
Sources, distribution, and acidity, of sulfate-
ammonium aerosol in the Arctic in winter-spring

Jenny	  A.	  Fisher
Harvard	  University

D.J.	   Jacob,	  Q.	  Wang,	  R.	   Bahreini,	   C.C.	   Carouge,	  M.J.	   Cubison,	   J.E.	  Dibb,	   T.	   Diehl,	   J.L.	   Jimenez,	   E.M.	  
Leibensperger,	  M.B.J.	  Meinders,	  H.O.T.	  Pye,	  P.K.	  Quinn,	  S.	  Sharma,	  A.	  van	  Donkelaar,	  R.M.	  Yantosca

5th	  Interna*onal	  GEOS-‐Chem	  Mee*ng
2	  May	  2011

With	  support	  from	  the	  NASA	  Tropospheric	  Chemistry	  Program



Jenny	  A.	  Fisher (jafisher@fas.harvard.edu) 5th	  Int’l	  GEOS-‐Chem	  MeeDng

8886 P. K. Quinn et al.: Decadal trends in aerosol chemical composition at Barrow, Alaska: 1976–2008

!"#$$%&'%()*+%%,-./,/0%12-$,3%#$%/-24340%/1%5/22467%/8%

Figure 3*%/%9:;<(=>?:@%:A%@9B%C&=?D?%@9E@%A=:;%5(==:F%GHIIJKHIILM%F>'N%C()D&?%<=&C>:D?)O%

=&<:='&P% QO% 2(N@% GRSLRM% A:=% 'N&% $:='N% /;&=>9(@% /=9'>9% G5(==:F% (@P% E:D)P% 5(OM7% 'N&%

$:=F&T>(@%/=9'>9%G5&(=%#?)(@P%(@P%3<>'?Q&=T&@M7%-D=:<&7%(@P%'N&%$*-*%"3*%

JJU%

JJV%

JJW%

%JJL%

% RL

Fig. 3. A comparison of ncV versus ncMn from Barrow (2003–

2008) with values previously reported by Rahn (1981) for the North

American Arctic (Barrow and Mould Bay), the Norwegian Arctic

(Bear Island and Spitsbergen), Europe, and the N. E. US.

at Barrow has remained in the same range and distinct from

the Norwegian Arctic and the NE US. Again, these results

indicate that emissions in the source regions to the Arctic

have decreased over the past 3 decades but the source regions

themselves have not changed.

3.3 Cl− deficit at Barrow

Measurements of the concentration of inorganic ions in sub-

micrometer aerosol particles have been made continuously at

Barrow since the fall of 1997 allowing for the observation of

changes in aerosol composition during both the haze season

and during summer. Over the past decade, haze season con-

centrations of nss SO=
4 have decreased by about 2% per year

(Fig. 4a) and NH+
4 concentrations have decreased at a rate

of 6% per year. As a result, the NH+
4 /nss SO

=
4 molar ratio

has decreased by 6.4% per year (α=0.01) (Fig. 4c). Reasons

for the different rates of decrease in the observed concentra-

tions for the two species are not clear. There is observational

evidence that emissions of NH3 and SO2 are decreasing in

source regions to the Arctic (e.g. Erisman et al., 1999; Berge

et al., 1999). However, emissions for the Russian Federation

and European Communities as used in EMEP Models indi-

cate that SOx emissions decreased at a higher rate between

1997 and 2008 than NH3 emissions (Gauss et al., 2008a, b).

Assessing the concentration decreases observed at Barrow

will require not only accurate emission data for NH3 and SOx
but also quantification of the reaction rate of gas phase NH3
with acidic sulfate aerosol and removal of NH+

4 and SO
=
4

near the source region and enroute to Barrow.

The decreasing NH+
4 /nss SO

=
4 molar ratio results in an in-

creasingly acidic anthropogenic aerosol that is available to

react with sea salt aerosol in the Barrow boundary layer.
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Fig. 4. Values of (a) nss SO=
4
, (b) NH+

4
, (c), NH+

4
/nss SO=

4
molar

ratio and (d) Cl−/Na+ molar ratio averaged over the haze season

(January–April) at Barrow. Lines indicate the Sen’s slope estimates.

α indicates the significance level of the trend.

