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Abstract. High northern latitude eruptions have the potential the fresh, thick plume with AOD(550 nm) =3, over seawa-
to release volcanic aerosol into the Arctic environment, per-ter, and SZA =55 heats the upper part of the plume in the
turbing the Arctic’s climate system. We present assessmentSW ~28 K day 1 more and cools in the LW by6.3 K day*

of shortwave (SW), longwave (LW) and net direct aerosol ra-more than a fresh, thin plume under the same environmental
diative forcing efficiencies and atmospheric heating/coolingconditions. We compare our assessments with those reported
rates caused by volcanic aerosol from the 2009 eruption ofor other aerosols typical to the Arctic environment (smoke
Mt. Redoubt by performing radiative transfer modeling con- from wildfires, Arctic haze, and dust) to demonstrate the im-
strained by NASA A-Train satellite data. The optical prop- portance of volcanic aerosols.

erties of volcanic aerosol were calculated by introducing a
compositionally resolved microphysical model developed for
both ash and sulfates. Two compositions of volcanic aerosol )
were considered in order to examine a fresh, ash rich plumé Introduction

and an older, ash poor plume. Optical models were incor- ) , )
porated into a modified version of the SBDART radiative Mt. Redoubt is a stratovolcano located in Alaska, USA. Ris-

transfer model. Our results indicate that environmental coniNg {0 an elevation of 3108 m (10 197 ft), Redoubt is the sec-
ditions, such as surface albedo and solar zenith angle (SzAPNd tallest volcano in the Aleutian Range. Redoubt has been
can influence the sign and the magnitude of the radiativeActive five times since 1900, with the most recent eruptions

forcing at the top of the atmosphere (TOA) and at the surfac€?CCUrTng in 1989 and 2009. The last period of explosive
and the magnitude of the forcing in the aerosol layer. We find€ruPtions began on 23 March 2009 and lasted through 4 April

that a fresh, thin plume~2.5-7 km) at an AOD (550 nm) 2009. Eruptive plumes reached into the stratosphere on sev-
range of 0.1,8—0.58 and SZA =SBver snow cools the sur- €ral occasions, reduced air quality and posed a threat to avi-
face and warms the TOA, but the opposite effect is seen fo@tion (Carlile and Nelson2009 M. Coombs and J. Schae-
TOA by the same layer over ocean. The layer over snowf€r personal communication, 2011). However, little atten-

also warms by 64 W m?AOD~! more than the same plume tion has been given to the regional radiative impact of vol-
over seawater. The layer over snow at SZA = Warms the canic aerosols. Here, we use the 2009 eruption of Redoubt

TOA 96 W m—2A0D—1 less than it would at SZA=55ver &S an opportunity to assess a range of the radiative impacts
snow, and there is instead warming at the surface. We als§1at may be expected from high northern latitude eruptions.
find that plume aging can alter the magnitude of the radia- 1he primary mechanism by which volcanic eruptions al-
tive forcing. An aged plume over snow at SZA =5kould ter the Earth’s climate is through the formation of sulfate
warm the TOA and layer by 146 and 143 W-A#OD~ less aerosols. Sulfates may persist in the stratosphere for up to
than the fresh plume, while the aging plume cools the surthree yearsGlarisse et a).2008, causing the stratosphere to
face 3Wn1T2A0D~1 more. Comparing results for the thin Warm and the surface to codkbock 2000. Ash expelled

plume to those for a thick plume-B—20 km), we find that Py volcanic eruptions can also interact with electromagnetic
radiation, but the lifetime of fine ash in the stratosphere is
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only on the order of a few weeksliemeier et al.2009. It tions, and types of aerosol present. Composition must be
is for this reason sulfates are the principal aerosol commonhknown in order to determine the spectral refractive index.
used to predict the global climate perturbation expected fronSatellite data has been employed to determine size distribu-
a given eruption $tenchikov et a).1998 Ramachandran et tions of sulfates after eruptionStenchikov et a).1998 Ra-
al., 2000. However, on regional scales, both volcanic ashmachandran et al2000. Particle counter measurements on
and sulfate aerosols in the troposphere become important. Ibhalloons and aircraft have aided in calculating size distribu-
this case, sulfates and ash have similar residence times, dions of stratospheric sulfuric acid aerosdager and Desh-
the order of days to weeks. Therefore, ash particles musker, 2002 Deshler et a].1992 1993 Deshler 2008 Pueschel
be considered along with sulfate aerosol in estimating theet al, 1994; however, these measurements have typically
regional radiative impact, as well as specific environmen-been made several weeks to months after the eruption, which
tal conditions including surface albedo, solar zenith angledoes not help to determine the size distributions of “fresh”
(SZA), regional weather, and other aerosol types present ivolcanic sulfate or ash. Therefore, in efforts to study the for-
the region. mation and aging process of volcanic sulfates, models have

Volcanic aerosols may be expected to have a particularlybeen developed to calculate how the size distribution evolves
strong influence on the regional Arctic climate because of thg(Stier et al, 2005 and have been incorporated into general
high sensitivity of the Arctic environment to radiative pertur- circulation modelsNiemeier et al.2009. For volcanic ash,
bations, as indicated by numerous studies focusing on otheihere have been few airborne measurements of size distri-
aerosol types, both naturdfighre et al, 2007, Stone etal.  bution, mainly due to the dangers involved in making this
2007, 2008 and anthropogenidRjtter et al, 2005 Quinn et  measurement. Although size distributions have been mea-
al., 2007, 2008. The resulting forcing aerosols will have on sured on ashfall sampleM(@noz et al, 2004 Martin et al,
the Arctic environment is strongly controlled by the season-2009 Riley et al, 2003 Scott and McGimseyl994, these
ality of many related factors, such as the amount of incom-values will not be representative of the actual size distribu-
ing solar radiation, surface albedo, precipitation, and transtion during an eruption due to sorting which occurs during
port of pollutants Quinn et al, 2008 Sokolik et al, 2011). transport in the atmosphere (Rose and Durant, 2009). As the
There is a large increase in tropospheric aerosols in the Arcvolcanic plume ages, the radiative properties of the plume are
tic in late winter and early spring each year, which leads tosignificantly altered by the changing size and composition of
the creation of Arctic hazeQQuinn et al, 2008. The haze- volcanic aerosols. Thus, it is important to examine how the
producing emissions are largely from Europe and Asia andaging of volcanic aerosol affects the radiative impact.
consist of sulfate and nitrate aerosols, organic carbon, and The goal of this study is to assess the range of regional
soot Klonecki et al, 2003 Stohl 2006 Quinn et al, 2008. radiative impact of volcanic aerosol from the 2009 eruption
The importance of surface albedo has been investigated, anaf Mt. Redoubt using satellite data and a radiative transfer
in general, an absorbing aerosol (i.e., smoke) over a highlynodel. We examine both the longwave (LW) and shortwave
reflective surface tends to reduce the amount of solar energ{SW) components of the direct radiative forcing at the top
reaching the surface, while leading to warming in the aerosobf the atmosphere (TOA) and at the surface, and SW and
layer (Stone et a].2008 Shaw and Stamne4980. Given LW atmospheric heating/cooling rates. This work employs
the high surface albedos common during Arctic springtime,a satellite multiple sensor approach to constrain the trans-
even aerosols with a moderate absorbing capability can havport, areal and vertical extent, and characteristics of volcanic
this effect Quinn et al, 2008. However, the effects of natu- plumes. The organization of the paper is as follows. Sec-
ral aerosols, such as volcanic aerosol, were not considered lijon 2 presents the data used in this study and introduces
Quinn et al.(2008 in making recommendations to mitigate a methodology to create a compositionally resolved micro-
Arctic warming due to anthropogenic aerosols. physical model for volcanic aerosols. The size distributions

