N

N

The scavenging processes controlling the seasonal cycle
in Arctic sulphate and black carbon aerosol
J. Browse, K. S. Carslaw, S. R. Arnold, K. Pringle, O. Boucher

» To cite this version:

J. Browse, K. S. Carslaw, S. R. Arnold, K. Pringle, O. Boucher. The scavenging processes controlling
the seasonal cycle in Arctic sulphate and black carbon aerosol. Atmospheric Chemistry and Physics,
2012, 12, pp.6775-6798. 10.5194/acp-12-6775-2012 . hal-04113989

HAL Id: hal-04113989
https://hal.science/hal-04113989

Submitted on 1 Jun 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04113989
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 12, 6776798 2012 iy —* -

www.atmos-chem-phys.net/12/6775/2012/ Atmospherlc
doi:10.5194/acp-12-6775-2012 Chemls_try
© Author(s) 2012. CC Attribution 3.0 License. and Phys|cs

B

The scavenging processes controlling the seasonal cycle in Arctic
sulphate and black carbon aerosol

J. Browse!, K. S. Carslawt, S. R. Arnold?, K. Pringle?, and O. Bouche?”

Linstitute for Climate and Atmospheric Science (ICAS), University of Leeds, Leeds, UK
2Met Office, Exeter, UK
“now at: the Meteorologie Dynamique, IPSL/CNRS, Univ. P. et M. Curie, 4 place Jussieu, 75252 Paris Cedex 05, France

Correspondence tal. Browse (eejb@leeds.ac.uk)

Received: 6 January 2012 — Published in Atmos. Chem. Phys. Discuss.: 31 January 2012
Revised: 26 June 2012 — Accepted: 19 July 2012 — Published: 1 August 2012

Abstract. The seasonal cycle in Arctic aerosol is typified by temperature-dependent scavenging processes that may be
by high concentrations of large aged anthropogenic particlesusceptible to modification in a future climate.

transported from lower latitudes in the late Arctic winter and
early spring followed by a sharp transition to low concen-
trations of locally sourced smaller particles in the summer.
However, multi-model assessments show that many modeld Introduction

fail to simulate a realistic cycle. Here, we use a global aerosol

microphysics model (GLOMAP) and surface-level aerosol The effects of climate change are amplified in the Arctic,
observations to understand how wet scavenging process&¥th projected temperature increases 6fC5 predicted be-
control the seasonal variation in Arctic black carbon (BC) fore the year 2100IRCC, 2007). This amplified warming

and sulphate aerosol. We show that the transition from higHS manifested in the rapid decline in sea ice extent over the
wintertime concentrations to low concentrations in the sum-Past few decadeComisq 2002. The retreat of Arctic sea
mer is controlled by the transition from ice-phase cloud scav-ce could shift patterns of atmospheric circulation, increase
enging to the much more efficient warm cloud scavengingcoaSta| erosion and disrupt the ocean thermohaline cycle
in the late spring troposphere. This seasonal cycle is amplias Well as devastate the fragile Arctic ecosystSar(eze

fied further by the appearance of warm drizzling cloud in the €t @l. 2007). Furthermore, the decrease in planetary albedo
late spring and summer boundary layer. Implementing thesénay lead to an acceleration of global and regional warming
processes in GLOMAP greatly improves the agreement bethrough the albedo feedback describe€inry et al (1993.
tween the model and observations at the three Arctic ground- The increase in Arctic surface temperatures since the mid-
stations Alert, Barrow and Zeppelin Mountain on Svalbard. 1970s is estimated to be between 1.2 and C.ghindell and

The SQ model-observation correlation coefficier®)(in-  Faluvegi 2009. The modelling study oShindell and Falu-
creases from:=0.33 to 0.71 at Alert (82%5N), from —0.16 vegi (2009 suggests that less than one-third of this warming
to 0.70 at Point Barrow (71°0N) and from—0.42 to 0.40 at  ¢&n be explained by changes in either greenhouse gas con-
Zeppelin Mountain (78N). The BC model-observation cor- centrations or the Arctic ozone budget. Changes in anthro-
relation coefficient increases fror0.68 to 0.72 at Alertand ~ Pogenic aerosol, particularly the decrease in global sulphate
from —0.42 to 0.44 at Barrow. Observations at three marginal€Missions since the late 1980s, may account for ug @df
Arctic sites (Janiskoski, Oulanka and Karasjok) indicate athe observed warming trend between 1976 and 2008.

far weaker aerosol seasonal cycle, which we show is consis- Anthropogenic aerosols, both in the atmosphere or de-
tent with the much smaller seasonal change in the frequencip©sited on ice and snow, have been observed in the Arctic
of ice clouds compared to higher latitude sites. Our resultsSince the 1880sGarrett and Verzella2008. The high con-

suggest that the seasonal cycle in Arctic aerosol is driverfentrations of aerosol observed in the Arctic spring, now re-
ferred to as Arctic haze, were first identified in the 1950s by
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6776 J. Browse et al.: Scavenging processes controlling the Arctic aerosol seasonal cycle

Mitchell (1956. Analysis of the haze constituents Bahn  for December to February was on average strongly positive
et al. (1977 and Shaw (1982 found a signature of Asian (~ 2) compared to the average low negative index between
sources, and from the 1980s onwards numerous studies haa)00 and 2010 (seasonal NAO indices obtained fiduan-
confirmed the anthropogenic origin of Arctic haze eventsrell, 2011). The recent decline in Arctic aerosol concentra-

in the early spring Gong and Barrie2005 Fisher et al.  tions between winter and early spring is therefore most likely
201Q Hirdman et al, 2010 Sharma et al.2006 Reddy and  the result of a reduction in source emissions combined with
Boucher 2007). a weakening of transport pathways post-2000.

A strong seasonal cycle in Arctic sulphate and BC aerosol Alternatively, it has also been showNifogradova and
mass concentrations is evident in long term observations aPonomarevg2000 that scavenging efficiency, to which Arc-
Point Barrow in Alaska $harma et al.2006 Quinn et al, tic aerosol concentrations are particularly sensit®eifdell
2009 2002, Zeppelin Mountain on Svalbardleftheriadis et al, 2008, in liquid-phase clouds is far greater then that
et al, 2009 Strom et al, 2003 and Alert in CanadaGong in ice-phase (see Se&.1). Therefore it may be that the in-
et al, 2010.The Arctic haze forms due to the strong temper- crease in global temperatures since the 19/@€C, 2007)
ature inversion over the Arctic, which facilitates the ascenthas increased the ratio of liquid to ice-phase cloud scaveng-
of transported pollutant plumes from lower latitudes over theing and so decreased the efficiency of long range-transport
pole. The cold dry conditions of the Arctic winter, which sup- into the Arctic. Currently, little evidence exists to support or
press removal via wet deposition, and the suppression of verefute this hypothesis. Here, we suggest that wintertime Arc-
tical mixing by the polar inversion are thought to provide tic scavenging rates are relatively insensitive to temperature
suitable conditions for transported pollutants to accumulateincreases of less tharf& (see Sect. 7.3.2).
over the winter and early springfiaw 1995. This situa- At Barrow, in addition to the winter decline in aerosol con-
tion persists until the beginning of summer when changes taentrations, a summertime increase in non-sea-salt (nss) SO
transport pathwaysStohl 2006, the onset of vertical mix- of 8 to 12 % per year has been observed from 1976 to 2008.
ing due to solar heatingk@hl et al, 1996, and increases in  This increase in nss-SAnass coincides with an equivalent
wet scavenging remove existing aerosol and hinder furtheincrease in methane sulphonic acid (MSA) concentration,
aerosol transport from low latitudes. a by-product of DMS oxidation to SQIncreases in MSA

An analysis of observations at BarroG4rrett et al.201Q concentration suggest that climatic changes (i.e. increasing
2011 found that the onset of local wet scavenging may besea surface temperature) in the Arctic may be altering atmo-
the dominant process controlling low summertime aerosol,spheric DMS concentration®Q(inn et al, 2009, although
rather than changes in the efficiency of aerosol transport tdhis hypothesis is not explored here. In addition to increas-
Barrow. The inefficient long-range transport in the summering DMS concentrations it is likely that a decline in Arctic
means that summertime aerosol is sourced from the marginadea-ice extent (coupled with increases in wind speed) will in-
Arctic (sea-ice boundary and boreal forest regions) and proberease sea-salt aerosol concentrations in the Arctic boundary
ably consists of episodic soot from forest firad/arneke layer Jones et al.2007 Struthers et al.2011). However, to
et al, 2010, sulphate from dimethyl sulphide (DMS) emit- the knowledge of the authors no observational evidence ex-
ted from the ocean surfacEdrek et al.1995 Lunden etal.  ists to support this hypothesis.

2010, and sea-sprayYéng et al, 2008. Here, we suggest In a multi-model assessmer@hindell et al (2008 com-

that the low aerosol concentrations observed in the Arcticpared 13 models against measured EBC and sulphate mass
boundary layer north of PN are the result of the cumula- concentrations at Alert, Barrow and Svalbard. They found
tive effect of drizzling low clouds at high latitudes on these that the majority of models significantly underestimated both
sources (see Se@t.2). BC and SQ concentrations through January to May while

Analysis of decadal trends indicates that while summer-overestimating summertime SQ0n almost half of the mod-
time ground-station concentrations (with the exception ofels the seasonal cycle in sulphate mass concentration was ap-
Barrow) have changed little since the 1970s, in winter proximately 6 months out of phase with observatidferho-
and spring sulphate and equivalent black carbon (EBC, seeen et al(2008h) compared simulated aerosol size distribu-
Sect. 2) concentrations have declined over the last 20yrtions in a particle size-resolving aerosol microphysics model
(Quinn et al, 2007 Hirdman et al. 2010. This decline  (Spracklen et aJ2005 with observations at Zeppelin moun-
in both BC and S@ is also evident in central Greenland tain on Svalbard$trom et al, 2003 and again found them
ice-cores ficConnell et al. 2007). The global decrease in to be seasonally out of phase, with larger particles dominat-
aerosol concentrations resulting from stricter air quality con-ing the summertime size distribution. Both studies looked
trols in Europe and North AmericdRCC, 2007 is a pos-  in detail at the sensitivity of the seasonal cycle to different
sible cause of this decline. However, the North Atlantic Os-deposition processes and found aerosol concentrations to be
cillation (NAO) also strongly influences pollution transport extremely sensitive to changes to modelled wet deposition
to high latitudes with positive phases of the NAO shown rates.
to enhance winter surface pollutants by up to 70B6k- Here, two new deposition parametrisations, ice-cloud and
hardt et al. 2003. Between 1970 and 2000 the NAO index low-cloud scavenging, have been added to the global aersol
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model GLOMAP-mode Nlann et al, 2010 to understand
how changes to the local and global scavenging distribu-
tion affect the Arctic S@ and BC aerosol seasonal cycle.
Through analysis of observed and modelled sulphate and
BC aerosol surface concentrations it was demonstrated that
the rapid shift in aerosol characteristics observed in the late
springtime Arctic boundary layer is strongly controlled by
the local onset of warm (liquid) cloud nucleation scavenging
in the low Arctic troposphere.