Figure 4d shows a decrease in the Cl− to Na+ ratio, or an

increase in Cl− depletion from the sea salt aerosol, of 3%

per year (α=0.1). The correspondence of these two trends

suggests that the less neutralized nss SO=
4 aerosol yields an

increase in the HCl displacement from the sea salt aerosol.

The consequent increase in concentration of Cl atoms, even

at low concentrations, can reduce the lifetime of volatile or-

ganic compounds (VOCs) including CH4 (Platt et al., 2004),

a potent greenhouse gas, and impact reactions that destroy or

produce O3 (Knipping et al., 2003). In addition to HCl, there

is evidence that highly reactive gases such as Cl2, HOCl, and

ClNO2 may also volatilize from sea salt aerosol (e.g. Pszenny

et al., 1993). Hence, this result has potentially important im-

plications for the Cl photochemistry occurring in the near-

surface Arctic atmosphere (Keene et al., 1998).

In contrast to the haze season, the summertime aerosol at

Barrow is much less impacted by industrial pollutants from

long range transport and more influenced by biogenic sources

(e.g. Quinn et al., 2002). Concentrations of MSA−, which
is derived solely from the oxidation of biogenically pro-

duced DMS, begin to increase in April, peak in May through

September, and decrease dramatically in October. The ele-

vated concentrations of MSA− in late spring may be due to
long range transport from source regions in the North Pa-

cific (Li et al., 1993). By late June, local biogenic produc-

tion of MSA− and nss SO=
4 becomes important as the ice

melt begins and phytoplankton productivity in surface waters
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Figure 4d shows a decrease in the Cl− to Na+ ratio, or an

increase in Cl− depletion from the sea salt aerosol, of 3%

per year (α=0.1). The correspondence of these two trends

suggests that the less neutralized nss SO=
4 aerosol yields an

increase in the HCl displacement from the sea salt aerosol.

The consequent increase in concentration of Cl atoms, even

at low concentrations, can reduce the lifetime of volatile or-

ganic compounds (VOCs) including CH4 (Platt et al., 2004),

a potent greenhouse gas, and impact reactions that destroy or

produce O3 (Knipping et al., 2003). In addition to HCl, there

is evidence that highly reactive gases such as Cl2, HOCl, and

ClNO2 may also volatilize from sea salt aerosol (e.g. Pszenny

et al., 1993). Hence, this result has potentially important im-

plications for the Cl photochemistry occurring in the near-

surface Arctic atmosphere (Keene et al., 1998).

In contrast to the haze season, the summertime aerosol at

Barrow is much less impacted by industrial pollutants from

long range transport and more influenced by biogenic sources

(e.g. Quinn et al., 2002). Concentrations of MSA−, which
is derived solely from the oxidation of biogenically pro-

duced DMS, begin to increase in April, peak in May through

September, and decrease dramatically in October. The ele-

vated concentrations of MSA− in late spring may be due to
long range transport from source regions in the North Pa-
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melt begins and phytoplankton productivity in surface waters
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Mo*va*on

Sulfate	  is	  a	  dominant	  component	  of	  winter/spring	  Arc+c	  Haze	  
and	  has	  direct	  and	  indirect	  impacts	  on	  climate.

Acidic	  sulfate	  aerosol	  can	  be	  neutralized	  by	  ammonium,	  with	  
implicaDons	  for	  atmospheric	  chemistry	  and	  climate.	  ArcDc	  
surface	  data	  show	  ammonium	  has	  been	  decreasing	  more	  
quickly	  than	  sulfate,	  leading	  to	  increasingly	  acidic	  aerosol.

The	  sources	  of	  inorganic	  aerosol	  to	  the	  ArcDc	  are	  highly	  
uncertain,	  and	  observed	  concentraDons	  can’t	  be	  reproduced	  
by	  models.

Quinn	  et	  al.,	  2009

Quinn	  et	  al.,	  2002

NH4
+/SO4

2-‐

5362 Multi-model assessment of pollution transport to the Arctic: D. T. Shindell et al.

Alert (83 N, 63 W)

J F M A M J J A S  O  N  D

RMS < 40 ppbv:
1-CAMCHEM
3-EMEP
4-FRSGC/UCI
6-GISS-PUCCINI
7-GMI
11-MOZARTGFDL
12-MOZECH
14-STOCHEM-HadGEM1
17-UM-CAM

RMS >=50 ppbv
10-LLNL-IMPACT
15-STOCHEM-HadAM3

Barrow (71 N, 157 W)