The impact of volcanic aerosols on the Arctic climate is and refractive indices selected for optical calculations are
difficult to assess because of their complex nature and limdiscussed, as well as the satellite data products utilized in
ited measurements of physical and chemical properties. Adthe radiative transfer model. Section 3 discusses results of
ditional complexity comes from seasonal variations that dra-direct aerosol radiative forcing efficiencies (DARFEs) and
matically alter the amount of incoming solar radiation and atmospheric heating/cooling rate profiles in terms of sensi-
surface reflectivity. Additionally, volcanic aerosol may have tivity to plume-specific and environmental input parameters
an indirect effect on cloudd.6hmann et al.2003 Sokolik for the Arctic region. Section 4 summarizes the important
et al, 2011). It is also possible that ash deposits may lower findings of this study and makes recommendations for future
the albedo of ice and snow covered surfaces, which would beesearch.
expected to perturb the Arctic’s radiation budget just as soot
deposits Flanner et al.2007) and dust depositainter et
al., 2010 have been shown to do.

Performing optical and radiative transfer calculations re-
quires information on aerosol composition, size distribu-
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Table 1. Input parameters for SBDART. Sulfate size distribution was held constant at an effective radius of 0.5 prafdhl (Kearney
and Watson, 2009). For ash,is set to 0.59 and held constant for all simulatioNgMmeier et al.2009. Refractive indices for sulfate from
OPAC were used for 70 % sulfate solution. For ash, refractive indices of andesite from Pollack et al. (1973) were used.

Model Parameter Input Source of input
Vertical placement and physical 2.5 to 7&m CALIPSO?
thickness of the aerosol layer 3to 20fkm AVO estimate based on radar
Aerosol Optical Depth 0.18, 0.38, 0%8 MODIS® P
1,2,®
Surface albedo Seawater (0.041 at 550nm) SBDART
Snow (0.973 at 550 nm)
Solar zenith angle 55-75° Realistic sun angles
Range of ash to sulfate ratio 9:1to 1:9 MODIS fine mode fraction
Refs of ash 1.5-5um Spinetti et al. (2008)

2 indicates values used for the 2 April case stLRiiﬁdicates values used in sensitivity study. For both plumes, aerosol optical depth was distributed uniformly within the layer.

2 Data and methodology portant to note that sulfate aerosols do not absorb UV ra-

diation and will have negative values of Al, in contrast to
Our approach uses satellite data in conjunction with theUV-absorbing aerosols which have positive Al values.
HYSPLIT transport model for volcanic ash to constrainara- The MODIS sensor flies on both the Terra and Aqua satel-
diative transfer model. The HYSPLIT computes the disper-jites. In this study, we employed true color MODIS im-
sion and transport of an evenly distributed vertical column ofages, aerosol optical depth (AOD) at 550 nm, and aerosol
ash with a given size distribution placed directly over the vol- fine mode fraction products. The MODIS level 3 Collec-
cano summit Praxler and Rolph2011; Rolph 2011). The  tion 5 AODs were used to constrain the areal extent of vol-
following parameters are needed to run the model: volcan@anic plumes and determine a range of AODs for calcula-
latitude and longitude, volcano summit height, eruption datetion of the radiative forcing. Fine mode fraction is the ratio
and time, eruption duration, and ash column height. In thisof small mode optical depth to the total AOBémer et al.
study the HYSPLIT model was run for selected eruptions in2005. We used MODIS level 2 Collection 5 fine mode frac-
order to provide supporting evidence that the aerosol plumesion to determine approximate proportions of fine and coarse
detected by satellites are indeed volcanic in origin. particles present in a plume.

2.1 Satellite data 2.2 Aerosol microphysical model

The NASA A-Train satellite constellation provides the The optical properties of volcanic aerosol were determined
unique capability of passive and active collocated satelthrough the development of a compositionally resolved mi-
lite sensors to study volcanic eruptiorSafn et al. 2009 crophysical model. In general, volcanic aerosols may be
Thomas et a).2009. The CALIOP lidar flies aboard composed of ash, sulfates, hydrometeors, and ash particles
the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder coated with sulfates, water, and/or idRose et al. 2004
Satellite Observations) platform and measures backscatter §rata et a].2007 Textor et al, 200§ Pueschel et §11994.
532 and 1064 nm. Past studies have successfully employedere, we considered only ash and sulfate, both of which have
CALIPSO to investigate the vertical structure of volcanic distinct size distributions and spectral refractive indices. We
plumes Thomason and Pitt2008 Yuan et al, 2011). Ver-  incorporated representative size distributions and refractive
tical profiles are useful in determining the position of the indices for ash and sulfate using data reported in the litera-
plume within the atmosphere, as well as plume top heightsure, as well as a range of realistic ratios of fine to coarse
and thicknesses. Vertical profiles of aerosol were obtainednodes and ash to sulfate deduced from satellite dégar¢
from CALIPSO version 3.01 data. The sensors OMI andney and Watsor2009 Niemeier et al.2009 Pollack et al.
MODIS have greater spatial coverage and were used both973 Spinetti et al, 2008 Stenchikov et a).1998. A sum-
to identify and track the plumes and to validate some of themary of the considered cases is presented in Thble
products retrieved from CALIPSO. We used lognormal particle size distributions for both ash

The OMI instrument on the Aura spacecraft has an ultra-and sulfate in the following formKearney and Watsgn
violet — visible spectral range of 0.27-0.50 um and provides2009:
the UV aerosol index (Al)Torres et al.2007). The Al is a
semi-quantitative indicator of the presence of UV-absorbing 1 _tno-w?
aerosols, such as volcanic ash, smoke, and dust. It is im?c ") = e @)

