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Abstract. Sea salt seeding of marine clouds to increase theittion in the CCN concentration and the number of activated
albedo is a proposed technique to counteract or slow globatloud droplets decreases, resulting in a positive forcing.
warming. In this study, we first investigate the susceptibility

of marine clouds to sea salt injections, using observational )

data of cloud droplet number concentration, cloud opticall Introduction

depth, and liquid cloud fraction from the MODIS (Moder- ) i L )

ate Resolution Imaging Spectroradiometer) instruments on Nere is broad agreement in the scientific community that
board the Aqua and Terra satellites. We then compare thd/€ NOW experience a global warming. Due to political in-
derived susceptibility function to a corresponding estimate€'tia and the lack of commitment to mitigation strategies,
from the Norwegian Earth System Model (NorESM). Results €N9in€ering of the earth’s climate has bgen suggested as an
compare well between simulations and observations, Show@pproach to counteract the global wa_rmnﬁyl(tzen 2(_)06

ing that stratocumulus regions off the west coast of the major1916y, 2008. One suggested technique involves increas-

continents along with large regions over the Pacific and the"d the overall negative effect that clouds have on the radia-
Indian Oceans are susceptible. At low and mid latitudes theiVe Palance at the top of the atmosphere (TOA). To achieve
signal is dominated by the cloud fraction. this, seawater would be sprayed into the air over ocean to

. . i . _increase the number of sea salt particles that act as cloud

We'then carry out geo-engineering egpeilr'nents.wqh auni-condensation nuclei (CCN)L&tham 199Q Latham et al.
form increase over ocean of Wkgm?s ~INemISSIONS 5008 Salter et al.2008. This will increase the albedo of
of sea salt particles with a dry modal radius of 0.13 um, angyerlying clouds through the first indirect effediomey,
emission strength and areal coverage much greater than prqgz4. As the ocean surface has a low reflectivity, increas-
posed in earlier studies. The increased sea salt concentratiorpﬁg the albedo of overlying clouds may greatly affect the
and the resulting change in marine C'SUd properties lead t0 & mount of solar radiation that is reflected from the Earth-
globally averaged forcing 6+4.8 Wnt“ atthe top of the at-  5ymosphere system. This geo-engineering technique was first
mosphere, more than cancelling the forcing associated W'tlbroposed byatham(1990 and is considered to be promis-

a doubling of CQ concentrations. The forcing is large in ar- ing, both in terms of performance and affordabilibefton
eas found to be sensitive by using the susceptibility function,; g Vaughan2009 Korhonen et al.2010).

confirming its usefulness as an indicator of where to inject

X Several climate model studies have been performed to
sea salt for maximum effect.

investigate the effectiveness of sea salt seeding of marine
Results also show that the effectiveness of sea salt seediouds, as well as locations suited for such manipulation.
ing is reduced because the injected sea salt provides a largeatham et al (2008 used two different models (HadGAM
surface area for water vapor and gaseous sulphuric acid tand NCAR CAM) to calculate the radiative forcing of chang-
condense on, thereby lowering the maximum supersaturatiomng the cloud droplet number concentration (CDNC) to
and suppressing the formation and lifetime of sulphate parti-375 cnt2 either in all clouds over ocean or in clouds found
cles. In some areas, our simulations show an overall reducin selected regions. Similarlyones et al(2009 conducted
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2796 K. Alterskjeer et al.: Cloud susceptibility

a study using different versions of the HadGEM2 model in  In the following section we describe the data and methods
which the CDNC was increased to 375¢hin three regions  used, in addition to defining the susceptibility function. In

of persistent marine stratocumulus. These studies found tha@ect. 3 we present areas sensitive to CDNC increase based
cloud seeding could counteract or limit the warming of the on both satellite data and simulated results. We proceed to
global climate, bufiones et al(2009 also showed that large investigate results from the geo-engineering experiments in
regional effects on e.g. the hydrological cycle can be ex-Sect. 4, and then summarize and conclude our findings in
pected. These studies were crude in that they assumed a fixekect. 5.

value of CDNC in all clouds that were seeded, and they made

“no attempt to model the aerosol, dynamical or cloud mi-
crophysical processes involvedIdnes et al.2009. Using
the GLOMAP global aerosol moddkorhonen et al(2010
increased emissions of sea salt in certain regions and stu

ied the effect this had on the natural aerosol processes anflyo gpservational data used are from the MODIS (Moder-
particle size distributions in the atmosphere. They furthergia Resolution Imaging Spectroradiometer) instruments on
parametrised the effect that increased emissions had on the o4 the AQUA and TERRA satellitelatnick et al,