2 Observations

Simulated surface SOmass concentrations are evaluated
using measured concentrations at three high latitude Arctic
ground-stations: Zeppelin mountain on Svalbard (78L9
11.9E, 474ma.s.l.), Alert station in the Canadian Arctic '
(82.5 N, 62.5 W, 210ma.s.l.), and Point Barrow in north-
ern Alaska (71N, 156.6 W, 11 ma.s.l.). Below 70N, SOy
measurements were also available from three ground sta-
tions in the EMEP networlhftp://www.emep.in; Karasjok
in Norway (69 N, 24° E), Janiskoski in Russia (68.5l,
28.5 E), and Oulanka in Finland (88, 2% E). The loca-
tions of all six sites are shown in Fi¢. Observations from
field campaigns at higher latitudes (above B) were not
used in this evaluation since they cover only short periods
and the focus of this study is on the annual cycle.

Mass concentrations of non-sea-salt (nss) 8(Zeppelin

ere sourced from the Norweaian institute for air researchFig' 1. Model projection of the Arctic. The Arctic ground-stations:
W u gian institu : Alert (62.5 W, 82.# N), Barrow (156.6 W, 71.3 N) and Zeppelin

(NILU) databasewww.nilu.no/projects/ccc/create/database. o ntain (11.9E, 78.9 N) are labelled and the Northern Scan-
htm) as daily concentrations which were then converted tOgjnayian sites: Oulanka (29, 66.2 N), Janiskoski (285E,
monthly means after the removal of statistical outliers (heregg. & N) and Karasjok (252E, 69.3 N) are shown (red box). The
assuming a normal distribution defined as data points greateottom projection shows both the position of the latter three sta-
then 1.5 standard deviations from the monthly mean). Theions which are in close proximity to each other and the three model
particle size measured at Zeppelin was limited to belowgrid-boxes which represent this region (grey shading). The region
10 um. However, at this latitude this size limit is unlikely to outlined in red represents the model region used to calculate the
have a significant impact on measured mass concentrations'Northern Scandinavian average used in F.

At Barrow weekly sampled nss-Omass concentra-
tions for both submicron (diameter 0.1 um) and supermi-
cron (0.1 unx diameter< 10 um) particulates were sourced mass concentrations. Given the close proximity of the EMEP
from the NOAA archive ftp://ftp.cmdl.noaa.gov/aerosol/ stations (in the context of the model resolution — see Ejg.
brw/chem). SO; mass concentrations at Barrow were sam-and the consistency of observations in this regioa=(0.08),
pled over different time periods (ranging from 1-5 days) de-observations from all three stations were averaged to produce
pending on the season and the size range. The two datasedssingle mass concentration.
were averaged over each month with statistical outliers re- Long-term BC mass concentration datasets were avail-
moved within each. Both the submicron and supermicronable only at Alert and Barrow, which limits model evalu-
monthly averaged S£Omass concentrations were then addedation of BC concentrations to the Canadian and Alaskan
to give the total monthly mean sulphate mass concentratiorrctic. The majority of long-term BC measurements are
for particulates below 10 um in diameter. derived from measurements of light absorption and so are

Weekly sampled sulphate mass concentrations at Alert areermed equivalent black carbon (EBC). EBC is calculated
available from the Canadian National Chemistry (NatChem)using the total light absorption coefficient of an air sample
database http://www.msc.ec.gc.ca/natchem/particles/index so EBC concentrations are likely to overestimate BC mass
e.htm) and were converted to monthly mean concentrationsdue to the presence of other light absorbing aerosol species.
At the EMEP sites S@ observations were taken directly This overestimation can be compensated for by the choice
from the EMEP database already converted to monthly meawf a mass absorption efficiency (MAE) calibrated from

latitude (N)

64

57

longitude (E)
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alternative (usually thermal) BC measuremerBhdrma  trations of oxidants are specified offline every 6 h from a pre-
2002 Sharma et a).2004. At Barrow hourly measured vious TOMCAT simulation Arnold et al, 2005. Evaluation
light absorption coefficients were available from the World of GLOMAP-mode in the mid-latitudes and tropics suggest
Data Centre for Aerosols archivat{p://wdca.jrc.ec.europa. that the model performs well against observational datasets
eu/sites/brw/bralabs.htm) and converted to mass concen- although black and organic carbon surface mass concentra-
tration using an MAE of 10 g~ as recommended by the tions are underestimated in some regidviain et al, 2010).
principal investigators and discussedSharma2002. The model was run at a horizontal resolution @2« 2.8°
Hourly EBC mass concentrations at Alert were obtained(latitude x longitude) with 31 pressure levels extending from
from the World Data Centre for Aerosols (WDCAhttp:// the surface to 10 hPa (approximately 40 km) in the vertical.
wdca.jrc.ec.europa.eu/sites/alt/atic.htm]). Unlike Barrow,  Meteorological fields of horizontal wind speed, temperature
EBC measurements at Alert have been compared with aland humidity were taken from analyses of the European Cen-
ternative measurements from thermal filter sample analysisre for Medium-Range Weather Forecasts (ECMWF). The
(Sharma et aJ.2004). EBC measurements at Alert derived ECMWF analyses compare well with other analyses and de-
using a MAE of 19mg~! and thermally derived BC mea- scribe the meteorology of the Arctic region reasonably well
surements were found to compare well witRacorrelation ~ (Bromwich et al, 2007).
of 0.82 and a slope and intercept of 0.85 and 0.09 pg,m The model was run from January 2000 to December 2002
respectively when fitted with a linear regression. In light of using annually-varying anthropogenic BC, organic carbon
this comparison EBC measurements at Alert were derivedOC) and SQ emission inventories from the AEROCOM
from a seasonally varying specific absorption coefficient ofhindcast databasétfp://dataipsl.ipsl.jussieu.ffAEROCOM/
19.8nf g~ from November to April and 28.8#Ag~! from  emissions.html AEROCOM inventories were also used for
May to October as described 8harma et al2004). At both volcanic SQ while wildfire emissions were updated each
ground-stations EBC was converted from hourly measureimonth from the global fire emissions database version 2
ments to monthly mean concentrations after the elimination(GFED) (Randerson et gl2007). We assume that 2.5 % of
of statistical outliers (as discussed above). the SQ from anthropogenic, volcanic and wildfire sources
At the Alert and Barrow sites different instruments are is emitted as S@as recommended btier et al.(2005 to
used to measure equivalent black carbon concentrations s@present sub-grid nucleation and growth of new particles.
the two datasets are not directly comparable. The major unThe sub-grid nucleated S@atrticles are partitioned equally
certainty in these measurements is the presence of secondadpgtween two lognormal size modes of geometric mean diam-
absorbing species in the particles, which results in an overeter 60 and 150 nm, respectively with a geometric standard
estimate of refractory black carbon mass. Due to the seasordeviation of 0.59 §tier et al, 2005.
ality of aerosol mass concentration at Arctic sites the use of The microphysical processes in GLOMAP-mode include
uniform MAE (such as at Barrow) is likely to overestimate coagulation between and within modes, wet and dry depo-
summer BC mass while underestimating winter BC masssition, ageing of BC/OC mixed particles from an initial in-
The inter-annual variability of Arctic aerosol is also high soluble state to water soluble, oxidation of Si@to SO, in
so it is likely that from year to year the agreement of EBC cloud drops, condensation growth between modes (due to up-
mass with actual BC varies considerably. In this study we fo-take of sulphuric acid and secondary organic vapours), and
cus on reproducing the seasonal cycle (and in particular th@ucleation of S@ aerosol lann et al, 2010.
late-spring transition) of BC and for this purpose these ob- Wet deposition occurs in frontal and convective precip-
servations are applicable. However, quantitative comparisoritating clouds by nucleation scavenging (due to activation
of these observations with the model (below) will be affectedof CCN into cloud drops and subsequent precipitation) and
by this uncertainty. impaction scavenging of aerosol particles by falling rain-
drops. All water-soluble particles larger than 103 nm wet
diameter are assumed to act as activated CCN in grid-boxes
3 Model description where precipitation has been diagnosed. The reason for using
a diameter threshold to determine CCN populations is his-
GLOMAP-mode is a global microphysical aerosol model toric stemming from the use of a sectional size-resolving bin
(Mann et al, 2010 developed as an extension of the off- scheme in previous model versions. The aerosol wet diame-
line TOMCAT chemical transport model describedStock-  terin GLOMAP is calculated from the dry diameter using the
well and Chipperfield1999. The model treats the aerosol relative humidity diagnosed from the ECMWF temperature,
size distribution using a two-moment modal scheme withpressure and specific humidity meteorological fields. Thus,
7 lognormal modes (4 soluble and 3 insoluble) and the 5at relative humidity between 70 and 80 % this process acti-
aerosol species dust, sea salt, BC, organic carbon (OC) andhtes all aerosol with dry diameter greater thaB0 nm and
SOy. The 7 modes fall into four variable-size size cate- at relative humidities greater than 80 % aerosol with diameter
gories: nucleation+ 3—15 nm), Aitken { 10-50 nm), accu- greater tham 50 nm are activated. The fraction of activated
mulation ¢~50-200nm) and coarse-(000 nm). Concen-
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aerosol removed in a time-step is assumed to be equal to the a0 4 0 s w0 a3
fraction of condensate precipitated. f 1 ; ; : ;

Occurrences of precipitating clouds are calculated from
the ECMWEF analyses used to drive the modetirfgle
20086. In convective clouds the fraction of condensate is cal-
culated from the precipitating water downward mass flux pa-
rameterised in the model via the methodologyTaédtke
(1989. Convective rain is assumed to be a sub-grid process
that occurs in only 30 % of a grid-boGfannakopoulos et al.
1999. In contrast, frontal rain scavenging is assumed to oc-
cur over an entire grid-box. Frontal rain is diagnosed from
the ECMWF humidity profile Mahowald et al. 1997 Gi-
annakopoulos et al1999 and is assumed to remove 100 %
of CCN during one model time ste@{annakopoulos et al. (2) JJA mean low-cloud fraction (MODIS/ISCCP merged cli-
1999. matologies)

In the baseline model, monthly resolved low cloud cli-
matologies are taken from the International Satellite Cloud
Climatology Project (ISCCP) databas®ssow and Duenas
2004 which provides low-cloud fraction and cloud top pres-
sure (converted in GLOMAP to vertical cloud fraction). Low
(boundary layer) clouds are assumed not to precipitate, but
only affect aerosol through agueous phase oxidation gf SO
to SO by ozone and hydrogen peroxidddnn et al, 2010.