, , s V2ro
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wheren, is the particle number concentrationjs the par-  diative Transfer (SBDART) model. SBDART solves the ra-
ticle radius, andr is the variance of the size distribution, or diative transfer equation using the Discrete Ordinate Radia-
the log of the standard deviation: tive Transfer (DISORT) method for a plane parallel atmo-
sphere Ricchiazzi et al.1998. The online version of SB-
DART is available ahttp://paulschou.com/tools/sbdarthe
model takes into account gaseous absorption and absorption
We assume that sulfate occurs only in the fine mode, bu?”q multiple scattering by_aerosols. The model was modified
ash can exist in both coarse and fine modes. To simulatd® Incorporate a user defined aerosol layer and the aerosol
optical characteristics computed in this study. A spectral res-

fresh sulfate aerosol in a young volcanic plume, an effective™ """
radius of 0.5 pm and of 0.5 were usediearney and Wat- olution of 5 nm for the SW and 20 cnd for the LW was used

son 2009. The size distribution of sulfate was held constant I" Modeling the upward and downward radiative fluxes. The
in order to study the effects of ash fallout. For ashyas set subarctic winter standard atmospheric mod&tClatchey et
t0 0.59 and held constant for all simulations. adiemeier al., 1972 was used in radiative transfer calculations over sea-

et al. (2009. Effective radius for ash was allowed to vary water and snow surfaces with solar zenith angle (SZA) rang-

from 5um to 1.5 um, according to satellite retrievals of ef- ing from 55 to 75. The spectral surface albedo for wa-
fective radii of ash in an aging plume reported®pinetti et

= (InReff) — 2.502, 2)

whereRes is the effective radius.

ter and snow are froriollier (1980 andWiscombe et al.

al. (2008. It should be noted that these previous studies dol1980. respectively.
not include a truly  fine” ash portion (aerodynamic diam- et fluxes for both the SW and LW components at the top-

eter<2.5um), and therefore we only considered ash in theCf-the-atmosphere (TOA) and at the surface were computed
coarse mode. by subtracting the upward flux from the downward flux:

Refractive indices for both SW (0.3-4um) and LW (4— Foo— F _F 3)
20 um) spectral regions for ash and sulfate were taken from "€t~ *down™ “up
the literature. The OPAC data were used for 70 % sulfuricThe total net flux at TOA and at the surface were then calcu-

acid solution Kess et al.1998§ to represent sulfate aerosol. |5teq by adding the respective SW and LW net fluxes
For ash, refractive indices of andesite frdPollack et al.

(1973 were used. Sulfuric acid solutions around 70 % are Fqotq1= Fnet sw+ FnetLw 4)
commonly chosen for radiative transfer modeling of volcanic
aerosol and are valid for most situations (eSjenchikov et Atmospheric heating rates in units of K daywere calcu-

al., 1998. However, measurements of temperature and relalated as follows:
tive humidity in the Arctic suggest that the sulfuric acid so- AT 1 dF
lution can be as low as 40-50 %ue et al, 1994 Russell ~— =_— net
et al, 1996 Lambert et al.1997). These measurements are ¢/ cp  dz

based on temperature and relative humidity of ambientArcticWhereC is the specific heat at constant pressurg =
p

air. Temperatures _and relative hum|<_1|t|es in a frgsh voIcan|cloo467J kg‘lK‘l), and p is the air density of the aerosol
plume are much higher, as magmatic volatiles in arc volca-

L2 layer. The change in net flux with respect to altitude is rep-
noes are water rich/(illiams and McNutt2005. Therefore,
we felt the 70 % sulfuric acid solution was more realistic for resented by/ Frey/dz. We also computed and analyzed the

. .~ . _direct aerosol radiative forcing, DARF, and direct aerosol ra-
a fresh volcanic plume than the lower values occurring in . .. . - . .
; . diative forcing efficiency, DARFE. The latter is defined as
Arctic environments.

: ) . the change in the net flux with respect to the change in AOD
Ratios of fine and coarse mode aerosols were constraine 50 nm):

with MODIS fine mode fraction retrievals. For the purposes
of our study, th_e fine mode fraction r_epresents the paftid%ARFE: A Fret/ AAOD (550 nm) (6)
number proportion of sulfate present in an externally mixed

aerosol mixture containing ash and sulfate. In order to realisTo calculate DARFE for an aerosol layer, the surface DARFE
tically bracket the range of radiative forcing associated withwas subtracted from the DARFE at TOA

ash fallout as a plume ages, an ash rich mixture (containing

smaller fractions of sulfate and larger proportions of ash) wasDARFEatm = DARFEroa — DARFEgyrface @)
used as a proxy for a fresh plume, and a sulfate rich mixture

(consisting of higher proportions of sulfate and a smaller asH-or each study case, we computed DARGK

fraction) was chosen to simulate a more evolved, aged plumePARFEsurface  and DARFEm for SW, LW, and net
forcing. The units of DARF are Wt and DARFE are

2.3 Radiation transfer calculations Wm~2A0D~L. The definition of DARFE used in our study

is similar to that ofStone et al.(2008 to facilitate the
The 1-D radiative transfer model used in this StUdy isa mOd-Comparison with results for other aerosol types.

ified version of the Santa Barbara Disort Atmospheric Ra-

®)
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andesite real sulfate real

3 Results and discussion 25 -

----- andesite imaginary = e sylfate imaginary

3.1 Optical properties of volcanic aerosol 20 1

Based on satellite data analyses (see S&®, two ex- ]
ternally mixed aerosol mixtures with varying proportions
of ash and sulfate were selected to simulate plume aging.g Y
The refractive indices for sulfate and andesite are shown  os - ! \ _ g
in Fig. 1a. The normalized extinction coefficient&,, for " i A,«’-»_,kg_j_‘_f}’ T
the two aerosol mixtures and their sulfate and andesite con-  °0 L samoal

1.0 4

fractive Index

0 5 10 15 20

stituents are shown in Figb as a function of wavelength. Wavelength (um)

The normalized extinction coefficient is a measure of scat- o.s - ash rich mixture e dlesite - 0.0020
tered and absorbed radiation by particles per unit concen- sulfate —sulfate rich mixture

tration. Andesite absorbs and scatters both SW and LW<¢

L X . 8 i X g 0.06 4 r 0.0015
radiation. The ash rich mixture is dominated by andesite =

ash. Sulfate scatters SW radiation and absorbs LW radia-

£
tion, with negligible scattering in the LW because of small %0'04 ] [ 00
particle size. Itis clear from Fidl.b that the ash rich mixture T:’
resembles that of pure andesite, and the sulfate rich mixtures %2 1 r 0.0005
more closely resembles that of sulfate. It is also apparent
from Fig. 1b that the extinction coefficient per unit concen-  o.00 ; ; ; t 0.0000
tration is larger for both pure andesite and the ash dominatec 0 > Waveleizth () 1 20
mixture at all wavelengths. 119 ashrich mixture ~ ==——sulfate rich mixture

Figurelc shows the single scattering albedsn, for both
aerosol compositions. The single scattering albedo is the
fraction of photons that would be scattered by aerosols. In ;|
the SW, the ash rich mixture absorbs light more effectively _o
than the sulfate rich one until about 2.5 um. At longer wave- 04 -
lengths, the ash rich mixture scatters radiation better than the

sulfate dominated composition. °2 7

3.2 Satellite data analysis to constrain a radiative 0 5 10 15 20
transfer model Wavelength (um)
Fig. 1. (a) Spectral dependence of refractive indices of ash and

The study cases presented here were selected by perforrgalfate. (b) Concentration normalized extinction coefficieniSe)