CDNC, but did not include calculations of radiative forcing 2003, along with parameters retrieved from these data’. The

in the study. satellite products include daily observations of the liquid

_ The radiative response of cloud seeding exhibits large spag|q g fraction, the cloud optical depth (COD) and the cloud
tial variations. Defining the regions that are most SUSCePyroplet effective radius (CDR), and are from the Collec-

tible is therefore important, both to achieve the maximumyjo 5 processing stream. The collection number indicates

cooling effect possible and to minimize the costs of this cli- 4t algorithms are used to process the satellite observations
mate manipulation strategy gtham et al. 2008. The ob- (1. /modis-atmos.gsfc.nasa.govfhe COD and CDR are
jective of this study is to investigate the regional SUSCeP-g(rieved using the absorption channel at 2.1 pm in combina-
tibility of marine clouds to sea salt injections. We have tion with non-absorbing channels at 0.65, 0.86 and 1.2 pm
made use of satellite observations to map the regions wherg, o, land, ocean and snow surfaces respectively. The re-
an increase in CDNC will affect the reflected solar radia- yjeyals assume plane-parallel clouds and an overcast scene
tion the most. These susceptible areas are based on a dgjth cloud homogeneity within the 1-km observation pixel
rived cloud-weighted susceptibility function which depends (Platnick et al, 2003 Bréon and Doutriaux-Bouchg2005.

on both cloud albedo, CDNC, solar zenith angle and the obp4t4 on CDNC are taken from th@uaas et al(2006 data
served cloud fraction. We further investigated whether these ot and are retrieved from the joint histogram of MODIS
areas are reproduced by a state-of-the-art climate model, the 5 p and MODIS CDR for liquid water clouds, and diag-
NoreSM (Norwegian Earth System Model). We also con- qqeq assuming adiabatic clouds. The uncertainty in CDNC
ducted simulations in which the emissions of sea salt overg largely tied to the uncertainty in retrievals of CDGUaas

ocean were increased. Results from these simulations werg 2006 and to the correctness of the assumption on adi-
used to validate the cloud-weighted susceptibility function abaticity. The product is more reliable for homogeneous,

and therefore to investigate whether it can be used as an 'rb'ingle-layer clouds than for more complex clouds, and the

dicator of suited areas for further research on cloud Seedinguncertainty is expected to be lower over ocean than over land
In our simulations, the added sea salt changes the overlyg, t5ces

ing clouds through physical processes and we compute the
radiative effect of cloud seeding based on these altered cloud 2 Model
properties. In earlier studies, the radiative forcing was found
through imposing an assumption of how the CDNC is likely The study makes use of the Norwegian Earth System Model
to change in seeded couldsatham et al.2008 Jones etal.  (NorESM), which is based on the NCAR (National Cen-
2009. Our results show in what regions the injections of ter for Atmospheric Research) Community Climate System
sea salt have the largest impact on the radiative balance &flodel version 4 (CCSM4). The NorESM includes sev-
the top of the atmosphere and what magnitude this forcingeral modifications to the treatment of atmospheric chemistry,
may reach, in addition to highlighting factors that reduce theaerosols, and clouds, along with replacement of the model
effectiveness of cloud seeding. ocean component. The aerosol microphysics is described in
This study does not include research on the side ef-detail by Seland et al(2008 and includes five prognostic
fects that can result from cloud seeding, nor does it in-aerosol species (sea salt, sulphate S@articulate organic
clude any treatment of the ethical or political aspects of geo-matter, black carbon and mineral dust) as well as two gaseous
engineering. Here we focus only on mapping susceptible reaerosol precursors producing sulfate (DMS ang)SOhe
gions and investigating the radiative forcing that can resultmodel uses thé/artensson et a2003 scheme for wind
from using this technique. speed dependent sea salt emissions, which were fitted to the
NorESM sea salt size distribution IStruthers et al(2011)

2 Data and methods

&_.1 Satellite data
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and have dry modal radii of 0.022 um, 0.13 um and 0.74um . _ 3_1/3/ 1)

and geometric standard deviations of 1.59, 1.59 and 2.0, re- max(g—;‘,)
spectively.

The aerosol indirect effect is included in the model, aswhereA is the cloud albedo ant/ is used as an abbrevia-
described byHoose et al(2009. It is evaluated through tion of CDNC. The change in albedo with CDNC, defined as
the AeroCom (Aerosol Comparisons between Observationgloud susceptibility, is given byTivomey, 1991):
and Models) project along with the direct aerosol radiative dA A—A)
effect and the simulated aerosol fields (efgnner et al. ——~_— 7 ()
2008 Koch et al, 2009 Quaas et a.2009. In the lat- 9N 3N
est published quantification, the atmospheric component ohnd it is clear that this quantity is largest for intermediate
NorESM (CAM-Oslo) had an indirect effect of1.9 Wnt 2 (0.5) and smallV (Nmin):
compared to an AeroCom mean-e1.6 Wni 2 (Quaas et a).