In several of the perturbed runs used in this study the IS-
CCP fields are merged at 68 with data from the MODer-

ate resolution Imaging Spectrometer (MODIS) satellite (see
Sect.4). MODIS has been shown to measure Arctic cloud
fraction with greater accuracy (compared to surface clima-

tologies) than other instrumentsig et al., 2004). This sub- o oz 'ovgiloud fr:ztion s 10
stitution is discussed further in Sedt. O | | e
(b) JJA mean low-cloud cover (ISCCP climatologies)
1.0
4 Low-level cloud | mwoos

At high latitudes in the summer, the relatively high humidity
allows the formation of low-level stratocumulus cloud decks
in the boundary layer and lower troposphere. These low-level
clouds and fogs produce frequent drizzle and can be present
for as much as 90 % of the tim€qrry et al, 1996 Lawson

et al, 200J). It has been suggested that the low summertime

low-cloud fraction
o
>
. .
—1—
| SS— —
—I1—
| S——
| m— —
| N——
I

s 04—

aerosol concentrations can be explained by this increase in 4 T 1 [
scavenging combined with a decrease in transport from out- 1 & & H i)
side the Arctic Stohl 2008. e T S e e S S S S .

In previous model versions monthly resolved low cloud (©) low cloud fraction between 60-90°N

fraction and cloud top pressure climatologies were sourced

f'rom ISCCP Rossow and Sch|ﬁ§ﬂ999. ISCCR cloud frac- Fig. 2. Comparison of the merged MODIS/ISCCP (see secfipn
tions north of 60N have a median cloud fraction from 0 to 5 1SCCP low-cloud climatologiega—b) show the JJA average
0.1 with generally higher fractions in summer and a maxi- column maximum low cloud fraction in the MODIS/ISCQR)
mum 95th percentile in April of 0.25 (Fig). Although the  and ISCCRb) climatologies. Note: white here indicates maximum
temporal pattern in ISCCP cloud fraction is consistent with cloud fraction below 10 %(c) compares the MODIS (red) and IS-
observations, the magnitude of cloud cover is significantlyCCP (blue) median low cloud fraction between 60 an€l OEr-
underestimated compared to observations from the Arctidors bar denote the 5th and 95th percentiles for each month, while
surface, which rarely fall below 0.50 and can be as high aghe box plots show the interquartile range of the median.

0.90 (Curtis et al, 1998 Hahn et al.1995. The satellite de-

tection of polar clouds is complicated by the thermal and vis-
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ible similarity between clouds and ice-snow surfaces as welR006. However, scavenging processes in ice-phase clouds
as the pervasive temperature and humidity inversions in theare much less efficient and in-cloud CCN lifetime can ex-
Arctic boundary layerl(iu et al, 2004. However, MODIS, tendto 1 month if ice-nucleation is the predominant scaveng-
which takes a greater frequency of high latitude observaing processDavidson et al.1987 Vinogradova and Pono-
tions, has been found to measure Arctic cloud fraction andmareva2000. The principal reason for this difference is that
cloud top pressure more accurately then other instrumentprecipitation-sized drops in liquid phase clouds grow primar-
(Liu et al,, 2004). ily by collection, a process that collects both cloud droplets
In this study we merge cloud fractions from MODIS at and aerosol. Conversely ice crystals tend to form via the nu-
high latitudes with ISCCP at low latitudes. Monthly resolved cleation of ice onto individual particles and grow by vapour
1 x 1° cloud fraction and cloud top pressure data from the deposition rather than collision and coalescence. Thus pre-
MODIS satellite Hubanks et al.2008 were interpolated to  cipitation in liquid-phase clouds can scavenge aerosol par-
a 28° x 2.8° resolution and merged with interpolated IS- ticles much more efficientlyMinogradova and Ponomareva
CCP climatologies using a exponential function to calcu-2000.
late a weighted mean cloud fraction such that in grid-box In the standard version of GLOMAP-mode (our control
(x1on, yiat) the low cloud fraction (CE,, ,.,) Was calculated  simulations) scavenging rates of soluble aerosol are indepen-

as: dent of temperature (see Fig) with all cloud-phases as-
Mo ylate—k(yuat—yeo) + Lo ylate—x(yeo—ym) sumed tc_) scavenge equal numbers of soluble aerqsol. This
CFronyiat = Py e S Y s (1)  assumption is likely to overestimate global scavenging rates

) particularly in regions where inefficient ice cloud scaveng-
where M and | are the MODIS and ISCCP cloud fractions, jng is prevalent. For insoluble aerosol, a cloud tempera-
respectively and. is equal to 0.5. Figur@ shows the me- e threshold is used to determine scavenging rates. Above
dian low cloud fraction above 8N for both the merged _15o¢ insoluble BC aerosol is not scavenged and below
and ISCCP low cloud climatologies. In the merged clima- _1goc they act as IN and are scavenged at the rate of CCN
tologies cloud fraction has increased universally, with a 5thof the same sizeFan 2004 (Fig. 3). It is possible that
percentile greater than the ISCCP 95th percentile in the SUMs process overestimates the deposition of insoluble aerosol
mer and greater than the upper quartile for the rest of therom ice nucleation. However, the majority of insoluble par-
year. The use of = 0.5 results in MODIS climatologies re- icjes are small and exist in the Aitken mode (freshly emitted
placing ISCCP over only two latitude grid-boxes. However, gc and OC) and are therefore only weakly scavenged (0.1 %
with this _method, median summernme cloud fraction north of the total global insoluble BC mass deposited) compared
of 70? N increases to 50-60 % equivalent to that observedy, impaction scavenging (22 %) and dry deposition (77.9 %).
(Curtis et al, 1998. . Thus, model assumptions about IN scavenging of insoluble

We chose to merge the datasets rather than using MODIBC particles have only a small effect on the model resullts.
climatologies universally as global comparisons of the two  1q aqddress the overestimation of soluble particle scaveng-
datasets show that in the ISCCP climatology areas of highe[ng rates, we extended the cloud temperature threshold pa-
cloud fraction coincide with the stratocumulus regions de-rameterisation also to soluble aerosol. In the absence of a
scribed inLeon et al.(2008, while in MODIS maximum  ye||-defined temperature limit governing the onset of the
cloud fractions occur over the equatorial region and theice-phase in clouds3ayet et al.2009ha) the same limit of
southern ocean. This disparity would suggest that, despite 150c was used to match the existing temperature threshold
underestimating the magnitude of cloud fraction at high |ati'governing insoluble aerosol scavengir@l 2004. Below
tudes, ISCCP performs better than MODIS at lower latitudes ;g temperature, scavenging of soluble aerosol is prohibited,

This conclusion is consistent witheon et al.(2008 who  reflecting the absence of scavenging by coalescence and col-
found that ISCCP climatologies compared well with obser-|ision in ice-clouds, while insoluble particles continue (as in

vations from the CloudSat instrument on the CALIPSO satel-the standard model version) to act as ice nuclei (Bgum-

lite. gardner et a).2008 Gorbunov et a].2000.

This simple method of switching between efficient warm-
cloud scavenging and effectively non-scavenging ice clouds
is expedient in a chemical transport model that does not in-
5.1 Ice-cloud scavenging clude the cloud microphysical processes required to predict

hydrometeor phase. It is also consistent with the analysis of
The in-cloud lifetime of activated CCN with respect to wet Garrett et al(2010, who identified a scavenging tempera-
scavenging in liquid-phase clouds is of the order Wo@d, ture switch in Arctic clouds, and the observationsGayet
2006 Curry et al, 1996. In addition, in-cloud CCN lifetimes et al.(20093 andCurry et al.(1996 which show that Arctic
in liquid-phase clouds are generally independent of the cloudtlouds are in general dominated by either ice or liquid phase
precipitation rate as liquid water path scales to the precipita-droplets.
tion rate, leading to cancellation in Eq. (2) (see beMiood,

5 Model scavenging processes
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Fig. 3. Flowchart describing GLOMAP-mode nucleation scavenging scheme.