Ing an mtegra_ted analysis of_s_atelllte data for the entire P€versus wavelength for an ash rich mixture containing an ash to sul-
riod of explosive volcano activity between 22 March and 4 ¢yte ratio of 9 to 1 and an effective radius for aBly; =5 pm
April. For each day in this time frame, CALIPSO overpassescompared to andesite witRes = 5 pm (right axis) and for a sul-
were analyzed for a boxed region located B30 69 Nand  fate rich mixture containing an ash to sulfate ratio of 1 to 9 and
130° W to 160 W. A large collection region was needed to an effective radius for asRef = 1.5 um compared to sulfate with
obtain a sufficient amount of data, because of CALIPSQO’sRei = 0.5um (left axis). (c) Single scattering albedag) versus
narrow swath. Therefore, it was expected if CALIPSO werewavelength for an ash rich mixture containing an ash to sulfate ratio
to detect a plume, it would be after transport had carried itof 9 t0 1 andRes = 5 um and a sulfate rich mixture containing an
some distance from the source. Only data that showed cleg#Sh to sulfate ratio of 1 to 9 anss = 1.5 um.
detection of an aerosol plume with well-developed vertical
structure in CALIPSO's vertical cloud feature mask were se-
lected. Aerosol index and Sneasurements from OMI and
AOD from MODIS were then used to determine the likely confirm the presence of ash in these plumes, as well as pro-
source region of the detected aerosol plume and to provideide insight into the overall transport of aerosol. The plume
evidence that it was volcanic in origin. detected on 4 April (Fig2b and3b) appears to be moving
The 17:24 UTC eruption on 26 March and the 13:58 andsoutheast of the volcano, over the Gulf of Alaska. How-
14:16 UTC eruptions on 4 April were among the most violent ever, the plume from 26 March (Fi@a and3a) appears to
eruptions, spewing ash well into the stratosph@alile and  be transporting ash both north of the volcano over Alaska,
Nelson 2009 M. Coombs and J. Schaefer, personal commu-and southeast of the volcano. The transport of plumes on
nication, 2011). MODIS (Fig2) and OMI Al (Fig. 3) help 26 March and 4 April over both seawater and snow surfaces

www.atmos-chem-phys.net/12/3699/2012/ Atmos. Chem. Phys., 12, 365 2012
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MYDO021KM A2009085.2240,005.2009086175459 hdf
Aqua MODIS Truecolor Scene’

MYDOZ1 KM.A2009094.2235.005.2009095222556.hdf
Aqua MODIS Truecolor Scene

(b)

Fig. 2. Aqua MODIS true color images ofa) 26 March at 22:40
UTC and(b) 4 April at 22:35 UTC. The aerosol plume is circled in

red. The location of Mt. Redoubt is marked by a star.
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T I I I | I
T TS5 2 25 3735 4 45

OMI Al

Fig. 3. OMI Al for (a) 26 March andb) 4 April. The location of
Mt. Redoubt is marked by a star.

able were obtained for a plume detected on 2 April. The
aerosol profiles from CALIPSO reveal that the plume is
completely contained in the troposphere and extends from
~2.5-7km (Fig.4a). The plume thickness obtained from
CALIPSO (Fig.4a), together with total column AODs from
MODIS, which range from 0.18 to 0.58 (Figb), suggest
that this plume is moderately thin. Out of 22 CALIPSO
overpasses in the selected domain, only the aerosol profile
detected on 2 April clearly displays a well-defined verti-
cal volcanic aerosol structure (Fida). In the absence of
true color images on this day, the other sensors employed
in this study, along with HYSPLIT, can confirm the vol-
canic origin of aerosol detected by CALIPSO. Both MODIS
(Fig. 4b) and OMI (Fig.4c) were able to detect volcanic
aerosol, which appears to be traveling southeast of the vol-

illustrates the need for assessing the radiative forcing for dif-cano. On 2 April, there were intermittent low level emis-

ferent surface albedos.

sions throughout the day, according to plume heights com-

However, CALIPSO data on 26 March and 4 April is not piled by the Alaska Volcano Observatory (AVO) from ground
available due to the extensive cloud cover present duringpased radar estimateSdrlile and Nelson2009. The HYS-
much of March and early April. After examining satellite PLIT model predicts that ash from a low level eruption trav-
data for the entire span of the explosive eruptions within theels to the southeast of the volcano (Figd). Combined
domain chosen, it was determined that the best data availvidence from MODIS, OMI, and HYSPLIT confirms that

Atmos. Chem. Phys., 12, 3698715 2012
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MODIS AOD 550 nm

Altitude (Km)
o = N w S w o ~N

' v e
0 =low confidence 2 =cloud 4 = stratospheric feature 6 = subsurface
1 =clear air 3 = aerosol 5 = surface 7 =no signal 155 W 145W 135W 125 15W

155W 145W 135W 125W 15w

3 018 026 034 042 05 058 066 074 082 09
MODIS AOD 550 nm

(b)
(d)

Fig. 4. (a) Vertical feature mask from CALIPSO between 11:31UTC and 11:45 UTC on 2 April. The plume of interest is ciizjed.
MODIS AOD(550 nm) daily mean for 2 April. Mt. Redoubt is marked with a star. CALIPSO path is shown with a/ih8ame agb),
except for OMI Al. (d) Transport of ash plume (shown in pink) from the 2 April eruption as predicted by the HYSPLIT model. Eruption
duration of 12 hours and an ash column height of 4.6 km were used.

the aerosol plume detected by CALIPSO is dominated by However, the 2 April case study alone does not allow us
volcanic aerosols and that it has been carried away from itdo comprehensively assess the full range of radiative effects
source. possible from this eruption. In order to better examine the
For Mie calculations to determine optical properties of role of vertical structure, we constructed a profile for a thick,
aerosol, it is essential to know if both ash and sulfate areoptically opaque plume, forming directly over the volcano
present and proportions of ash to sulfate. Nonsphericitypbased on both the largest value of AOD and the maximum
was detected in the 2 April plume using particle depolariza-height for plumes detected throughout the course of the erup-
tion ratios from CALIPSO. Fragmented ash particles are ex-tions. The highest MODIS daily average AOD occurred on
pected to register nonspherical. The OMI Al image (Big). 27 March, and values of MODIS AOD chosen ranged from
also supports the presence of UV-absorbing aerosol, such to 3 (Fig.6). The tallest plume height was produced by the
as volcanic ash. The presence of ash or sulfate cannot b&7:24 UTC eruption on 26 March, reachin@0km (Carlile
determined by MODIS AOD (550 nm), because it detectsand Nelson 2009 M. Coombs and J. Schaefer, personal
both types of volcanic aerosol. However, proportions of finecommunication, 2011). The same aerosol compositions in-
and coarse mode aerosol can be constrained by MODIS fingoduced for the plume detected on 2 April were used in this
mode fraction (Fig5). In order to conservatively bracket the vertical structure in order to simulate plume aging.
range of radiative forcing possible from this eruption, two
volcanic aerosol compositions are considered, based on th&.3 The effect of volcanic aerosols on the Arctic
highest and lowest values in the MODIS fine mode fraction radiation balance
(Fig. 5). The first composition was built to simulate a young,
ash rich plume with an ash to sulfate ratio of 9 to 1, while We first consider the 2 April case and then examine the ex-
the other composition represents an older, ash poor pluméent of the radiative effects by introducing a plume with a
having an ash to sulfate ratio of 1 to 9. different vertical structure that was described in Sect. 3.2.
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Fig. 6. MODIS AOD(550 nm) daily average for 27 March. These
AOD values were the highest over the entire course of the explosive
eruptions, due to aerosol produced by the very powerful eruption
at 17:24 UTC on March 26 and the eruptions that followed on 27