2009. Since then the model has been modified and the Valu?nax(d—A) _051-05 1 3)
is now around—1 Wm~2 (A. Kirkevag, personal communi- dN 3Nmin 12Nmin

cation, 2012), as discussed in an upcoming paper. The model o

uses a two moment warm cloud microphysical scheme deBY inserting into Eq. 1) we get:

scribed byStorelvmo et al(2006 andHoose et al(2009, Nimin

the Abdul-Razzak and Gha(2000 cloud droplet nucle- f =4A(1-A)- (4)

ation scheme with parametrized updraft velocities follow-

ing Morrison and Gettelma(2008, and an auto-conversion The effect of the cloud albedo change on the global radiative

parametrisation followingRasch and Kris§nsson(19989. budget depends on the amount of shortwave (SW) radiation

The in-cloud updraft velocity averaged up to 2km height available. Therefore, Eq4) was multiplied by a weighting

has been shown to be between 10 cthand 40cms! over  function, f»4 (¢ [0,1]), to account for the solar zenith angle,

ocean Hoose et a].201Q Fig. 6). with 1 representing an overhead sun and O representing a sun
The atmospheric component of the model runs with a hor-below the horizon. The resulting function is referred to as the

izontal resolution of 1.9x 2.5° and 26 levels in the vertical. susceptibility function:

The model was run offline, meaning that the meteorological

evolution is the same in all simulations. We can therefore s ...= 4f,,- A(1— A) - Nrmin (5)

study the effect of sea salt on clouds and the radiative bal- N

ance without noise due to feedbacks from the aerosol forcTne gverall radiative effect of changes in CDNC is deter-

ing. This also implies that aerosol effects on cloud cover andmined by both this in-cloud susceptibility and the frequency
lifetime are not fully simulated in this study. The contribu- of occurrence of the susceptible clouds. Therefore, the sus-
tion to .the. second indirect effect a_ssouated yv_lth .changes IRteptibility function was multiplied by the cloud fractiofs,
cloud liquid water due to suppression of precipitation releasgg find areas that would experience the largest change in the

is accounted for followingKristjiansson(2002. The con- Sw reflection per unit change in CDNC. The cloud-weighted
trol run uses year 2000 greenhouse gas concentrations anghsceptibility function is given by:

year 2000 CMIP 5 aerosol emissions, while geo-engineering
simulations run with additional sea salt particles. All results —4fy Al— A)-
presented are five year averages of daily model outpuit. Thdo-w-suse= 4/za
two-dimensional fields of cloud droplet effective radius and
CDNC are vertical averages weighted by the cloud fraction.

The ocean component of the model is based on the Mi
ami Isopycnal Coordinate Ocean Model (MICOMBIéck
and Smith 199Q Bleck et al, 1992 with several modifica-
tions, many of them described Assmann et al2010.

Nmin )
N

Set (6)

The Nmin chosen in Egs.5) and @) is of crucial importance

for the absolute magnitude of the cloud-weighted suscepti-

bility. However, in this study the purpose is to find what

areas over ocean are more sensitive than others, and then

the value ofNpjn is not important. The minimum value of

CDNC is approximately 20 cr? in the Quaas et al(2006

2.3 Susceptibility function data set and, for consistency, we chose to use this value both
when computing the simulated and the observed susceptibil-

The goal of this study is to define areas that experience largdy. This value is only used in post-processing and does not

changes in reflected solar radiation with CDNC increase. Toaffect the simulations themselves.

do this, we introduced a simple function for the normalised In order to calculate cloud albedo, we used a simple

sensitivity of cloud albedo to changes in CDNC: relation between optical thickness, and albedo from

Hobbs(1993, assuming an asymmetry factor of 0.85:

T

AN e )
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and for model results the optical thickness was calculateca. Susceptibility function, MODIS
based on cloud droplet effective radiug)( cloud liquid wa-
ter path (LWP) and the density of liquid wates § following
e.g.Liou (2002:

3LWP
T==
2 pLre

Latitude

(8)

The cloud-weighted susceptibility function can be compared
to a data resource created 8grtino(2006. Sortino found

areas suited for cloud seeding by weighting different selec- 180w 120w v o o 1208 1808
tion criteria, with data from ISCCP (International Satellite
Cloud Climatology Project) and ECMWF (European Centre el [ [ [ WS-

005 010 015 020 025 030 035 040 045

for Medium-Range Weather Forecasts). These criteria wert

based on both cloud susceptibility and on technical aspectb.
of the seeding process fro®alter et al.(2008. To date, N g
the only scientific study published on spray design is that of
Salter et al(2008. Here we chose not to limit our research

based on the findings of that study, as a potential implemen
tation of geo-engineering is well into the future. Instead, we
use a more general approach that has the advantage of b
ing easier to use on any data set, in addition to ensuring the
we do not exclude regions that are highly susceptible if the

Susceptibility function, NorESM

R . . _ T Ty

60N P2

Latitude

emis_sign strategy.is changed. Also, the cloud—weighted sus it — o G oo e 0
ceptibility can easily be calculated from both satellite obser- Longitude

vations and simulated data, which makes this approach wel

SUIted for model Valldatlon 005 010 015 020 025 030 035 040 045

Fig. 1. Annually averaged susceptibility (Eq. 5) frofa) MODIS
3 Cloud susceptibility data andb) NorESM simulations.