J F M A M J J A S  O  N  D
0

50

100

150

200

CO
 (p

pb
v)

Summit (73 N, 39 W)

J F M A M J J A S  O  N  D

Barrow (71 N, 157 W)

J F M A M J J A S  O  N  D0

10

20

30

40

50

60

O
zo

ne
 (p

pb
v)

Spitsbergen (79 N, 12 E )

J F M A M J J A S O N D0

200

400

600

800

11

8

8

15
1

RMS < 190 pptm
5-GEOSCHEM
6-GISS-PUCCINI
7-GMI
8-GOCART-2
10-LLNL-IMPACT

RMS >= 250 pptm
1-CAMCHEM
2-ECHAM5-HAMMOZ
3-EMEP
9-LMDz4-INCA
11-MOZART-GFDL
13-SPRINTARS
15-STOCHEM-HadAM3
16-TM5-JRCJ F M A M J J A S O N D0

200

400

600

800

Su
lfa

te
 (p

pt
m

)

Alert (83 N, 63 W)

J F M A M J J A S  O  N  D
0

20

40

60

80

100
Barrow (71 N, 157 W)

J F M A M J J A S  O N  D

0

20

40

60

80

BC
 (p

pt
m

)

2

0

50

100

150

200

2, 13, 16

5

8
11

6

10

15

3
3

10
15

6

4
7

11

1

14

15
16

47

14

0

10

20

30

40

50

60

Alert (83N, 63W)

10

6
8

1 15

66
8 

6
8 

6

Fig. 7. Observed and modeled seasonal cycles of trace species surface concentrations at the indicated Arctic sites. Model results in all panels
are in grey. Plots for CO (top row) and ozone (second row) show observations from the NOAA Global Monitoring Division, with 1992-
2006 means and standard deviations in red (except for Summit O3, which is 2000–2006) and 2001 in blue. Sulfate plots (third row) show
observations from Alert during 1980-1995 (left) and from the EMEP site in Spitsbergen during 1999-2005 in red, with 2001 Spitsbergen
data in blue. BC data (bottom row) are from the IMPROVE site at Barrow during 1996-1998 (red), and from Sharma et al. (2006) for both
Barrow and Alert using equivalent BC over 1989-2003 (purple). Models are listed by RMS error scores to the right of each row using the
groupings discussed in the text. Models that are separated from others are labeled with the numbers as in the text at right (or Table 1).

sions. Deposition to the Arctic (exclusive of Greenland) is
similarly skewed (Table 4) and robust in the regional rank-
ings across models. Hence as for atmospheric mixing ratios
and concentration sensitivities (Sect. 3.2), the relative contri-
bution of emissions from the various source regions to BC
deposition can be determined with much higher confidence
than the magnitude for any particular region.

4 Comparison with Arctic observations

Observational datasets are quite limited in the Arctic, mak-
ing it challenging to reliably evaluate models in this region.
Nevertheless, it is worth investigating how well the models
perform and how our results are influenced by any models
which appear to be clearly unrealistic in their Arctic simula-

tions. In this section, we compare the modeled and measured
seasonal cycles of surface CO, ozone, sulfate and BC for se-
lected stations in the Arctic. Root-mean-square (RMS) errors
between the monthly mean modeled and observed values are
used to evaluate the models, though this is clearly only one
possible measure of model/observation agreement. We then
evaluate the influence of screening out less realistic models
in Sect. 5.

The models exhibit a large spread for CO at Barrow and
Alert (Fig. 7), though most have a fairly reasonable seasonal
cycle based on comparisons with observations (Novelli et al.,
1998). Many of the models do a good job of reproducing
summer and fall CO amounts, but nearly all underestimate
the late winter-early spring maximum (as in previous stud-
ies, e.g. Shindell et al., 2006). All models have average RMS

Atmos. Chem. Phys., 8, 5353–5372, 2008 www.atmos-chem-phys.net/8/5353/2008/

Obs.