However, observations have shown that in spring mixed-of the snow to rain ratio at different Arctic ground-stations
phase cloud is also present in the Arctic lower tropospherandicates that, while in the winter Alert and Barrow are po-
(Hobbs and Rangnol998. Mixed-phase cloud scaveng- sitioned in regions of negligible warm cloud scavenging, at
ing can occur via nucleation of ice on individual particles Zeppelin, Oulanka, Karasjok and Janiskoski warm rain scav-
(as discussed above) and riming of ice particles with wa-enging remains a significant removal mechanism throughout
ter droplets and is likely to have an efficiency between thatthe winter and spring.
of ice-nucleation scavenging and liquid-phase scavenging
(Hegg et al. 2011) Therefore, our treatment of mixed-phase 5.2 Low-cloud scavenging by drizzle
clouds as liquid-phase is likely to overestimate the scaveng-
ing rate in spring. Local scavenging of aerosol in the Arctic can be caused by

Mixed-phase cloud formation can occur over a wide persistent light drizzle and sleet in the boundary layer as well
temperature range. The scavenging efficiency of individualas episodic dynamic rain fronts directed into the high lati-
clouds is dependent on the ratio of liquid-to-total water, tudes by large scale meteorological systems. In GLOMAP,
which is affected by physical processes such as the Wegenelew-cloud precipitation is not treated in the standard model.
Bergeron-Findeisen process and can be highly variable oveThus episodic large scale meteorological systems dominate
limited temperature rangeSipith et al, 2009. In models  scavenging north of 80 More dynamic rain fronts reach the
that include mixed-phase cloudBqurgeois and Bey2011) Arctic in winter than summer, although liquid precipitation
assumptions still need to be made about scavenging rates thgdain) is more likely in summer, with median values in sum-
are not treated explicitly, and agreement with observationsmer of~ 1.5 mmd-! compared to 0.5 mmd in winter.
is not necessarily improved. Our switch from liquid to ice- The reason for neglecting low cloud scavenging in
phase at-15°C is consistent with what is seen in observa- GLOMAP-mode is historic: GLOMAP diagnoses precipita-
tions Garrett et al.2010, and is a reasonable assumption tion in frontal clouds and convection (see S&)t.and wet
until the physical processes are resolved better. The implideposition by these processes alone results in aerosol life-
cations of the exclusion of mixed-phase scavenging are distimes of ~ 1 day that are well within the range of other
cussed below (Sect. 7.3.2). models Textor et al, 2006. In addition, given the uncer-

Figure4 shows the percentage of total precipitation falling tainties in marine aerosol and precursor emissions in re-
to the surface as snow in GLOMAP-mode as defined bygions where stratocumulus clouds are prevalent, it has not
this ice-cloud temperature threshold. The ratio of modelledbeen possible to detect missing sinks when evaluating the
snow to rain is highest in the Arctic winter and early spring, model against observationSgfracklen et a).2007 Korho-
where 90 % of precipitation falls as snow above’ BOin nen et al, 20083 (see also Sect. 7.5). Nevertheless, drizzle
Asia and above 7N in Canada and Alaska. Comparison is a common occurrence in the summertime Arctic boundary
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Low cloud drizzle rates and LWP over mid-latitude and
tropical regions were specified in the model based on ob-
servations from satellite climatologiesdon et al, 2009
and are described fully in TabR In the Arctic, while mea-
surements of LWP are documented in the literature, observa-
tions of low-cloud precipitation rates are to the best knowl-
edge of the authors not available. Arctic drizzle rates were
therefore estimated using the empirical relationship between
cloud thickness4) and cloud droplet number concentration
(Ng) observed byan Zanten and Stevei®005 and calcu-
A SON lated using the methodology #ood (2006, such that

: ®)

where Kyz =1.9x 10 °kgm8s~1 is an empirically de-
rived constant. This empirical relationship between drizzle
rates and stratocumulus cloud properties was based on obser-
vations of nocturnal marine stratocumulus clouds off the Cal-
ifornian coastyan Zanten et al2009 and evaluated against
observations off the European coadtdod 2005 and over
the North Atlantic Pawlowska2003. Derived drizzle rates
were found to correlate strongly with observatioRs£ 0.97
Fig. 4. Percentage of seasonal (DJF, MAM, JJA and SON) meanand 0.79, respectively), although estimated N. Atlantic driz-
precipitation in an atmospheric column (kgfmd~!) formed at  zle rates were biased low against observatiorzd%).
temperatures below15°C and so identified in GLOMAP-mode Analysis of observations over the Beaufort Sea (70,6
as snow. Also shown are the surfaed5°C (black solid line), 124 127 W) of summertime Arctic cloud thickness and
I the bottom et hand figurethe positons of three Arose ground. 810 CONCentration in precipitating low-clouhgbbs and
stations: Alert (ALT), Barrow (BRW) and Zeppelin mountain (ZPN) Rangno 1292 yield a. Summertlmg A.rCtIC drizzle rate of
Cp.44 kgnr“d~-. In spring no precipitating clouds were ob-

are shown as is the approximate position of three closely locate | I f73%
Northern Scandinavian sites: Oulanka, Karasjok and Janiskosk?‘:"rved but an average cloud droplet number of 73tmas

(NS). calculated in low clouds with a non-trivial liquid water path.
In conjunction with data fronHobbs et al.(200J), which
suggest an average cloud depth of 150 m in the Arctic spring-

layer and, although it is not the dominant wet removal pro-time boundary layer, these observations yielded a low cloud

cess on a global scale, it is likely to be an important scavengspringtime drizzle rate of 0.08 kgmdd1albeit with a high

ing process in regions such as the Arctic which have limiteddegree of uncertainty.

frontal and convective rainfalQurry et al, 1996 Hobbs and Arctic drizzle rates calculated using Eq. (3) (scaled with
Rangno1998 Hobbs et al.2001, Lawson et al.2001 Gayet  mean low cloud fraction of 80-90 %) compare reasonably
etal, 20093. well to averaged precipitation measurements at Barter Island

To address this model deficiency a low-cloud scavenging(7o° N, 143 W) and Barrow of 0.6 kgm2d—1 in summer
scheme was added to the model. Low-cloud drizzle is asand 0.08 kg m2d-1 in spring Curtis et al, 1998 assum-
sumed to occur in grid-boxes without convective or frontal ing that the majority of measured precipitation is drizzle.
rainfall and with a low-cloud fraction greater than zero (see However at northern European sites measured precipitation

Fig. 3). The CCN lifetime is assumed to be equal to the con-rates are higher than those calculated (0.3—1.0%&§admn?
densate lifetime, which is calculated using the methodologyin spring and 1.7-2.0kgnfd—1 in summer). It is un-

of Wood (2005 likely that all of the precipitation measured is drizzle. Thus,
LWP the spring and summer drizzle rate in the European Arctic
Tdriz = (2)  (defined in Table 2) was changed to 0.42kg?d~! and

Rari . 2.
driz 0.8kgnr2d-1, respectively. The effect of this increase on

where LWP is the low-cloud liquid water path (kg &) and  CCN grid-box lifetime is shown in Figp.

Rdriz is the drizzle rate at cloud base (kg As~1). This re- Table 2 summarizes the modelled and observed drizzle
moval rate is applied to a fraction of the CCN in each grid rates and LWP in the stratocumulus zones (used to calcu-
box according to the low cloud fraction (Sed}. We assume late in-cloud CCN lifetime as in Eq. 2). Figure 5 shows the
that the drizzle does not evaporate, thus our CCN scavengingrid-box CCN lifetime with respect to drizzle scavenging (in-
rates are an upper limit for the given condensate lifetime. cloud CCN lifetime divided by low cloud fraction). Outside
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hours

2 6 10 14 18

Fig. 5. Comparison of the CCN grid-box lifetime with respect to low cloud drizzle scavenging. Note that the colour scale is reversed from

that in previous figures with red denoting a shorter CCN lifetime.

the main stratocumulus zones the minimum grid-box CCN -
lifetime is greater than 24 h and in most regions exceeds 4
days. Although Arctic drizzle rates are lower than in any
other stratocumulus zones (Table 2), the higher low-cloud
fraction introduced north of (N results in shorter average
Arctic CCN grid-box lifetime from June—August (of 2—6 h)
equivalent to that in the southern ocean stratocumulus zone.

The importance of the drizzle rate to the scavenging effi-
ciency in stratocumulus zones is discussed below in several
sensitivity experiment.

6 Description of model experiments

Five sets of model simulations were completed to determine
the importance of ice and low cloud scavenging processes for
Arctic aerosol concentrations. All five simulations use iden- —
tical meteorological fields and emission inventories and were
spun up for 3 months (October—December 1999) before the
beginning of each 3-yr period (2000-2002). The simulations
are described below and summarized in Tdble

www.atmos-chem-phys.net/12/6775/2012/

22 >24

CTRL-ISCCP: a control run using global ISCCP low

cloud climatologies including convective and frontal

rain scavenging but without low-cloud precipitation.

Scavenging of soluble aerosol is permitted to occur in
both warm-phase and ice-phase clouds (see3righis

run uses the same set-upMann et al.(2010.

— CTRL-MODIS: a control run using the merged

MODIS/ISCCP low-cloud climatologies as described

in Sect.4. Convective and frontal rain scavenging pro-

cesses are identical to CTRL-ISCCP and low-cloud pre-
cipitation is likewise excluded. The merged cloud fields
will be used in the remainder of the simulations, so this
simulation provides a new baseline in place of CTRL-

ISCCP.

DRIZZ: this is the same as CTRL-MODIS except that
low-cloud drizzle scavenging in the Arctic and stra-
tocumulus cloud zones is permitted (as described in
Sect.5.2) with the restrictions outlined in Fig8. Con-
vective and frontal rain scavenging processes remain
identical to both CTRL-ISCCP and CTRL-MODIS.
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Table 1. Description of core simulations. Included cloud scavenging processes in each simulation are marked with an X.

Run Name low cloud low cloud convective and ice-cloud ice-cloud
climatology frontal cloud (frontal and convective) (low)

CTRL-ISCCP ISCCP - X - -

CTRL-MODIS ISCCP/MODIS - X - -

DRIZZ ISCCP/MODIS X X - -

ICE ISCCP/MODIS - X X -

DRIZZICE ISCCP/MODIS X X X X

Table 2. Drizzle rate (kg nm2d—1) and cloud liquid water path (gnf) in 11 stratocumulus zones used in drizzle parametrisation sourced
from Leon et al(2008 as observations (obs) or calculated from cloud characteristics (estimated).