3.1 Sensitive areas: MODIS

to the ocean surface and is expected to influence liquid clouds

The annually averaged susceptibility function (BJ.ap- 4t |ow altitudes the mosSlter et al.200§. Comparing the
plied to MODIS retrievals (Fig. 1a) indicates where a given cloud-weighted susceptibility (Fig. 2b) to Figs. 1a and 2a in-

change in CDNC would have the largest in-cloud effect on gicates that at low and mid latitudes the function (Bjjis
the SW flux reflected from the earth-atmosphere system. Figgominated by the cloud fraction rather than by the suscep-

ure 1a shows that large regions betweeh3@nd 30N are  ijjity  One exception is the area of high cloud-weighted

susceptible, especially clean regions with low aerosol con+sceptibility over the Indian Ocean, which is influenced by
centrations (not shown) in the Pacific and Indian oceans

X X ) i a high susceptibility (Fig. 1a). Overall, the most suscepti-
along with regions in the western Atlantic. The geograph-pe areas (Fig. 1a), corresponding to regions of low CDNC,

ical pattern _of susceptibility is very similar to the .in.v_ers.e pf have small cloud fractions (Fig. 2a). Regions of high cloud-
the CDNC field (not shown), that is, the susceptibility is in \eighted susceptibility include ocean regions off the west
general large where the CDNC s low (E8). Similarly,  oasts of the major continents, including the stratocumulus

the susceptible areas are closely co-located with regiongegions off the coasts of Namibia, Peru, North America and
of large cloud droplet effective radii. Using MODIS data aysiralia, along with clean regions over the Indian and the
Oreopoulos and PlatniqR00§ mapped what they called pg.ific oceans.

absolute susceptibility, that is the radiative response of an Figure 3 shows the seasonal shift in the cloud-weighted
absolute increase in CDNC, and their regions of high sus+scentibility, with regions of high signals over the summer
ceptibility compare very well with our findings. hemisphere. This is caused by both the seasonal change in

Figure 2a shows the annually averaged liquid mean cloud;;q,q regimes and shifts in the solar zenith angle weighting
cover from MODIS retrievals, while Fig. 2b shows the an- ¢,ntion fra(EQ.6).

nually averaged cloud-weighted susceptibility (Bjfrom

MODIS. The fraction of liquid clouds is used in the cal- 3.2 Earlier findings

culation of cloud-weighted susceptibility for consistency as

the CDNC data set is based on observations of liquid cloud€arlier studies on marine cloud seedirgglter et al.2008
(Quaas et a).2006. Also, the sea salt is to be emitted close Jones et al.2009 Korhonen et al.2010 have focused on

Atmos. Chem. Phys., 12, 279%807, 2012 www.atmos-chem-phys.net/12/2795/2012/
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Fig. 2. (a)Liquid mean cloud fraction from MODIS datéy) cloud-weighted susceptibility from MODIS dat@) low cloud fraction from
NorESM,(d) cloud-weighted susceptibility from NorESM simulations. All annual means. Please note that color bars differ.
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Fig. 3. Cloud-weighted susceptibility from MODIS retrievals) December, January, February me@m March, April, May mean(c) June,
July, August mean(d) September, October, November mean.
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the stratocumulus regions off the west coasts of the conti-CDNC between observations and simulations. In the cur-
nents. Salter et al(2008 used the data resource and algo- rent set up, the NorESM susceptibility is based on the optical
rithm of Sortino (2006 to find these sites based on cloud depth of all clouds that contain liquid, while the optical depth
susceptibility and technical aspects of the seeding processised for the MODIS susceptibility calculations included the
These sensitive regions are reproduced in our study (Fig. 2bxll-liquid clouds only. The cloud optical depth, which de-
while we also find a high cloud-weighted susceptibility just termines the cloud albedo via Eq){is generally higher in
north of the equator over the Pacific Ocean not found inthe simulations than in the observations, except in the stra-
Salter et al(2008. Differences between the studies include tocumulus regions. The opposite is true for the CDNC, that
both what parameters are included in the selection procesis, the magnitude of CDNC in the simulations is lower than
and the observational data used. The Sortino satellite datm the Quaas et al(2006 data set. Combined, these dis-
set is comprised of ISCCP data, while this study is basedcrepancies make the magnitude of the susceptibility function
on satellite observations made by the MODIS instrumentslarger in the simulated than in the observed case. The pur-
These data sets differ both in spatial and temporal resolupose of the maps of sensitive areas is to find out where in-
tion, and the global difference in cloud fraction between thecreased emissions of sea salt are most likely to have a large
two sets is especially large over oce&ingcus et aj.2017). effect on the amount of SW radiation reflected by the earth-
The high spectral resolution of the MODIS data leads to highatmosphere system. The magnitude of the susceptibility is
quality retrievals of cloud properties such as cloud opticaltherefore of little importance. A large susceptibility will,
depth and size of both droplets and ice particRia§us etal.  however, lead to it having a large weight when calculating
2011). the cloud-weighted susceptibility and the difference in rela-

