artificially increased LGM sea

90N

60N

30N

 EQ

30S

60S

90S

0.2     0.4     0.6     0.8      1        2        3        4 0.02    0.04   0.06   0.1    0.15    0.2    0.25    0.3

(c) Net TOA RE: LGMU130_CPLD (-2.28)

(a) Emission: LGMU130_CPLD (0.75) (b) AOD: LGMU130_CPLD (0.13)

(d) ΔSAT: LGMU130_CPLD - LGM_CTRL (-1.27)

-5       -3       -1    -0.2     0.2      1        3        5 -2.5    -1.5    -0.5   -0.2     0.2     0.5     1.5     2.5

180 120W 60W 0 60E 120E 180

90N

60N

30N

 EQ

30S

60S

90S
180 120W 60W 0 60E 120E 180

90N

60N

30N

 EQ

30S

60S

90S
180 120W 60W 0 60E 120E 180

90N

60N

30N

 EQ

30S

60S

90S
180 120W 60W 0 60E 120E 180

Fig. 12 Simulated a emission

(lg m-2 s-1), b AOD at

500 nm, and c net RE at the

TOA (W m-2) of sea salt

aerosol in LGMU130_CPLD,

and d the sea-salt-induced

responses in SAT

(K) (LGMU130_CPLD–

LGM_CTRL). The difference in

SAT that passes the 95%

significant level is denoted with

dot. The global averages are

indicated in parentheses
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salt is much stronger than the cooling of 0.55�K induced by

present-day sea salt, indicating that sea salt may have a

large contribution to the strong cooling in the glacial per-

iod. It should be noted that although we use ratios of sea

salt deposition at the LGM to that in the present day, the

ratios from ice core have large uncertainties. For example,

the increases in sea salt observed in the ice cores at the

LGM could be from continental sources and may not

represent sea salt deposition (Bigler et al. 2006).

The indirect effects of sea salt aerosol are not considered

in our simulations. Previous studies estimated that sea salt

leads to an annual global mean indirect SW RE of -0.38 to

-1.34 W m-2 (Ayash et al. 2008; Ma et al. 2008). This

magnitude is comparable to our predicted direct SW RE of

sea salt aerosol in the present day, which should be con-

sidered in our future studies.
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