Region Winter Spring Summer Autumn LWP  source Latitude Longitude
kgm2d~1 kgm2d~1 kgm2d1 kgm2dl gm 2 Ry /LWP
N.Atlantic 2.8 0.8 0.29 0.8 144 obs /obs 30260 10-45% W
N.pacific 2.3 0.68 0.29 0.68 131 obs/obs 30285 130° W-105 E
Australian 2.3 0.57 0.26 0.57 90 obs/obs °g801% N 60-115E
Circumpolar 2.5 0.74 0.28 0.74 150 obs/obs 55310 180 E-180 W
Nambian 1.7 0.55 0.24 0.55 84 obs/obs S0 30 W-15E
Canarian 2.1 0.61 0.25 0.61 77 obs/obs 1080 45-20W
Peruvian 1.9 0.6 0.26 0.6 91 obs/obs 0280 70-120 W
Californian 1.9 0.57 0.25 0.57 90 obs/obs 10RO 110-150 W
Arctic 0.0 0.08 0.42 0.08 68 estimated/obs 6080 18C¢° E-180C W
Euro Arctic 0.0 0.42 0.8 0.42 68 estimated/obs 60480 15° E-150 W
Antarctic 0.0 0.08 0.42 0.08 68 Arctic values used 60-90S 180 E-180 W

— ICE: this is the same as the CTRL-MODIS run except Predicted Arctic surface concentrations of BC mass are
that ice-cloud scavenging of soluble aerosol is prohib-similar in CTRL-MODIS and CTRL-ISCCP throughout the
ited at temperatures less tharl5°C. As in CTRL-  year although the lower quartile from 60 to °90 from
MODIS low clouds do not precipitate, the ice-cloud December to February is typically lower in CTRL-MODIS
effect is applied to convective and frontal rain-clouds (Fig. 6¢). Likewise surface concentrations of H@re typi-
only. cally lower north of 60 in CTRL-MODIS compared with

o CTRL-ISCCP (Fig6a). This mass decrease is the result of an

— DRIZZICE: a combination of the DRIZZ and ICE runs, i crease in the rate of model cloud processing which counter-
which includes merged MODIS and ISCCP low-cloud jnyjitively decreases aerosol mass concentrations by decreas-
cllmatolqgles parameterisation of low-cloud drizzle in ing SQ: and BC aerosol lifetime with respect to wet deposi-
the Arctic and stratocumulus zones. To represent th§jon (through changes in the aerosol size distribution).
slow removal rate in ice-phase clouds, scavenging of compared with surface observations, both control runs
soluble aerosol is prohibited &t < —15°C in low,  pregict the seasonal SOmass concentration variation
frontal and convective clouds. poorly. At Karasjok, Oulanka and Janiskoski (Fid), where

observations show no seasonal variation iny $@ass con-

centrations, both control runs have a summertime maximum
that is up to a factor 10 greater than observed. At all three
stations S@ mass increases slightly with the use of MODIS

cloud climatologies. This increase is small in the summer but

We first compare S@Qand BC concentrations in the two is significant in the early winter (40-50 %) and stems from a

control runs using different high latitude low-cloud clima- greater S@ oxidation to SQ flux (100—200 %) in the vicin-

tologies, CTRL-ISCCP and CTRL-MODIS (Fi@). In these ity of Finland and Northern Norway, which mitigates the re-
runs the only effect of the low-level (non-drizzling) clouds is gional wet deposition resulting from increases in cloud pro-
on SQ production due to in-cloud oxidation and the growth cessing.

of aerosol by aqueous phase reactions in non-precipitating At Alert, Barrow and Zeppelin the SOmass concentra-

clouds or cloud processingylann et al, 2010. tion seasonal maximum occurs in early summer and is 3—-4

months out of phase with the observations (Hg-—c). In

7 Results and discussion

7.1 Control runs
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Fig. 6. Comparison of median and interquartile range;§@, b) and BC(c, d) surface mass concentration (in the year 2000) between

60° and 90 N for control runs CTRL-MODIS (red) and CTRL-ISCCP (blue) and drizzle runs DRIZZ (red) and DRIZZ-ISCCP (blue). The
Errors bar denote the 5th and 95th percentiles in each month. Note: the ISCCP simulation results have been offset along the x-axis, this
was done to maintain clarity and does not indicate any difference in temporal resolutigrdirthe median S@ and BC surface mass
concentration in the CTRL-MODIS simulation are also shown (black dashed lines).

summer, S@ mass concentrations at Alert and Barrow fall ries in the model, however no such inventories were available
within one standard deviation of the observed mean, but ato the authors pre-2008.

Zeppelin simulated Sgconcentrations from June to August  In summary, irrespective of the cloud climatology used,
are up to 4 times greater than measured. In winter modelledsLOMAP-mode fails to simulate the observed seasonal cy-
SOy concentrations at Alert and Barrow are more than 2 stan<le, with insufficient BC and S$Pmass in the winter and
dard deviations from the observational mean while at Zep-early spring but too much BC and @ the summer. The
pelin the model is less than 0.1 standard deviations from theaise of MODIS climatologies north of 8has had a negligi-

observation mean (see Talle ble effect on modelled S£and BC surface mass concentra-
The model prediction of BC mass concentrations and EBCtion. However, the use of a different low-cloud climatology is
data at Alert and Barrow is worse than for $(Fig. 7e—f). likely to be of greater impact in simulations with low-cloud

The model is about 6 months out of phase, with a signifi- scavenging included, which we address below.

cant over-prediction in summer (a factor of 2.&om the

observation JJA mean at Barrow) and under-prediction in7.2 Simulation DRIZZ

winter. The simulated summer BC maximum at both sites is

skewed by anomalously high concentrations in August 20017 2. 1 Effect of drizzle scavenging at the Arctic sites

This maximum is due to the monthly updated GFED biomass

burning (BB) emission inventories used in GLOMAP-mode. scavenging due to drizzle reduces S@rosol concentra-
The monthly emission inventories assume a constant emisgons at all Arctic sites between March and November, with
sion rate over the month. This assumption emphasises thge greatest effect occurring in summer when Arctic drizzle
contribution of forest fires which occur when meteorologi- yates are at a maximum (Fig). By disproportionately re-
cal conditions (which are updated every 15min) suppress theycing summertime concentrations, drizzle scavenging goes
transport of BB emissions to ground-station sites. The oversome way to correcting the negative correlation across the
estimation of BB aerosol concentrations at these sites couldgasonal cycle. At stations north of°? the R correlation

be reduced by using daily resolved wildfire emission invento-.gefficient increases from-0.39 (CTRL-MODIS) to 0.47
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Fig. 7. Monthly mean SQ@ and BC surface mass concentration at three Arctic ground-stations averaged over the model run period 2000—
2002. Mass observations are shown in grey with the monthly inter-annual standard deviation indicated by light grey shading. Observed
SO4 and BC mass concentrations are compared with both control runs (MODIS-black, ISCCP-black dashed), DRIZZ (dark blue), ICE
(light blue) and DRIZZICE (red). Error bars represent the inter-annual standard deviation between yearly model runs. In (d) mgnthly SO
mass concentration observations at the three EMEP stations (Karasjok, Janiskoski and Oulanka from 2000-2002) have been averaged ar
compared with modelled surface concentrations over Northern Norway and Finland (s&e Fig.

(DRIZZ) at Alert, from —0.23 to 0.4 at Barrow and from observations 0.4, —0.1 and—0.3, respectively) and the
—0.43t0 0.11 at Zeppelin. However, year-round drizzle alsomodel-observation bias is aboutl0 to —20% (Table3).
exacerbates the low model bias in winter, spring and autumnDespite the consistent negative bias at all three stations the
increasing the annual mean negative bias-8Y % at Alert ~ DRIZZ simulation is a considerable improvement on the av-
and to —89 % at Barrow (Table8). At Zeppelin (Fig.7c) erage 200-300% positive bias in the control simulations.
drizzle scavenging has significantly decreased model biasThis analysis suggests that, while drizzle scavenging has very
with SOy concentrations annually underestimated by 60 %different effects on S@at the five Arctic sites, in general the

in DRIZZ simulations. effect of drizzle in the Arctic is to push modelled $Con-
At marginal Arctic sites (Karasjok, Janiskoski and centrations below observations.
Oulanka see Figrd) modelled S@Q mass in DRIZZ is now Like SOu, Arctic BC mass concentrations have decreased

on average less than one inter-annual standard deviation frofnm the DRIZZ simulation compared to CTRL-MODIS. At
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Barrow and Alert the correlation between observations and |,
DRIZZ is still negative, as in CTRL-MODIS, but summer S04 o DRizzx0s
BC mass concentrations have decreased by a facte3dh CTRLMODIS
DRIZZ, reducing the average bias from 230 % to 80 %. How-

ever, at Alert the negative model bias has increased in DRI1ZZ
from —40 % to—75 % and summertime BC mass concentra-
tions are now-1.4 standard deviations from the observation
mean (Table8 and4).

o
o
=}

0.010

Concentration (ug S/m?)

7.2.2 How sensitive is Arctic aerosol to the Arctic drizzle
rate?

0.001
There are two significant uncertainties in our modelling of
Arctic drizzle: the uncertainty in low-cloud cover (ISCCP
versus MODIS) and the uncertainty in stratocumulus driz- o000
Zle rates. The sensitivity of surface $@nd BC concentra-
tions to global drizzle rates was tested using four additional
simulations: DRIZZx0.1 where global drizzle rates were de-
creased by a factor of 10, DRIZZx0.5 where drizzle rates
were decreased by a factor of 2, DRIZZx2 where drizzle rates
were increased by a factor of 2 and DRIZZx10 where drizzle
rates were increased by a factor of 10.

Changing global drizzle rates has a large effect on me-
dian surface S@mass concentrations north of°7(Fig. 8a).
Halving drizzle rates increases Arctic surface,Sncen-
trations from March to November by a factor of 2 and 3 0.0001

)

0.0100

0.0010

Concentration (ug C/m

I I
(March—April and June—August, respectively) compared to JFM A M J J A 8§ 0 N D

DRIZZ simulations, while dividing drizzle rates by 10 in- (b) Arctic BC mass concentration

creases summertime 3®y a factor~ 10. However, even

with the very low scavenging rates in the DRIZZx0.1 sim- Fig. 8. Median SQ (a) and BC(b) mass concentration north of
ulations, SQ concentrations are still a factor of 3 lower 70° for CTRL-MODIS (black line), DRIZZ (red) and two drizzle
than in the CTRL-MODIS simulations without any drizzle. sensitivity runs where global drizzle rates have been multiplied by

Thus, Arctic SQ surface concentrations are highly sensitive 0.5 and O.l_(blue da_shed Ilneg). Error bars represent the lower and
upper quartile or the interquartile range. Note: all datasets have been

to even very low drizzle rates. . .. offset from DRIZZ results along the x-axis so that the figure remains
Arctic surface BC concentrations are less sensitive to theClear but each represents the same time interval

drizzle rate than Sg with median summertime concentra-
tions above 70N in DRIZZx0.1 increasing by a factor of

~3 compared to DRIZZ (Figdb). The effect on the bias at \ye now ask is from where this sensitivity to the drizzle rate

Alert and Barrow is also negligible. In August all three driz- 4rises: from changes to scavenging close to source regions in
zle runs have similar median BC concentration to the controkpe extra-Arctic or local changes in the high-latitudes.