March.
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Radiative forcings and heating/cooling rates were computed 400

for the two plumes as they age and for a range of SZAs and_ »’:’/'//. [ emmm—
surface albedos. Comparisons between the two plume pro£ » o st e
files aid in determining the sensitivity of the radiative impact o sufaces slfterch mixture

u 100 3

to plume structure and aerosol loading. Model input is sum-
marized in Tabld. o

0.1 0.2 0.3 0.4 0.5 0.6
AOD 550 nm

3.3.1 Case study of volcanic plume detected on 2 April Fig. 7. The relationship between net SW flux and AOD(550 nm) at

] . . an AOD range of 0.18-0.58 for two aerosol mixtures at the TOA and
The plgme detected on 2 Ap”'_2009 was an Opt'cal_ly th'_n surface over seawater (top panel) and snow (bottom panel). SZA is
volcanic aerosol plume, stretching from 2.5 to 7km in alti- 55°, The RZ regressions for all lines are greater than 0.99.

tude and having total column AOD at 550 nm ranging from

0.18 to 0.58. We use this case study to investigate the na-

ture of volcanic aerosol and how plume aging and environ-the net flux at the surface is less for an ash rich plume than
mental parameters, such as surface albedo and SZA, inflifor a plume dominated by sulfate. Due to more SW radiation
ence the extent of the radiative impact. This is done for bothbeing scattered by a sulfate rich plume, a smaller downward
SW and LW components. For a given set of environmentalSW flux at the surface is to be expected, producing a lesser
conditions, the effect of plume aging alone is to control the net flux at the surface than for an ash rich plume.
magnitudes of the radiative impact. Figurdisplays the re- Figure8aillustrates how aerosol composition and AOD af-
lationship between the net SW flux and AOD(550 nm) at thefect the distribution of radiation in the atmosphere. Ash rich
surface and TOA at SZA =850Over both seawater and snow mixtures lead to more heating in the layer and cooling at the
surfaces and for each AOD, the TOA net SW flux is greatersurface, as do larger values of AOD. Compositions rich in ash
for an ash rich plume than for a plume consisting primarily warm more in the layer and cool more at the surface due to
of sulfate (Fig.7). As shown in Figl, the reason for this is the ability of ash to absorb SW radiation. It is for this reason
that the sulfate rich mixture scatters SW radiation more effi-a volcanic layer containing ash will produce a more positive
ciently than does the volcanic aerosol enriched in ash. ConSW DARFEyy, contributing to warming, and a more neg-
versely, over both types of surfaces for each measured AODative SW DARFEace CONtributing to cooling (Table).
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Table 2. Shortwave (SW) and total DARFE for a thin2.5—7 km) plume in wm2A0D~L. DARFE was calculated for a range of AOD
between 0.18 and 0.58.

Aerosol mixture  Spectrum  Solar zenith angle  Surface type DARF TOA DARF surface DARF atm

ashrich SWwW 55 seawater —65.7 —-194.4 128.7
ash rich sSw 75 seawater —64.0 -131.9 67.9
ash rich sSwW 5% snow 151.0 —41.4 192.4
ashrich SW 75 snow 55.3 —-28.2 83.5
sulfate rich sSw 55 seawater -98.1 —-123.8 25.7
sulfate rich sSw 75 seawater —90.6 -95.3 4.7
sulfate rich SW 55 snow 18.7 -18.8 375
sulfate rich sSw 75 snow -11.3 -18.3 7.0
ash rich Total 55 seawater —46.2 —155.3 109.1
ashrich Total 75 seawater —44.5 —-92.8 48.3
ash rich Total 55 snow 170.5 -2.3 172.8
ash rich Total 75 snow 74.7 10.9 63.8
sulfate rich Total 55 seawater —-91.8 —-110.1 18.4
sulfate rich Total 75 seawater —84.3 -81.7 -2.6
sulfate rich Total 55 snow 25.0 -5.2 30.2
sulfate rich Total 75 snow -5.0 —-4.6 -0.3

However, the extent of warming in the layer and cooling ata day in mid March (5% and a lower SZA chosen to repre-

the surface in SW not only depends on AOD and the relativesent a middle point between the highest and lowest daily sun

age of volcanic aerosol, but also on surface albedo and SZAangles (75). A high sun (SZA =55) leads to a larger down-
The surface albedo of the Arctic region in late winter or Ward SW flux at TOA. FigureSc illustrates well that when

early springtime ranges from optically black seawater sur-more radiation is entering the system, the heating within the
faces to highly reflective snow and ice surfaces. For bothdtmosphere is enhanced, especially for a volcanic layer con-
compositions of volcanic aerosol, surface and TOA net Swtaining larger proportions of absorbing ash. The effect of a
fluxes over snow are less than surface and TOA net fluxedOW sun (SZA =75) on SW DARFE is to decrease the extent
over seawater (Fig7). This is because the higher reflec- of warming or cooling at TOA, at the surface and in the atmo-
tivity of snow causes the upward flux both at the surfaceSPhere (Tabl@). Therefore, an eruption occurring very close
and TOA to be greater, leading to smaller net fluxes. ThetO the winter solstice would have a negligible SW radiative
TOA net fluxes for both compositions of volcanic aerosol in- effect.

crease with increasing AOD over snow and decrease with However, both SW and LW radiation must be considered
increasing AOD over seawater. This generally leads to postO determine the net radiative impact of a volcanic plume. In
itive DARFEroa over snow and negative DARFEa over some cases, such as during boreal winter, the LW radiation
seawater for both volcanic compositions (TaBjeThis ten- ~ May be more important than SW radiation. From Higit
dency is due to multiple scattering between the surface and apparent that ash absorbs more SW radiation. Both ash
the volcanic layer over snow when AOD is increased. Theand sulfate absorb and scatter LW radiation, and ash is bet-

exception to this rule, however, is the case of a sulfate richt€r overall at attenuating it (Fig). This results in net LW
plume over seawater at low SZA. In this case, DARGEIS TOA fluxes and net surface LW fluxes for sulfate that are
negative because the effect of multiple scattering is drownednore negative than for ash (Fig). The effect of volcanic
out by opposing effects of the composition and SZA. aerosols on the LW cooling rate profile is shown in Fig.