Models

Shindell	  et	  al.,	  2008

Barrow

Barrow	  (Jan-‐Apr)

Alert
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Goal:
Understand	  the	  sources	  and	  acidity	  of	  aerosol	  in	  the	  Arc*c
Approach:	  Integrated	  analysis	  of	  sulfate-‐ammonium	  aerosols	  from:

SO2	  emissions:
-‐EDGAR	  anthropogenic	  with	  regional	  overwrites	  (map)
-‐FLAMBE	  biomass	  burning	  with	  correc*ons	  (Fisher	  et	  al.	  2010)
-‐AEROCOM	  volcanism

NH3	  emissions:
-‐Bouwman	  et	  al.,	  1997	  anthropogenic	  (with	  overwrites)	  &	  natural
-‐FLAMBE	  biomass	  burning	  with	  correc*ons	  (Fisher	  et	  al.	  2010)

AddiNons	  to	  standard	  v8-‐02-‐03	  model
-‐Improved	  cold	  temp.	  wet	  scavenging	  (Q.	  Wang)
-‐Imposed	  aerosol	  dry	  deposi*on	  velocity	  over	  ice
-‐Imposed	  NH3	  seasonality	  over	  Asia

CAC

NEI99

EMEP

Streets

1. ARCTAS	  (NASA)	  and	  ARCPAC	  (NOAA)	  aircraQ	  campaigns	  
during	  April	  2008,	  based	  in	  Fairbanks,	  AK

2. Long-‐term	  monitoring	  sites	  in	  Alaska,	  Canada,	  Spitsbergen

3. GEOS-‐Chem	  v8-‐02-‐03	  full	  chemistry,	  GEOS-‐5	  meteorology,	  2°x2.5°	  horizontal	  resoluDon



Jenny	  A.	  Fisher (jafisher@fas.harvard.edu) 5th	  Int’l	  GEOS-‐Chem	  MeeDng

A	  diversity	  of	  sources	  contributed	  to	  aerosol	  in	  the	  North	  
American	  Arc*c	  during	  ARCTAS	  (April	  2008)

Fossil	  fuel	  regions

Other	  sources:
Ships,	  Biomass	  burning,	  DMS	  oxidaDon,	  volcanic	  emission,	  natural	  NH3
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A	  diversity	  of	  sources	  contributed	  to	  aerosol	  in	  the	  North	  
American	  Arc*c	  during	  ARCTAS	  (April	  2008)

Sulfate Ammonium

Fossil	  fuel	  regions

Other	  sources:
Ships,	  Biomass	  burning,	  DMS	  oxidaDon,	  volcanic	  emission,	  natural	  NH3

• E.	  Asia	  and	  Europe	  are	  major	  sources	  
of	  sulfate	  and	  ammonium	  at	  all	  
alDtudes

• Below	  2	  km,	  E.	  Asian,	  European,	  and	  
N.	  American	  sources	  have	  comparable	  
influences	  on	  sulfate

• Natural	  sulfate	  sources	  (DMS,	  
volcanic)	  are	  important	  at	  all	  alDtudes

• Russian	  fires	  are	  an	  important	  source	  
of	  ammonium	  above	  2	  km	  (in	  2008)
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Arc*c	  spring	  aerosol	  during	  ARCTAS/ARCPAC	  ranged	  from	  
very	  acidic	  to	  fully	  neutralized

AircraT	  ObservaNons GEOS-‐Chem

f=[NH4
+]/(2[SO4

2-‐]+	  [NO3
-‐])

f=0.5
f=0.7

Median f=0.4
f=0.6

Median
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Different	  source	  regions	  show	  different	  neutraliza*on	  
signatures	  in	  the	  Arc*c

• Aerosol	  from	  Europe	  and	  East	  Asia	  is	  
mostly	  neutralized

• Aerosol	  from	  West	  Asia	  /	  Siberia	  and	  
North	  America	  is	  significantly	  more	  
acidic

• Free	  tropospheric	  aerosol	  will	  likely	  
become	  more	  neutralized	  as	  SOX	  
emission	  controls	  are	  implemented	  
in	  East	  Asia

• However,	  opposite	  trend	  is	  occurring	  
in	  the	  boundary	  layer,	  at	  least	  at	  
Barrow...
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Surface	  data	  highlight	  importance	  of	  West	  Asian/Siberian	  
emissions

Sulfate Ammonium

Kazakhstan

Siberian	  oil	  fields

• West	  Asian	  emissions	  drive	  winter	  aerosol	  
burdens	  in	  High	  ArcDc

• Increasing	  aerosol	  acidity	  at	  Barrow	  likely	  due	  to	  
energy	  producDon	  &	  growth	  in	  Siberia/Kazakhstan