(Sect.7.2). The negligible effect of drizzle scavenging is con-

fined to August and stems from a high fraction of hydropho-7.2.3  Where does drizzle affect Arctic aerosol?

bic BC in the Arctic BC load. Therefore, we suggest that BC

concentrations during this month are sourced from biomas§he DRIZZ simulation includes drizzle scavenging globally,

burning emissions (see Sect. 7.1) transported rapidly to th¢hus reductions in Arctic aerosol will be due to scavenging

Arctic and unaffected by ageing processes (see Sect. 7.4 farlose to low-latitude sources, during transport from outside

further discussion). the Arctic, and at high latitudes. The relative effects of scav-
We note that at Barrow and Alert the DRIZZx0.1 simu- enging in these regions will likely vary with season and lo-

lation is in much better agreement with observed summercation because of seasonal variations in local and high lati-

time SQ, than the DRIZZ simulation (mean JJA bias reduced tude aerosol sources, cloud fractions, and precipitation rates.

from —93 % to —30 % and from—96 % to —56 %, respec- To determine the relative importance of drizzle north and

tively), but results in a large positive bias at the other sitessouth of 60 we performed an additional model experiment

(asin CTRL-MODIS). However, we do not draw conclusions in which drizzle occurs only between 0 and®60

about the best model simulation until we introduce the effect We found that concentrations of BC and £i@ this run

of reduced scavenging in ice clouds (Sécl). The question  differed negligibly from CTRL-MODIS at all six Arctic
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Table 3. Arctic Model-observation (ground-statioy correlation and mean bias for CTRL-ISCCP, CTRL-MODIS, ICE, DRIZZ and
DRIZZICE simulations from 2000 to 2002 (with the exception of Alert where no BC observations from 2001 where available).

site species CTRL-ISCCP CTRL-MODIS DRIZZ ICE DRIZZICE

R bias (%) R bias (%) R bias (%) R bias (%) R bias (%)
Alert (2000, 2002) BC —0.68 —43.7 -0.69 —-39.8 -0.29 7458 0.65 92.7 0.72 58.95
Barrow BC —-0.42 231.33 —-0.43 723.46 —-0.14 84.8 0.29 461.6 0.44 315.7
Zeppelin SQ —0.42 306.8 —-0.43 288.2 0.11 -619 0.03 530.2 04 149.7
Alert SO —-0.33 —-67.6 -0.39 —76.2 0.47 -97.1 0.72 -18.4 0.71 -52.1
Barrow SQ —-0.16 -36.6 —-0.23 —40.9 0.40 —-89.2 0.58 11.5 0.70 -46.9
Karasjok SQ 0.31 250.3 0.37 287.3 0.2 -17.7 0.48 397.9 0.46 98.9
Oulanka SQ 0.04 252.0 0.11 289.3 0.27 -17.9 0.2 377.5 0.50 82.8
Janiskoski SQ@ 0.43 188.4 0.47 222.9 0.12 -86 0.51 305.6 0.27 82.7

Table 4. Arctic model-observation error calculated as the mean difference between the model and observations divided by the standard
deviation of the observed monthly mean at the ground-stations Alert, Barrow and Zeppelin. Data is shown averaged over the total time period
2000-2002 and for the DJF and JJA seasonal means.

simulation Alert (BC) \ Barrow (BC) \ Alert (SOy) \ Barrow (SQ) \ Zeppelin (SQ)
tot DJF  JA| tot DIJF JIA| tot DIF JIA| tot DIF JA| tot DIF JIA

CTRL-MODIS -0.3 -1.0 0.005| 003 -15 26| -28 -29 -08| -14 -25 0.6 4.0 -0.02 7.4

DRIZZ -0 -10 -14|-05 -16 10| -35 -29 -26| -22 -26 -12|-10 -02 -13
ICE 1.8 0.02 09/ 18 -0.05 40| -0.7 -13 1.2| -0.07 -0.9 13 8.1 54 9.7
DRIZZICE 11  0.02 0.9 1.3 -005 23} -19 -13 -13| -11 -10 -0.7 2.4 5.0 0.9

ground stations. This result implies that drizzle at low lat- Figure9a—b shows that increases in the summertime driz-
itudes  60° N) is unimportant for Arctic aerosol. That is, zle rate beyond those used in the DRIZZ simulations have a
reduced aerosol concentrations in the extra-Arctic source renegligible additional effect because the rate is already very
gions are not the explanation for reductions in Arctic aerosolhigh. Halving the drizzle rate hardly affects the latitude at
when drizzle is added to the model. This conclusion is fur-which BC and SQ@ surface concentrations have fallen by an
ther supported by the negligible change in;Sfdd BC sur-  order of magnitude. However, the cumulative effect of the de-
face concentrations north of 8@om December to February creased drizzle rate is to approximately double; %6d BC
(when Arctic drizzle rates are set to 0) shown in Fg—b  mass concentrations north of8nh DRI1ZZx0.1 simulations,
even after global drizzle rates are raised by a factor of 10summertime zonal mass concentrations have increased by an
Thus, any change in Arctic aerosol surface concentration®rder of magnitude compared to DRIZZ. Nevertheless, the
can be attributed to scavenging occurring at high latitudes. average CCN boundary layer grid-box lifetime in these very

We now address the question of where low-cloud scavenglow scavenging simulations is sti#t 2 days, and S@mass
ing occurs as aerosol is transported north of 60gureQa—b  concentration still decrease by a factor of 3 below CTRL-
shows the zonal mean surface &hd BC concentration for MODIS by 80 N, and by a factor 10 taking into account all
the simulations CTRL-MODIS, DRIZZ and all four drizzle scavenging processes.
rate sensitivity runs in the year 2002. Also shown is the effect In addition Fig.9c shows that substituting MODIS clouds
of replacing the MODIS cloud climatologies with ISCCP at with ISCCP reduces the scavenging and increases the SO
high latitudes. concentrations at 79\ by about a factor of 2. However, de-

In the Arctic summer the cumulative effect of drizzle scav- spite the large difference in cloud cover, the latitude by which
enging causes a decrease in surfacg &centrations by an  aerosol concentrations have fallen by an order of magnitude
order of magnitude between the edge of the stratocumulusemains approximately the same.
zone and 65N (Fig. 9a). This decrease is in addition to the  The overall effect of introducing drizzle is to improve the
approximate factor 2 decrease due to other deposition proeorrelation of modelled and observed £énd BC concen-
cesses (shown by the CTRL-MODIS black line). Thus driz- trations at all sites (by suppressing spring-to-autumn con-
zle is a dominant deposition process during this period. Thecentrations more than winter), but it results in large negative
effect on BC concentrations is less than for,S06ut mass biases. The underestimation of $&d BC mass concen-
concentrations are still reduced by an order of magnitude betrations north of 70N may be caused by a too high Arctic
tween 60 and 75N. low-cloud drizzle rates or result from our failure to account
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Fig. 9. Histogram of zonal drizzle rate (kg™ d—1)) compared with zonal S§Xa) and BC(b) surface mass concentration (iggng X m—3)

in CTRL-MODIS (black) and DRIZZ (red). In addition, also shown are results from four sensitivity studies where global drizzle rates have
been homogeneously multiplied by 0.1, 0.5, 2.0 and 10.0 (red dashed lines) and from the drizzle simulation DRIZZ-ISCCP which used ISCCP
cloud climatologies north of 60N (blue dashed line). Note: drizzle rates(@) and(b) have been calculated using the merged MODIS and
ISCCP cloud climatologies discussed in Sdc{c) shows the JJA zonal drizzle rate calculated using both MODIS/ISCCP merged fields and
ISCCP climatologies (gray) compared with the percentage change in the column integrat@ef@nd BC (right) nucleation scavenging

rate from CTRL-MODIS in DRIZZ (red) and DRIZZ-ISCCP (blue) simulations. Grey shading indicates the latitudinal extent of the Arctic
stratocumulus zone.
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for re-evaporation processes in drizzling clouds. However, O ture OO
sensitivity studies suggest that drizzle rates would need to 2 0-2km
decrease by a factor of 10 in order to agree with measure-

ments at Alert and Barrow. This drastic reduction results in

5 o 2-5km
= -15°C

an overestimation of summertime $@ass concentrations 20 5-10km

at Zeppelin, Oulanka, Janiskoski and Karasjok. 40— A w/ﬁ e
- 0 50

Our analysis suggests that Arctic drizzling low cloud acts .
as afilter, strongly suppressing the transport of aerosol within | BC(DJF)
the lower troposphere between the marginal (60-N\)0and
high (70 N) Arctic. In addition, it is likely that the cloud
layer acts to filter air vertically mixed down from the up-
per troposphere, reducing the effect of high altitude aerosol
plumes Warneke et a).2010 on boundary layer concentra-
tions. The spatial extent and efficiency of this filter is depen-
dent on the imposed drizzle rate and stratocumulus boundary
in the model as well as the height and thickness of the simu-
lated cloud layer.