The effect of multiple scattering over highly reflective sur- Overall, vglcamc aerosols cause cooling in the atmqsphere
faces on heating rates can be observed in&igA volcanic gnd warming at the ;urfgce. The extent of atmospheric cool-
layer over snow will absorb more SW radiation due to mul- ing or surface warming is dependent upon the aerosol com-

tiple scattering, warming more in the atmosphere than théaosmon and AOD. Compositions rich in ash produce more

same layer over seawater. For a more absorbing aerosol typgirj?gocin%zi;ljg'ggr:r;stgebsstrgfzggg:s;g? S‘Nvf\ilrg'(;gt;tntgﬁ q
such as one comprised mostly of ash, this effect is even mord ’

ronounced emitter of LW radiation. This effect can also be observed in
P o . ) . LW DARFE calculations, which range from 19.5t0 6.3, 39.1
In the Arctic, the changing of seasons brings dramaticiy 13 6 and-19.6 to—7.3 Wn2A0D~ for ash and sulfate

shifts of incoming SW radiation. In the summer, the SUn e cases at the TOA, surface and within the atmosphere, re-
never sets, and in winter, the region is in perpetual dark-

' ) spectively.
ness. Here, DARFE is computed for the highest SZA for
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——hrichmbaure (0D =058 surface or in the atmosphere. These cases were all at a lower
10 1 T2 rch mivture (A0 =0.38) zenith angle and either consisted of ash rich plumes over
8 < e Qg: midure honzoie snow or sulfate rich plumes over seawater and snow. The
6 sulfate rich mixture (A0D = 0.38) SW DARFEracefor an ash rich plume over snow at a lower

zenith angle produces less cooling than a similarly composed
plume under other environmental conditions because of the
multiple scattering effect between the aerosol layer and the
: 1‘ ! T T ! snow surface and the reduction of solar radiation entering
Heating rate (K/day) the system due to the lower zenith angle. In this case, LW

——ash rich mixture over seawater

o —— ashrich mixture over snow radiation heats the surface more than the SW radiation cools
1] Z sulfate rich mixture over seawater
N

Altitude (km)
N

IN)

N

sulfate rich mixture over snow it, causing a net radiative heating of the surface. A sulfate
rich plume under low SZA will tend to warm the atmosphere
61 less than an ash rich plume. This is due to both a reduction
in incoming solar radiation and the inability of sulfate to ab-
2 sorb SW radiation. The single scattering albedo (550 nm) for
. ‘ . ‘ the ash rich plume is- 0.89, but it is considerably higher
0 1 2 3 4 5 (~0.98) for the sulfate rich plume, indicating there is no ap-
Heating rate (K/day) . . . -

—— ashrich mixture (sz2 = 55) preciable absorption at this wavelength (Fiyy. For cases of

e a sulfate rich plume at low SZA over seawater and snow, LW
sl [ sulfate rich mixture (sza = 75) radiation cools the atmosphere more than the SW radiation
S warms it, which leads to a net cooling of the atmosphere.
These calculations demonstrate the importance of both SW
/ and LW components of the forcing when determining the ra-

diative effects of an aging volcanic plume, especially in the
o 7 : : ‘ ‘ Arctic.

0 1 2 3 4 5

Heating rate (K/day)

Altitude (km)
IS

Altitude (km)
£ o

3.3.2 Examining the role of vertical structure of
Fig. 8. (a) The effect of aerosol composition and AOD(550 nm) of volcanic aerosol plumes

a thin plume ¢2.5-7km) on SW heating rate. SZA=%5and
surface type is seawater for all caseth) The effect of aerosol

2 . The simulated plume for an optically and physically thick
composition of a thin plume~2.5-7 km) and surface type on SW

heating rate. SZA = 55 and AOD (550 nm) = 0.58 for all cases. eruption column was based on satellite data collected for the

(c) The effect of aerosol composition of a thin plume (~2.5-7 km) entire span of the eruption. A rf”‘”ge of AODs from 1 to 3
and solar zenith angle (SZA) on SW atmospheric heating rate. Thdvas selected, and the plume thickness stretched from 3km

AOD(550 nm) = 0.58 and the surface type is seawater for all cases.(th€ volcano summit) to 20 km altitude. We compared calcu-
lated direct aerosol radiative forcing efficiencies and heating
rop 550 rates for an optically thick plume to those produced for the
0 - " o optically thin plume. In this section we demonstrate that, in
© TOA: ash rich mixture general, the trends for surface type, SZA, and plume com-
.;//: © surface: ash rich mixure position discussed above for the thin plume still hold for the
0 TOR slfaterich mire thicker plume. However, we also show that the magnitude
R and, in a few cases, the sign of the forcings and the magni-
tudes of the heating/cooling rates are very much dependent
160 on plume thickness and AOD.
Fig. 9. The relationship between net LW flux and AOD(550 nm)  Net SW fluxes at each AOD for the thick plume over both
at an AOD range of 0.18-0.58 for two aerosol mixtures at the TOAsnow and seawater are shown in Fig. Comparing these
and surface. The Rregressions for all lines are greater than 0.99. results to those for the thin plume in Fig, it immediately
becomes apparent that net SW fluxes for the thick plume over
seawater, both at the surface and TOA, are considerably less
The total radiative forcing associated with this volcanic than those for the thin plume at the ranges of AOD chosen
plume at TOA, at the surface, and in the atmosphere is refor each plume. This is because more of the incoming SW
ported in Table2. The total DARFE is the sum of SW and radiation is scattered and absorbed in the thick plume case,
LW DARFEs for each case. In most cases, the SW radia+esulting in less incoming SW radiation reaching the surface,
tion contributes more to the total DARFE. However, there and therefore less SW radiation reflected by the surface. Sur-
were three instances in which the LW radiation was signif-face net SW fluxes over snow are greater for the thin plume
icant enough to change the sign of the forcing either at thehan for the thick one for the same reasoning. However, net
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Freuw (Wm?2)

-120
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Fig. 10. The effect of aerosol composition and AOD(550 nm) of a thin plum2.5—7 km) on LW cooling rate.

Table 3. Shortwave (SW) and total DARFE for a thick8—20 km) plume in Wrm2AOD~1. DARFE was calculated for a range of AOD

between 1 and 3.