We note that the cloud-weighted susceptibility also hastive importance of the susceptibility function and the cloud
similarities with the relative susceptibility defined Byat-  fraction will therefore influence the results.

nick and Oreopoulo§2008; the radiative response of arel-  The cloud-weighted susceptibility (Ef) calculated from
ative increase in the CDNC. This relative susceptibility is NorESM data is shown in Fig. 2d and a plot of low level
given as the absolute susceptibility (see S&ct) multi- (pressure- 700 hPa) cloud cover in Fig. 2c. Note that the

plied by the CDNC. We found in Sec®.1that the absolute simulated cloud-weighted susceptibility is based on the low
susceptibility compared well to our susceptibility function level, rather than the liquid, cloud fraction. As in the case
(Eg.5). The similarities between relative susceptibility from when observations were used, the simulated cloud-weighted
Platnick and Oreopould®008 and the cloud-weighted sus- susceptibility (Fig. 2d) is largely influenced by the persistent
ceptibility found here therefore indicate that the CDNC in cloud decks in the stratocumulus regions (Fig. 2c). Here,
general is high where the cloud fraction is high. This rela- however, the susceptible areas over the Pacific Ocean, espe-
tion could conceivably result from satellite retrievals of bro- cially to the north east of Indonesia, are more important than
ken clouds with weak updrafts, low CDNC and small cloud what was found from observations. From Fig. 2c it is clear
fractions contrasting vigorous clouds with strong updrafts,that the fraction of low clouds in these regions is larger than
high CDNC and large cloud fractions. Similarly, areas of the fraction of liquid clouds observed from MODIS (Fig. 2a).
low cloud fractions at the fringes of frontal systems may haveThis discrepancy may be due to model uncertainties or due
small updraft velocities and therefore low CDNC. The rela- to a fraction of the clouds included in the low cloud fraction
tion could also be spurious and based on a bias in satelliteontaining ice. It may also be caused by overlying mixed
retrievals of low cloud fractions. If the cloud optical depth phase or ice clouds blocking the satellite instruments from
is underestimated, this will lead to an underestimation of theobserving low level liquid clouds as often as they occur. A
CDNC. An in depth discussion of this relation is beyond the high cloud fraction in remote areas where the susceptibility is

scope of this paper. large (Figs. 2c and 1b), leads to both stratocumulus regions
and the cleaner regions over the Pacific Ocean having high
3.3 Sensitive areas: NorESM cloud-weighted susceptibilities (EG). The model does not

reproduce the relative strength of the signals found off the
The in-cloud susceptibility (Edp) simulated by the NorESM  west coasts of Canada and India from MODIS retrievals.
is large in vast regions over the Pacific and Indian Oceans We note that the temporal resolution of the data influ-
(Fig. 1b), largely corresponding to the regions found to beences the susceptibility calculations. We use daily data from
sensitive by use of observational data (Fig. 1a). The regiorboth MODIS and NorESM for consistency. Repeating the
between 30S and 30N is especially susceptible in both calculations using monthly averaged model results gave a
cases, but the simulated results show a region of high sushigher magnitude susceptibility, and therefore a larger cloud-
ceptibility off the coast of Peru which is not found using the weighted susceptibility (not shown).

MODIS data. The regions found to have high cloud-weighted suscepti-
The magnitude of the susceptibility is systematically bility by using simulated results in general agree well with
larger in the simulated case than in the observations. Thighe regions found from observational data, but region by re-
is caused by differences in the cloud optical depth and in thegion the model has a higher susceptibility to cloud seeding

Atmos. Chem. Phys., 12, 279%807, 2012 www.atmos-chem-phys.net/12/2795/2012/
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than what is found from observations. This is because botta.
the susceptibility and the cloud fraction are larger in the sim-
ulated than in the observed case.

Latitude

4 Geo-engineering simulations using NorESM

Comparing the simulated cloud-weighted susceptibility to
the simulated radiative forcing resulting from increased see

salt emissions opens for validation of the cloud-weighted o e ow on wr e e
susceptibility function. Additionally, through such experi- Longirude

ments we can take a first step in investigating the effective- f S NN N N N N S B
ness of this geo-engineering technique; how large is the ra 0100 50 80 70 L8, 50 40 30 03 03

diative forcing resulting from sea salt injections and what |,
limits its effectiveness?