Although Arctic drizzle is an additional deposition process
in the model, it is sufficiently rapid at the edge of the Arctic
that net deposition of SOand BC is enhanced by drizzle
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only between about 60 and 78, but decreased at higher (a) scavenging flux (DJF)
latitudes (Fig.9). This result suggests that the majority of 0 emperature (JJA)

aerosol transported into the Arctic boundary layer enters hor- 20 02k

izontally through the lower troposphere/boundary layer and 5 | 2:5km

is quickly deposited to the surface after vertical mixing into  F -15°C

the cloud layer. In the next section we introduce a temper- sulu

ature threshold for all nucleation scavenging in GLOMAP- -0 o 0 "
mode. 100

= BC (JUA)

7.3 Simulation ICE
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7.3.1 Effect of reduced ice scavenging

0.001

FF
The ICE run is based on CTRL-MODIS (i.e., no drizzle) 0
but includes a complete suppression of scavenging of solu-
ble aerosol below-15°C (see Fig3). At Alert and Barrow
(Fig. 7) this ice-cloud scavenging scheme has raised winter-
time aerosol concentrations by up to a factor of 6 resulting in
a SQ, and BC seasonal cycle that is in phase with observa-
tions. The R correlation between the model and 8bserva- -50
tions has increased to 0.72 at Alert and to 0.58 at Barrow. The
EBC R correlation has increased to 0.65 at Alert and 0.29 at
Barrow. In contrast, at Zeppelin ice-cloud scavenging, whilefig. 10. Zonal mean temperature (top) between 0-2km (blue),
increasing sulphate mass, has done little to correct the mod?—-5km (red) and 5-10km (green) compared with BC (mid-
elled seasonal cycle, reducing tRecorrelation to 0.03 and dle) and SQ (bottom) zonal mean nucleation scavenging flux
increasing model bias from 300 % to 530 % (see Tahle (mgXsm~2d~1) in CTRL-MODIS (dashed line) and ICE (solid

At Karasjok, Janiskoski and Oulanka the effect of sup-line) integrated between equivalent atmospheric regions. The shad-
pressed ice-cloud scavenging is much smaller than at th&g ipthe zonal mean tgmperature plots in_dicates the minimum and
other sites, increasing S®y a few percent in summer and maximum temperature in each atmospheric regﬂam_shows analy-
a maximum of a factor 2 in winter. These changes in; SO sis of the December—February seasonal mean Wihjlshows anal-
aerosol at the different sites are broadly consistent with the>*® of the June-August mean.
column-mean fraction of ice cloud in the vicinity and south-
ward of the sites. Alert and Barrow are well within the region
of high ice-cloud occurrence in winter and even in spring
and autumn (Fig4) while the other sites are only marginally

100.0

Sulphate (JJA)

10.0

o

Scav flux (mg/S/m?/d)
P

0.01

0 50
Latitude (°N)

(b) scavenging flux (JJA)

Atmos. Chem. Phys., 12, 677%798 2012 www.atmos-chem-phys.net/12/6775/2012/



J. Browse et al.: Scavenging processes controlling the Arctic aerosol seasonal cycle 6791

within this region in winter and well outside it in other sea- —10°C (ICE-10) and— 5°C (ICE-5) increased wintertime
sons. median BC concentrations north of /M by 8 % and 25 %,

We can analyse the vertical profile of temperature and theespectively and Sconcentrations by 35% and 66 %, re-
column-integrated nucleation scavenging flux (mgfrd—1) spectively.
to determine where the effect of the ice clouds is great- The relatively low sensitivity of winter surface aerosol
est. Figurel0 shows the zonal mean temperature and, SO concentrations to the ice-phase threshold is explained by the
and BC integrated scavenging fluxes in CTRL-MODIS and sharp meridional temperature gradient (Fijg.In late spring
ICE for the altitude levels 0—2 km (boundary/residual layer), when the zonal temperature gradient is weaker, changing
2-5km (lower troposphere) and 5-10 km (mid-upper tropo-the ice-phase temperature threshold-tt0°C (ICE-10) and
sphere), the sum of which is equivalent to the deposition per-5°C (ICE-5) increases SQOsurface concentrations north
m? per day. In the ICE simulation, the wintertime $&cav-  of 70° N by 85% and 250 %, respectively and BC concen-
enging flux decreases considerably above the boundary laydrations by 22 % and 70 %, respectively. Comparison of the
for latitudes greater than aboutq9, corresponding to lo- ICE-10 simulation with surface observations suggests that in-
cations with mean temperatures belewt5°C. In summer, creasing the ice-phase temperature threshold has decreased
the effect of the ice scavenging is evident only abovskm model SQ bias at Alert (from—18% to —2 %) and Zep-
altitude, and therefore has a minimal effect on surface levepelin (530 % to 463 %) but increased modelStias at Bar-
aerosol (Fig7). row (11 % to 37 %). At all other sites model bias has changed

In the wintertime boundary layer the $G8cavenging rate  negligibly.
does not significantly change between CTRL-MODIS and The non-uniform springtime response at different sites
ICE, but falls substantially at higher altitudes. In contrast, to increases in the ice-phase temperature threshold might
boundary layer BC scavenging decreases by a faetobe-  change if mixed-phase scavenging processes were included.
tween 30 and 60N in the ICE simulation and increases by The scavenging efficiency of mixed-phase clouds is likely to
up to a factor 3 above 7N. This change in BC scaveng- be spatially variable due to variations in liquid-to-ice cloud
ing at temperatures where the ICE parameterisation ought toatios between regionSnith et al, 2009. Thus, better treat-
have a negligible effect is due to the response of the mix-ment of mixed-phase cloud processes has the potential to im-

ing state of the BC patrticles to changes in,S CTRL- prove the simulated spatial and temporal patterns of aerosol
MODIS the majority of BC mass in the Arctic is insolu- concentrations.
ble (~80%) and within the Aitken mode~90 %) while in It is possible that by suppressing (or overestimating) scav-

the ICE simulation BC mass is predominantly soluble (70—enging rates in mixed-phase clouds during the spring we
90 %) and split evenly between the Aitken and accumulationdelay (or accelerate) the simulated transition from the Arc-
modes. Therefore, annually a greater proportion of BC massic late-spring haze period to the “clean” summer boundary
is scavengable in ICE then in CTRL-MODIS, resulting in an layer. However, this effect is not evident in the majority of
increase in BC scavenging rates aboveé NOThe ratio be-  our ground-station comparisons (Fi§).
tween Aitken mode and accumulation mode,3@ass has An unrealistic ice-phase threshold of © does result in
also changed, with a greater proportion of boundary layera significant change in winter—early spring BC and;SO
SOy mass within the Aitken mode~(10 %). However, this  mass, increasing concentrations by 50 and 100 %, respec-
small decrease in accumulation mode mass has done little ttively. However, the greatest effect on surface aerosol con-
alter the SQ scavenging flux between 0 and 2 km. centrations for this simulation occurs in summer wherg SO
The shift in BC characteristics between CTRL-MODIS and BC concentrations increase by 550 and 120 %, respec-
and ICE suggests that in ICE a greater proportion of Arctictively. This increase results in a modelled maximum at the
BC aerosol is composed of aged particles transported fronmajority of Arctic sites that is two months out of phase with
latitudes below 60N. While the increase in SOmass con-  observations.
centration at all stations coupled with a shift in Sgarticle In summary the suppression of soluble aerosol scavenging
size from the Aitken to the accumulation mode~a500 hPa  in ice-clouds increases concentrations of aged sulphate and
suggests an equivalent increase ingS@nsport from the BC aerosol in the Arctic boundary layer. Including this sup-

extra-Arctic. pressed scavenging in the model corrects the negative bias of
the model versus the observations in the winter and spring.
7.3.2 Sensitivity to the ice threshold temperature However, in the summer the positive bias seen in CTRL-

MODIS has been exaggerated by the ice-cloud scavenging
The ice scavenging temperature threshold is very uncertaischeme. This is particularly evident at marginal Arctic sites.
and is controlled by many processes that are not simulate®ensitivity studies suggest that, in winter surface concentra-
in GLOMAP. To test the sensitivity of Arctic aerosol to tions of SQ and particularly BC are relatively insensitive
this threshold, we performed three additional experiments irto increases in the ice-phase temperature threshold of less
which the threshold temperature was changed-16, —5 then 5°C. In the next section we show how a combination of
and 0°C. Changing the ice-phase temperature threshold tsuppressed wintertime ice-phase scavenging and enhanced
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summertime drizzle scavenging results in the correct sea- The effect of assuming that BC rapidly becomes soluble
sonal cycle at both high latitude and marginal Arctic sites. can be estimated from the dependence of, 8O drizzle
rates. In August, high latitude SQconcentrations fall by

7.4 Simulation DRIZZICE a factor of 600 between runs CTRL-MODIS and DRIZZ

) . ) . and by a factor of 200 between runs CTRL-MODIS and
Simulation DRIZZICE includes the low-level cloud drizzle DRIZZx0.5, while BC falls by a factor of 1.6 and 1.3 re-
scavenging processes of DRIZZ and the suppressed ice'douébectively (Fig8). Thus, assuming highly soluble BC would
_scavenging _of t_he ICE simulation (now applied to all _clouds, reduce BC by a factor of 200, simulated August BC con-
including drizzling clouds). Section.2 showed that drizzle  centrations would be in better agreement with observations at
suppresses Arctic aerosol in all seasons (with a greater efa|ort and Barrow (Fig7). However, it is not known whether

fect in summer because of the higher cloud coverage) buf,e gyerprediction of August high latitude BC is the result of
exacerbates the model low bias in winter. The ice scavenging,,-curate emissions or incorrect scavenging.

process acts in the other direction by suppressing scavenging |, conclusion, the use of both drizzle and ice-cloud scav-
in winter. We now study the combined effect of DRIZZ and enging schemes in GLOMAP-mode has significantly im-

ICE. . ] proved the Arctic model evaluation compared with both
A comparison of DRIZZICE and CTRL-MODIS with cTR| |SCCP and CTRL-MODIS (FigZ and Tables). This
ground-station SPmass observations shows that the model- 55y sis is clear evidence for two processes affecting surface-

observation correlation at Alert, Barrow and Zeppelin has in-jg,e| aerosol: scavenging in the free troposphere before the
creased from a negative coefficient at all stations in CTRL- 41550l is entrained into the boundary layer (which is con-

MODIS to 0.71, 0.7 and 0.4, respectively in DRIZZICE (Ta- tro|ied here by the change in ice scavenging), and scavenging
ble 3). Thus, the combined effect of drizzle and suppressedihin the boundary layer itself caused by low-level warm
scavenging in ice clouds has had the desired effect of degjq,qs. In the winter, Arctic aerosol is controlled mostly by
creasing summertime Sand increasing wintertime SO e free tropospheric scavenging, which is reduced when ice
compared to CTRL-MODIS. The model captures the largesorms and in the summer is controlled less by scavenging in
seasonal cyple at the high latitude Arctic sites (Alert, Barroyvthe free troposphere but by scavenging in low-level drizzling
and Zeppelin) and the weaker cycle at the marginal Arctic q,ds which filter air transported north of 60 hese adjust-
sites Karasjok, Oulanka and Janiskoski (Fip. ments to the model have also affected aerosol concentrations

For BC, the correlation coefficient has changed sign in-g tside the Arctic. which we briefly review below.
creasing from—0.7 (CTRL-MODIS) to 0.72 at Alert and ’

from —0.43 to 0.44 at Barrow. The wintertime (DJF) bias in 7.5 Global impact of scavenging processes
BC has reduced from-94 % to 2 % at Barrow andg-92 % to