Aerosol mixture  Spectrum  Solar zenith angle  Surface type DARFE TOA DARFE surface DARFE atm
ash rich SW 55 seawater -20.1 —-100.4 80.3
ash rich SW 75 seawater -6.7 -29.9 23.2
ashrich SW 55 snow 64.2 -21.3 85.5
ash rich SW 75 snow 17.7 —-6.4 24.1
sulfate rich SW 55 seawater —-54.2 -70.1 16.0
sulfate rich sSwW 7% seawater —-20.6 —-23.4 2.9
sulfate rich sSw 55 snow 11.0 -12.5 23.6
sulfate rich SW 75 snow —2.3 —-4.6 5.3
ashrich Total 55 seawater -10.3 -92.4 82.1
ash rich Total 75 seawater 3.1 -21.9 25.0
ash rich Total 5% snow 74.0 -13.4 87.6
ashrich Total 75 snow 275 1.6 25.9
sulfate rich Total 55 seawater -46.8 —64.8 18.0
sulfate rich Total 7% seawater -13.2 -18.1 4.9
sulfate rich Total 55 snow 18.4 —-7.2 25.6
sulfate rich Total 75 snow 5.1 0.7 4.3

* For this case, DARFRoa Was not linear at broader AOD ranges, so it was calculated in an AOD range of 1 to 1.5.
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SW fluxes are greater for the thick plume at TOA. This is due
to less outgoing radiation at TOA because of enhanced mul-
tiple scattering occurring between the snow surface and the
more opaque plume. Another important comparison in net
SW fluxes between plumes is the differences between the two
volcanic aerosol compositions at each AOD. For the thicker
plume, it seems that plume composition, and therefore plume
age, can cause net SW fluxes at the surface and TOA to differ
substantially more than for a thinner plume. Calculations of
net SW flux must be more sensitive to composition of vol-
canic aerosol for a thicker plume.

Table 3 presents shortwave DARFEs computed for the
thick plume. Like SW DARFE for the thin plume (Tahl,
DARFEgface IS negative, indicating cooling, and positive
in the atmosphere, indicating warming. However, DARFE
values for the thick plume cases are much smaller in mag-

Fig. 11. The relationship between net SW flux and AOD(550 nm) at nitude than those for thin plumes. This is a result of the

an AOD range of 1-3 for two aerosol mixtures at the TOA and sur-
face over seawater (top panel) and snow (bottom panel). SZA=55

The R? regressions for all lines are greater than 0.95.

www.atmos-chem-phys.net/12/3699/2012/

range of AOD over which net flux calculations were per-
formed. The relationship between net flux and AOD can
only be approximated as linear when AOD values are small.
Because DARFE is computed as the slope of this line, it
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at an AOD range of 1-3 for two aerosol mixtures at the TOA and
surface. TheR? regressions for all lines are greater than 0.96.

——ash rich mixture over seawater

——ash rich mixture over snow

Altitude (km)

to aerosol composition (Figl2a), but have lesser sensitiv-

s sulfae rich mixure over seavater ities to surface reflectivity (Fig.12b) and SZA (Fig.12c).
——sulfate rich mixture over snow - . . .
o M . . _ ' ' , . . This finding emphasizes how strongly plume age controls the
0 5 10 15 20 2 30 35 40 way SW radiation is distributed within the aerosol layer and

Heating rate (K/day)

throughout the atmosphere.

The importance of plume age is magnified in the LW part
of the spectrum. Given a fixed temperature profile, the LW
radiative impacts are entirely dependent on composition and

T
3 —— ash rich mixture (sza = 55) opacity of the aerosol layer, which change as the plume
£ 38 . . _ . . .
e e ﬁ”h'*‘“_“e‘szj'75’55) evolves. Net LW fluxes for the thick plume increase with
sulfate rich mixture (sza = . . . . .
41  culfate rich mixture (sza = 75) increasing AOD (Fig13), similarly to net LW fluxes for the
0 . . . . . . . . thin plume. However, the differences at TOA and at the sur-

0 5 10 15 20 25 30 3 40
Heating rate (K/day)

face between the two compositions of volcanic aerosols at
each AOD are greater for the thick plume than for the thin
Fig. 12. (a)The effect of aerosol composition and AOD(550nm) Plume, indicating that plume age plays a larger role in de-
of a thick plume £3-20km) on SW heating rate. SZA =%&nd termining net LW fluxes for a thicker plume. Net LW fluxes
surface type is seawater for all cas@s). The effect of aerosol com-  also tend to be less negative, both at the surface and TOA, for
position of a thick plume+{3-20 km) and surface type on SW heat- the thick plume than for the thin plume of the same aerosol
ing rate. SZA=55 and AOD(550nm)=3 for all caseqc) The  composition. A thick layer will emit more LW radiation, pro-
effect of aerosol composition of a thick plume3-20km) and so-  ducing a net LW flux at the surface which is less negative
lar zenith angle (SZA) on SW heating rate. The AOD(550 nm) =3 than, for a thin plume. The thick plume will also scatter and
and the surface type is seawater for all cases. absorb more outgoing LW radiation coming from both the
surface and within the lower layers of the plume, producing
net LW fluxes at TOA that are typically less negative.
may depend on the ranges of AOD chosen and must always The slopes of the lines in Fid3 give the LW DARFE
be reported with this AOD range attached in order to be afor the thick plume cases, which range from 9.8 to 7.4, 8.0
meaningful quantity. For the thin plume, the range of AOD to 5.3, and 1.8 to 2.1 WrfAOD 1 for ash and sulfate rich
used to compute DARFE is narrower and the AOD valuescases at the TOA, surface, and within the atmosphere, respec-
are smaller. The net fluxes for the thin plume are more sentively. Longwave DARFE for the thick plume is less than
sitive to changes in AOD at the range chosen, leading tahose for the thin plume, because net LW fluxes for the thick
larger DARFE values. However, DARFE is reported in units plume are less sensitive to changes in AOD at the ranges of
of Wm~2A0D™1, and therefore the thick plumes may still AOD chosen. Unlike the thin plume cases, DARDE is
produce a larger forcing in Wt depending on the exact greater than DARF&facefor both compositions of volcanic
values of AOD present. aerosol, leading to positive DARRf for the thick plume.
Shortwave heating rates for the thick plume also ex-For the thick plume cases, the way in which LW radiation
hibit the same general dependences on composition, surfacdé distributed in the atmosphere is very different. Longwave
albedo, and SZA as described for the thin plume, with warm-c00ling rates for each aerosol composition and AOD are dis-
ing in the atmosphere and cooling at the surface (Eg.  Playedin Fig14. Emission of LW radiation in the upper lay-
However, SW heating rates for the thick plume exhibit signif- €'S causes cooling in the upper atmosphere, while the surface
icant perturbations to clear sky conditions (Figa), which  layers warm due to emission by middle to lower layers and
dwarf those due to the thin volcanic plume discussed aboveth€ surface. Longwave emission from the upper and lower
Heating rates for the thick plume are particularly sensitivel@yers causes enhanced warming in middle layers.
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Table 4. Studies chosen for comparisons of DARF and heating rates (HR) of Arctic aerosols, along with aerosol types, surface albedo,
AOD at 500 or 550 nmyg (singe scattering albedo) at 550 nm, solar zenith angle (SZA), vertical plume thickness and placement within the
atmosphere that were used. Boxes filled with an X indicate information was not available.