The experiments consisted of simulations in which the
emissions of sea salt were increased uniformly over oper
ocean by 10° kg m2 s 1. These sea salt emissions had
a number mean dry modal radius of 0.13 um and a geometri
standard deviation of 1.59, which corresponds to an effective
radius of 0.18 um. For comparisdratham(2002 suggested
using monodisperse emissions of sea salt particles with a re
dius of 0.13um. The total emission flux is equivalent to a
global emission rate of about 350 tonnes of sea salt per sec Longitude
ond. —r T T T T e

This study simulates the effect of increasing emissions of Sonon BN R s
sea salt rather than increasing the CDNC of the clouds di-
rectly (Latham et al. 2008 Jones et a].2009. We ignore  Fig. 4. NorESM: (a) change in TOA radiative flux (W m?) due
technological concerns such as wind speed dependent spray aerosol-cloud interactionf) change in cloud liquid water path
rate, homogeneous versus inhomogeneous spraying and tfgm~2). Both annual means.
remoteness of the regions for technical suppdasttfam
et al, 2008 Salter et al.2008. Instead a more general ap- ) ) .
proach was used and we recognize that as of today the emigeveals that the regions found to have high cloud-weighted
sions modeled here are not technically feasible. UniformlySusceptibilities correlate well with regions of high impact
increasing emissions includes emissions in regions where th0m sea salt emission increase. Inconsistencies include ar-
surface wind speed and therefore the natural emissions of se3fS along the equator over the Atlantic Ocean and the relative
salt are low. The effects of such an increase may therefor§trength of the signals over the Indian and over the western
be larger than the effects of emissions that are wind spee@nd mid Pacific Ocean. Figure 4b shows the annually aver-
dependent. However, uniform injections also include emis-29ed change in cloud liquid water path, which is a result of
sions in regions that experience negative vertical velocitiesth® change in precipitation release following autoconversion
which will decrease the lifetime of the emitted particles. The dependence on cloud droplet sit&ittjansson2002. This
great advantage of using a uniform injection rate is that thissecond aerosol indirect effect is not included in the cloud-
points to the geographical regions that are most sensitive t¥/€ighted susceptibility function and leads to discrepancies
the added sea salt particles and where a given increase Retween results of this function (Fig. 2d) and the change in
emissions will have the largest effect on the radiative balancdadiative balance at the TOA (Fig. 4a).

Latitude

at the TOA. In general, however, sensitive regions betweehS@nd
30° N found by combining the susceptibility function (Eg).
4.1 Validation of the cloud-weighted susceptibility with low level cloud cover £700hPa) are good indicators
function of where the seeding of marine clouds strongly impacts the

Earth’s radiative budget. The cloud-weighted susceptibil-
To investigate whether the cloud-weighted susceptibilityity thus contains information about what regions should be
function is a good indicator of the impact of sea salt seed-suited for further research on geo-engineering.
ing, we compared the change in radiative balance at the
TOA due to aerosol-cloud interactions (Fig. 4a) to the map
of cloud-weighted susceptibility (Fig. 2d). The comparison
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rectly. The maximum supersaturation reached is reduced be-
cause of an increased competition effect following sea salt
injections (e.gBower et al, 2006 Korhonen et al.2010.
Independent of whether the added sea salt particles are large
R o Ndes - enough to become activated to cloud droplets, they will swell
- and create a moisture sink in an updraft. The reduced maxi-
mum supersaturation leads to an increase in the critical min-
CERST e imum size of particles that can activate to become cloud
E _ i / droplets. This may inhibit activation of both the added sea
oW oW W e " 1208 'E - salt and the pre-existing aerosols that would activate without
sea salt injectiong3han et al.1998.
| I I I I I I I — .. . . . .
100 150 200 250 300 350 400 450 500 The sea salt injections will also influence the concentration
om’ of particulate sulfate (Sg)in the atmosphere. When gaseous
_ i sulphuric acid reaches saturation two things can happen; it
Fig. 5. NorESM: cloud droplet number concentration (Fyafter can either condense on pre-existing particles or it can nucle-