—11% at Alert, and the model is within 0.1 standard devia- prayious comparisons of GLOMAP-mode with numerous
tions of the DJF observation mean at both sites. However, th%erosol datasets outside of the ArctMahnn et al, 2010

annual mean model bias at both stations has increased frorghow a good agreement between the control model and ob-
70% in CTRL-MODIS to 200% in DRIZZICE at Barrow  geryations. We now show that inclusion of drizzle and ice-

and from—53% to 59% at Alert. This increase in model (o4 scavenging effects leads to small improvements in the
bias is due to the effect of ice-cloud scavenging in winter ., 4el elsewhere.

and spring (where the model negative bias has been reduced) the pRizZICE, ICE and DRIZZ simulations were com-
combined with the inefficiency of drizzle scavenging on fresh pared with annual mean S®urface concentrations from the
Aitken m_ode BC whic_h typice_llly _dominates the modelled g\ep (26 stations), IMPROVE (12 stations), GAW (1 sta-
summertime aerosol size distribution. _ tion) and the University of Miami ground-station networks
The dominance of insoluble Aitken mode BC in the late (7g stations) and annual mean EBC surface concentrations
summer and early autumn over the Canadian and Siberiag,m the IMPROVE network (12 stations{er et al, 2005.
Arctic (70-90% of the total BC mass) is the result of the 1,6 |\pROVE and EMEP networks are situated in N. Amer-
ageing scheme used in GLOMAP. Aerosol in GLOMAP is .5 ang Europe, respectively while stations in the University
aged by condensation of S@BC (and OC) particles become - ot pigmi network range from urban (Miami at 80.% and
hydrophilic when they have a sufficient coating of £@s- 55 g N 1o isolated sites (Palmer in Antarctic at’84 and
sumed here to be 10 monolayers of$0;. This is signifi- g4 & 5) and include numerous island and coastal stations sit-

cantly higher than the previous threshold of 1 monolayer, and, 5teq in or near modelled stratocumulus zones (Cook island,
was altered to improve the model agreement with remote 0bpanion Island).

servations of BCNlann et al, 2010. A similar decision was Comparison of the CTRL-MODIS simulation with all SO

made byLiu et al. (2011 in their global model. However, in - yatasets concurs with the findingshénn et al. (2010 that
Liu etal. (2011 the required thickness of#$0s was explic- ) omAP-mode predicts surface concentrations of, 8@l

itly calculated from the Khler equations. at all stations, with an average (over all networks) corre-
lation coefficient of 0.88 and positive mean model bias of
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74 %. Likewise, in both DRIZZ and DRIZZICE simulations 8 Conclusions
the model-observation correlations0.8, but the bias de-
creases to 32 % in DRIZZ and 65 % in DRIZZICE. The ICE We have used a global model of aerosol processes to inves-
simulation shows no significant change from the control.  tigate how scavenging processes control the seasonal vari-
Comparison with the few EBC surface mass concentra-ation of SQ and BC aerosol in the Arctic. The effect of
tions in the IMPROVE network (12 sites) shows the model- these scavenging processes was tested by comparing five
observation correlation in DRIZZICE has improved neg- model sensitivity simulations (Se&) with surface observa-
ligibly (from 0.32 to 0.35) and model bias has improved tions of aerosol mass concentration at three independent Arc-
from —37 % (CTRL-MODIS) to—21 % (DRIZZICE). Simi-  tic ground-stations: Alert (82°3N), Zeppelin Mountain on
lar analysis of ICE and DRIZZ with observations suggest thatSvalbard (78.9N) and Barrow (71N), and averaged obser-
the decrease in BC model bias in DRIZZICE stems from thevations from the closely situated Scandinavian/Russian sta-
effect of ice-cloud scavenging rather than drizzle processestions Karasjok, Oulanka and Janiskoski which lie between
Global BC mass concentrations have increased in66—69 N.
DRIZZICE particularly in the remote marine boundary layer ~ Inclusion of a new drizzle scavenging process and sup-
(not shown here), despite the strong BC Scavenging rateﬁreSSion of soluble aerosol scavenging in all clouds below
associated with the stratocumulus zones. In remote regions 15°C leads to a significant improvement in the agreement
the increase in boundary layer BC concentrations in thebetween the model and observations. In particular, the in-
DRIZZICE simulations stems from a number of contribut- Verse seasonal cycle of aerosol concentration in the control
ing factors. Firstly, there is a significant decrease in BC par-un (with peak aerosol in the spring-summer) is corrected
ticle size (from accumulation to Aitken mode) in the bound- through a combination of these scavenging processes. The
ary layer in BC source regions such as Eastern Asia due t§uppression of scavenging in ice clouds bele@5°C has
decreases in cloud processing of smaller to larger particlesthe most pronounced effect, leading to a large increase in
which results in a decrease in BC scavenging in the lowewintertime aerosol and reversing the modeled seasonal cy-
troposphere. Secondly, the decrease in boundary laygr SCcle.
in DRIZZICE results in a increase in the model BC ageing The ice effect is most pronounced at the high latitude sites
lifetime, which mitigates the increase in BC scavenging in of Alert, Barrow and Zeppelin, leading to an average fac-
DRIZZ simulations. tor 6 increase in DJF SQwith the effect extending from
Although the percentage increase in BC concentrationgutumn to spring. The effect is much weaker (factor 2) at
in the southern hemisphere is large100%) the abso- the Scandinavian/Russian sites and is restricted to the winter
lute increase is small due to the low concentrations ofmonths. This difference in the effect of ice clouds is con-
BC in this region (BC concentrations remain less thanSiStent with the location of the sites relative to th&é5°C

0.01 ug nr3). However, in the Northern Hemisphere the in- isotherm, which lies asymmetrically over the pole (being
crease in BC mass from CTRL-MODIS to DRIZZICE is shifted towards N. America and Asia, Fig). The analysis
significant, with BC concentrations in interior Russia rising suggests that the magnitude of the aerosol seasonal cycle is
from ~0.01 pg m3 to 0.1pg N3 in DRIZZICE and North ~ determined partly by the location of the site relative to the
Atlantic BC mass concentrations rising froeD.02ug n3 zone of lowest temperatures, with Barrow and Alert having
in CTRL-MODIS to 0.05-0.07ug r? in DRIZZICE. the largest amplitude cycle, followed by Zeppelin, and the
BC mass concentration observations from a two-leg cruisé-innish sites having a weak seasonal cycle. The seasonal cy-
in October 1992 from Nova Scotia to Morocco are availablecle is further amplified by the occurrence of drizzle in low-
for comparison with modelled North Atlantic surface BC level stratus clouds.
concentrations. The JGOFS 92-037 cruise measured a mean Our global 3-D model analysis is consistent with the ob-
BC concentration of 0.024 pgTA over the central North At- ~ servational analysis dBarrett et al.(2010, who identified
lantic (25—-50 W) (Van Dingenen et al1995. The CTRL- @ seasonal temperature “switch” controlling the distribution
MODIS simulation predicts 0.015 “g‘rﬁ in this region and of Arctic aerosol mass. Here we have shown that the likeli-
0.033ugnt3 in the DRIZZICE simulation (correlation of hood of a site exhibiting a characteristic Arctic aerosol sea-
0.82 and bias of 55% versus the observations). Howeversonal cycle is dependent on its position relative to the winter-
conclusions about the validity of this global increase in BC Spring—15°C  surface isotherm (see Fid). Our approach
mass concentrations remain tentative without more divers®f simply switching off scavenging below15°C is expe-
observations. dient in a model that does not simulate cloud microphysics.
In conclusion the simulation DRIZZICE compares as well This threshold temperature may vary spatially and depend on

(or better) with available S9and BC mass concentration the cloud and aerosol types, but the existence of some kind of
observations outside of the Arctic. threshold temperature is borne out by Gerrett et al(2010

analysis and our model results, which also suggest that the
precise temperature may not be very important.
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Fig. 11. Schematic showing major transport pathways and removal processes affecting the seasonal cycle in Arctic aerosol concentrations
from December—April (left) and June—August (right). Transport pathways are labelled in brown with dashed lines indicating weak transport
paths. Wet deposition processes are labelled in blue. Meteorological processes are labelled as required with zonal potential temperatur:
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Our results are also consistent with the coupled-climateStohl (2006. These transport routes into the Arctic are de-
model studies oBourgeois and Bey2011) andLiu et al. fined by Stohl (2006 as: (1) low-level transport from the
(2011, which found that reducing the scavenging efficiency mid-latitudes followed by ascent over the polar inversion, (2)
of ice and mixed-phase clouds decreased model bias comew-level transport directly into the Arctic boundary layer,
pared to observations. In addition, reducing ice and mixed-and (3) uplift at lower latitudes followed by adiabatic ascent
phase cloud scavenging rates in both studies reversed thend transport into the Arctic free troposphere. In the sum-
modeled seasonal trend in aerosol concentrations resultinmer, low-level transport through paths [1] and [2] is frequent
in a winter to early spring BC and SAnaximum similar  from European anthropogenic sources and boreal forest fires,
to that of the DRIZZICE simulations discussed here. Like- while transport from lower latitudes through path [3] is con-
wise, the CTM study byHuang et al(2010 noted that the  siderably weakened. In winter, transport path [2] occurred
seasonal cycle in BC aerosol was driven by the seasonal cyalmost exclusively through Siberia (where surface tempera-
cle in local Arctic scavenging rates. However, here we sug-tures are sufficiently low that air-mass entry into the polar
gest that the increase in winter-spring BC ands@@rosol  dome is thermodynamically possible) but high-level trans-
also stems from a reduction in scavenging during long-rangeort through pathway [3] was found to be frequent from
high-level transport (as well as local suppression), a concluNorth American, European and Asian sourcg®bl 2006.
sion also noted biBourgeois and Be{2011). From December to February, high-altitude deposition rates

Figure11 summarises the effects of ice-cloud and drizzle decrease substantially in DRIZZICE simulations due to the
scavenging processes in the context of the major transpoguppression of ice-cloud scavenging in the free troposphere
pathways to the Arctic identified in the Lagrangian study (Fig. 10). The increase in winter concentrations of aged, SO
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