Study Aerosol type  Quantity Surface Albedo  AODwg (550 nm) SZA Placement (km)
Quinn et al(2007) haze SW DARF 0.92 0.12 0.94 daily mé&an xP
Stone et al(2007)  dust SW DARF 0.825 0.18 0.89 62 2-4
SW HR 0.830 0.15 0.89 75 2-4
LW HR N/A 0.4 0.89 N/A 2-4
Stone et al(2008  smoke SW DARF 0.8 0.18 0.95 30 0.2-2.8
SW HR 0.2 0.28 0.95 65 0.2-2.8
Ritter et al.(2005 haze LW DARF N/A X X N/A X
This study sulfate rich SW/LW DARF 0.973 0.18 0.98 °55 2.5-7
volcanic SW/LW HR 0.973 0.18 0.98 75 2.5-7
This study ash rich SW/LW DARF 0.973 0.18 0.89 °55 2.5-7
volcanic SW/LW HR 0.973 0.18 0.89 75 2.5-7

2 TOA SW DARF for SZA=62.6 obtained from P. Quinn, personal communication, 2®1¢ertical placement of the layer is unknown, but thickness is reported as 1 km.

20

——sulfate rich mixture (AOD = 2) W
sulfate rich mixture (AOD = 1) \\

sulfate rich mixture (AOD = 3) 12
——ash rich mixture (AOD = 2)

forming plumes that can stretch from near surface level to

well into the stratosphere. Therefore, it is obvious from the

nature of volcanic eruptions that they may produce thicker

plumes and may thereby drown out the signal from any other

——ash rich mixture (A0D = 1) 5 aerosols present. To compare the radiative impact of vol-
e e (007 . 1 canic aerosol to other aerosol types, Fi§.presents direct

0

Altitude (km)

radiative forcings and heating rates for two volcanic aerosol

s 7 s s 4 3 2 1 1 compositions for the 2 April case from our study, mineral
Heating rate (K/day) dust Gtone et a].2007), wildfire smoke Gtone et a].2008,

and hazeQuinn et al, 2007, Ritter et al, 2005. While there

are multiple factors which control the regional radiative im-

pact, the most comparable surface albedo, AOD, SZA, and

plume thickness for each study were selected in efforts to

The overall radiative effect of volcanic aerosol in a thick only assess the effects of differing aerosol compositions and

plume is given by the total DARFE, and this is reported for S'Ze_ distributions (Tabld). )
each case in Table For most cases, SW radiation was larger ~ Figure15a compares the surface SW DARF. The ash rich
than LW. However, for four of cases under lower sun condi- vVolcanic mixture attenuates more solar radiation per AOD
tions, LW radiation was large enough to change the sign ofthan any other composition, producing the most negative sur-
the total forcing. At the surface, a net warming was produced@ce forcing. Mineral dust runs a close second to the ash
for both ash rich and sulfate rich compositions over snow. Infich mixture, indicating dust must have similar SW extinc-
these cases, surface SW cooling is reduced due to a reductidifn coefficients. The ash rich mixture also produces the
of solar energy entering the system and multiple scatteringj;‘oSt warming at TOA and within the atmosphere, which is
between the snow surface and the aerosol layer. TOA warmPecause the ash rich mixture is the better absorber of SW
ing was produced for an ash rich plume over seawater and g:}diation, as further illustrated by the SW heqting r.ates in
sulfate rich plume over snow. In these cases, LW warmingFig- 190. Atthe TOA, the DARFs of the sulfate rich mixture
at TOA was enough to counteract SW cooling. For all of the @nd haze are very similar. This may be due to the haze pre-
thick plume cases, net warming in the atmosphere due to SWented inQuinn et al.(2007) consisting of large proportions
radiation is enhanced by positive values of LW DARFE. of sulfate.

The LW DARFs for the two compositions of volcanic
3.4 Comparing radiative impacts of major aerosol types ~ aerosol and hazeR{tter et al, 2009, and LW cooling rates

in the Arctic for the two volcanic mixtures and dugitone et al.2007) are
compared in Figl5c and15d, respectively. The LW forc-

The radiative effect of aerosol in a given environment de-ing for smoke is very small because of small particle sizes
pends upon aerosol-specific properties, such as optical cha(Myhre et al, 2007 and is not shown here. LW forcings of
acteristics and vertical loading. Volcanic aerosol is uniquedust and volcanic aerosols are important, although seldom
in that volcanoes are capable of producing huge loadingscalculated in radiative studies of Arctic aerosols. The ash

Fig. 14. The effect of aerosol composition and AOD(550 nm) of a
thick plume (~3—20 km) on LW cooling rate.
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Fig. 15. (a)SW direct radiative forcings (DARFS) arfd) SW heating rates for haze (Quinn et al., 2007), dust (Stone et al., 2007), smoke
(Stone et al., 2008), and ash rich and sulfate rich volcanic aerosols (this study). Values of forcing for dust were only available at the surface.
(c) LW DARFs for haze (Ritter et al., 2005) and ash rich and sulfate rich volcanic aerosols (this $tlydy)} cooling rates for dust (Stone

et al., 2007) and ash rich and sulfate rich volcanic aerosols (this study).

rich mixture seems to dominate the LW radiation as well. nificant when considering the Arctic region, where surfaces
Both SW and LW comparisons indicate that even a modervary from ocean to snow, and seasons dramatically shift the
ately thin layer of ash rich volcanic aerosol can be a mainamount of incoming solar radiation. The deposition of vol-
driver of the aerosol induced radiative impact in the Arctic re- canic ash onto ice and snow surfaces also has strong potential
gion. Additionally, the signal due to volcanic aerosol would to greatly alter surface reflectivity and thereby cause a pertur-
be expected to be even more powerful given that volcanidbation that may last long after the aerosol plume has gone.

eruptions routinely produce aerosol layers with AODs and  p| me specific factors influence the magnitudes of
vertical thicknesses much larger than those of other aerosghsprg and heating/cooling rates. The compositions, thick-
types. nesses and AODs of volcanic plumes vary greatly and are
in many cases difficult factors to constrain. Due to the re-
mote locations of many volcanoes and the dangers involved
in making direct measurements, satellites are absolutely nec-

The 2009 eruption of Redoubt volcano provided a source offSS&"y to monitor the spatial and temporal development of
aerosol to the Arctic environment. The extent to which a Volcanic plumes. However, eruption specific size distribu-

given volcanic aerosol layer perturbs the radiation balancd!ons and ash to sulfate ratios are challenging to constrain,
depends upon environmental factors, such as surface refle€/€N With the help of satellite sensors. The development of
tivity and SZA, and plume specific factors, such as aerosofnultiphase models (Dufek and Bergantz, 2007; Neri et al.,
composition and size distributions, and vertical profile of 2007), to StUdY eruption dynamics may assist in creating bet-
AOD. We used a satellite integrated approach to investigatd€" Microphysical models for volcanic aerosol. Other plume

the role these factors play in determining the radiative im-related &r_nphﬂcgﬂons that are often made in radiative trans-
pact of volcanic aerosols in the Arctic. In general, environ- f€F modeling which need to be addressed include: the parti-

mental factors can govern both the sign and magnitude 0fioning of volcanic aerosol types at different altitudes and the
the DARFE and heating/cooling rates. The ability of en- nonsphericity of ash.

vironmental conditions to change whether an aerosol layer Volcanic eruptions are high intensity events, capable of
will warm or cool at TOA and the surface is especially sig- providing a huge, sporadic aerosol signal compared to other

4 Conclusions
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