adding sea salt of a dry modal radius of 0.13 um. Annual mean at - .
~930 hPa. ate to form new particles. The added sea salt particles greatly
increase the total surface area of atmospheric aerosols, allow-
ing more condensation to occur, reducing the both the nucle-
4.2 Effects of increasing sea salt emissions ation of new SQ particles (Fig. 6b) and the lifetime of SO
(Fig. 6¢€) as more is washed out with the sea salt. The respec-
The radiative forcing at TOA resulting from aerosol-cloud in- tive effects on background aerosols have yet to be quantified,
teractions following increased emissions of 0.13 um sea salbut Fig. 6b shows that sea salt injections of this magnitude
is shown in Fig. 4a. The negative values indicate that mordead to an almost complete shutoff of $@ucleation in our
solar radiation was reflected from the earth-atmosphere syssimulations. Both the effect on supersaturation and the effect
tem in the case of added sea salt than in the control run, with @an the SQ concentration lead to a reduced effectiveness of
globally averaged radiative forcing 4.8 W nT 2. By com- sea salt injections.
parison, a doubling of C@concentrations in the atmosphere  Figure 6d shows the percent time with a decrease in col-
has a positive forcing of approximately 3.7 W#j and the  umn integrated CDNC. Ocean regions where this number is
magnitude of the forcing from increased cloud reflectivity high are co-located with regions of small negative or posi-
may therefore be sufficient to counteract global warming, de-tive forcing estimates in Fig. 4a, indicating that the positive
pending on future greenhouse gas concentrations. forcing occurs when the added sea salt leads to the opposite
In earlier studied_atham et al.(2008 and Jones et al. effect of that desired. The decrease in column CDNC over
(2009 estimated the radiative forcing resulting from seed- land surfaces has little influence on the radiative budget both
ing of marine clouds by assuming a homogeneous andecause of the large surface albedo and because these clouds
fixed CDNC value of 375cm® or 1000cnT? in seeded generally have high CDNC and their albedo is less sensitive
clouds. Figure 5 shows the annually averaged CDNCto changes in this quantity (Eg).
around 930 hPa after cloud seeding and clearly indicates Figure 6 and the associated discussion show that adding
that assuming a fixed value is inappropriate. The resultingparticles that are too small to become activated may lead to a
CDNC field is highly non-uniform, which was also found by decrease in the reflection of solar radiation through their ef-
Korhonen et al(2010. This explains why the resulting ra- fect on the supersaturation and the activation of background
diative forcing (Fig. 4a) does not have the same geographicaherosols. This is a reminder that there are many non-linear
pattern as that ofatham et al(2008, discrepancies being effects which need to be accounted for before one can start
especially large in the Mid- and the West-Pacific. planning to perform this type of geo-engineering. The impor-
The radiative forcing shown in Fig. 4a also include areastance of the size of the injected particles will be investigated
that experience a positive forcing and Fig. 5 shows that everiurther in an upcoming paper. The above-mentioned limi-
though we emit a sea salt mass about 70 times larger thatations were not accounted for iratham et al(2008 and
what was suggested Hyatham et al.(2008, the average Jones et al(2009.
CDNC over ocean is below their assumed value of 375&m To fully investigate the effects of uniform cloud seed-
in seeded conditions. There may be several reasons for thigng we study changes in both atmospheric and cloud micro-
The NorESM model computes droplet nucleation based orphysical conditions. The annually averaged change in col-
aerosol number concentration, size distribution and cloud suumn burden sea salt resulting from the 0.13 um mode sea salt
persaturation. Our results show that increasing the number ahcrease is shown in Fig. 7a. This change is influenced by
sea salt particles in the atmosphere affects both the cloud sioth the emissions and the atmospheric conditions prevail-
persaturation (Fig. 6a) and the background aerosols (Fig. 6ing at any given model point. Convergence, updraft, and dry
and c), in addition to affecting the concentration of CCN di- atmospheric conditions will lead to an increased lifetime of
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a. Change in percent supersaturation b. Percent change in SO, nucleation rate

90N

Latitude
Latitude

180W 120W 6OW GM GOE 120E 180E 180W 120W 6OW GM 60E 120E 180E

Longitude Longitude
B D I I N S e [ I I N — I I [—
018 0,16 0,14 -0.12 010 -0.08 -D.06 -0.04 -0.02 -0.00 0.00 90 80 70 60 50 40 30 20 <10 0
C. Percent change in SO, lifetime d. Percent time with a decrease in column integrated CDNC

90N

60N

30N

EQF

Latitude

Latitude

308 = L

608 e
a4
T
S H i - B i
180W 120W 60W GM 60E 120E 150E 180W 120W GOW GM 60E 120E 180E
Longitude Longitude
— ] I I [ [ I [ — —a ] I I I I I [ —

-8 -6 -4 -2 0 2 4 [ 8 2 4 6 8 10 12 14 16 18

Fig. 6. NorESM: (a) change in percent cloud supersaturation with respect to wate®2® hPa(b) percent change in SMucleation rate
at~930 hPa(c) percent change in SQifetime, and(d) percent time with a decrease in column integrated CDNC. All annual means.

the added sea salt, while divergence, downdrafts, high relakarge changes occur in regions where convergence and up-
tive humidity and precipitation will have the opposite effect. draft or low relative humidity increase the lifetime of the
Neither this plot nor the plot of relative change in column added sea salt. This pattern of change follows from the uni-
burden sea salt (not shown) show similarities with the radia-form increase in emissions. Large changes where sea salt
tive forcing resulting from added sea salt (Fig. 4a). This in- emissions are naturally low due to low surface wind speeds
dicates that the cloud fraction and the cloud properties domgreatly affect cloud properties and it is possible that large
inate the radiative effect of cloud seeding. benefits would follow from finding an experimental design
Vertically integrated and annually averaged changes inthat allows for emissions that are independent of the surface
CDNC (Fig. 7b) are generally large in regions where the suswinds.
ceptibility is large (Fig. 1b) because the susceptibility is in-  Figure 8b shows that the largest changes in aerosol number
versely proportional to CDNC (Ed). The additional sea concentration with height occur below 900 hPa, with peaks
salt particles lead to a first indirect effect, increasing thearound the equator and around®®and 50 N. The corre-
CDNC by partitioning the cloud condensate between an in-sponding change in CDNC with height (Fig. 8c) is large in
creased number of droplets, each having a smaller radiug band between 4G and 30N, between the surface and
The changes in cloud droplet effective radius around 930 hP@bout 900 hPa. This pattern of change is caused by large
are shown in Fig. 7c. changes in the concentrations of sea salt particles, combined
We now turn to zonally and annually averaged vertical with a competition effect that reduces the supersaturation to
cross sections of the changes in sea salt concentrationde north of the equator due to high aerosol concentrations in
aerosol concentrations, CDNC and effective radius in Fig. 8the control run. The zonally and annually averaged change
The concentration of sea salt over ocean before seeding i cloud droplet effective radiuse, is shown in Fig. 8d. This
close to bimodal, with the largest vertical extent around 15-change is proportional to the relative change in CDNC and to
20° S and 15—-20N (not shown) and secondary peaks around’e itself: By assuming that the cloud water content is constant
45° S and 45N. The changes in this concentration with an (first indirect effect) and that the cloud droplet mean volume
increased 0.13 um sea salt mode are shown in Fig. 8a, digadius is proportional tee, the change ime is given by:
playing the largest increases between the peaks in concentra- 1AN

tion, that is around the equator and aroundS@nd 30N. ~ Are X —Z———7e 9)

www.atmos-chem-phys.net/12/2795/2012/ Atmos. Chem. Phys., 12, 279887, 2012



2804

90N

60N F25

Latitude

GM
Longitude
— ] [ [ [ I [ [

0.04 006 0.08 0.10 0.2 0.15 0.17 0.19
g/m”

60W GOE

Latitude

GM
Longitude

. 800. 1000. 1200. 1400. 1600. 1800.
*10* cm?

60W

60E

90N
GON f= 2

3ON oo

Latitude

-2.75 -2.50 -2.25 -2.00 -1.75 -1.50 -1.25 -1.00 -0.75 -0.50 0.50
um

Fig. 7. Changes due to increased sea salt emissions (NorESM):

() column integrated sea salt (g*r%), (b) column integrated
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Figure 8d shows that the changerinis largest below 800 hPa
and has maxima around 2088 and 60N, wherer. is
large in the control run (not shown). The relative change in
CDNC is much smaller above than below 800 hPa.

The simulated radiative forcing resulting from added sea
salt is subject to uncertainties and is model dependent. For

instance, the total cloud fraction in NorESM is underesti-
mated compared to MODIS (not shown), which may lead to
an underestimation of the forcing from the aerosol indirect
effect, while the low CDNC in the model makes the clouds
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very susceptible to added sea salt (Bjand may lead to

an overestimation. Additionally, the albedo of the simulated
clouds is closer to 0.5 than the observed albedo, making the
reflective properties of the clouds more susceptible to change
with respect to CDNC (Eq. 3)Vang et al(2011) studied the
cloud albedo response to injections of CCN using a cloud re-
solving model. Their results show that the effectiveness of
cloud seeding depends strongly on the spatial distribution of
the CCN injections, the meteorological conditions and on the
background aerosol conditions. These parameters are gener-
ally not well resolved in global models. As of today, how-
ever, using earth system models such as the NorESM is the
only possible way to estimate the climatic effect of sea salt
injections.

5 Summary and conclusions

In this study we have used observations from MODIS re-
trievals and the Norwegian Earth System Model to investi-
gate what regions over the ocean are most sensitive to de-
liberate increases in the cloud droplet number concentra-
tion. The sensitive regions were located by deriving a cloud-
weighted susceptibility function that indicates where an in-
crease in CDNC will have the largest effect on the reflected
solar radiation, based on cloud albedo, CDNC, solar zenith
angle and cloud fraction. Furthermore, we have conducted
geo-engineering simulations: (i) to test whether the areas
found to be sensitive are co-located with regions where sea
salt injections have a large impact on the reflected solar ra-
diation, (ii) to investigate what magnitude the change in re-
flected radiation may reach, and (iii) to study factors that may
reduce the effectiveness of cloud seeding.
Our main findings are:

— The cloud-weighted susceptibility function is a good in-
dicator of where sea salt injections are most effective.

— The areas where sea salt seeding has the largest radiative
effect include: large regions mainly betweer? 30and
30° N, especially clean regions over the Indian Ocean
and the stratocumulus regions off the west coasts of
South America, North America, southern Africa and
Australia. These areas correspond well with the find-
ings ofSalter et al(2008, except for areas just north of
the equator in the Pacific Ocean where our results show
a large cloud-weighted susceptibility.

— The regions found to have high cloud-weighted sus-
ceptibility agree fairly well between observational data
from MODIS and NorESM simulations, but region by
region the model shows a higher cloud-weighted sus-
ceptibility than what is found from observations.

Averaged annually and globally, the radiative forcing
resulting from a uniform 16°kgm~2s-1 increase in
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