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Abstract. Following the large volcanic eruptions of Pinatubo
in 1991 and El Chichén in 1982, decreases in stratospheric
NO, associated with enhanced aerosol were observed. The
Optical Spectrograph and Infrared Imaging Spectrometer
(OSIRIS) measured the widespread enhancements of strato-
spheric aerosol following seven volcanic eruptions between
2002 and 2014, although the magnitudes of these eruptions
were all much smaller than the Pinatubo and El Chichén
eruptions. In order to isolate and quantify the relationship
between volcanic aerosol and NO;, NO; anomalies were cal-
culated using measurements from OSIRIS and the Michel-
son Interferometer for Passive Atmospheric Sounding (MI-
PAS). In the tropics, variability due to the quasi-biennial os-
cillation was subtracted from the time series. OSIRIS pro-
file measurements indicate that the strongest anticorrelations
between NO, and volcanic aerosol extinction were for the
Skm layer starting ~ 3 km above the climatological mean
tropopause at the given latitude. OSIRIS stratospheric NO»
partial columns in this layer were found to be smaller than
background NO; levels during these aerosol enhancements
by up to ~ 60 % with typical Pearson correlation coefficients
of R ~ —0.7. MIPAS also observed decreases in NO; partial
columns during periods affected by volcanic aerosol, with
percent differences of up to ~25 % relative to background
levels. An even stronger anticorrelation was observed be-
tween OSIRIS aerosol optical depth and MIPAS N,Os par-
tial columns, with R ~ —0.9, although no link with MIPAS
HNO3 was observed. The variation in OSIRIS NO, with in-

creasing aerosol was found to be consistent with simulations
from a photochemical box model within the estimated model
uncertainty.

1 Introduction

Major volcanic eruptions can increase levels of sulfate
aerosols in the stratosphere, which provide surfaces on
which heterogeneous chemical reactions take place. This,
in turn, can affect photochemistry with some of the
largest impacts expected for the partitioning of reactive ni-
trogen NO, species ([NO,]=[NO]+ [NO;]+[HNO3] +
2[N20s5] + [CIONO;] + [BrONO»]; e.g., Coffey, 1996). The
two key heterogeneous reactions that compete with gas-
phase chemistry at all stratospheric temperatures are Eqgs. (1)
and (2) below (e.g., Cohen and Murphy, 2003). In the pres-
ence of volcanic aerosol, the rate of N,Os conversion to
HNO3 increases as shown in Eq. (1):

Aerosol

N,Os + H,0 2% 2HNO;, (1)

leading to an increase in levels of HNOj3 and a decrease in
levels of N2Os. Since N»Os is a reservoir species for NO,
(INO,]=[NO>] + [NO]), levels of NO, also decrease. The
hydrolysis of BrONO; is shown in Eq. (2):

Aerosol

BrONO; + H,0 29%% HOBr 4+ HNO;. )
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It can also lead to decreased levels of NO; in the lower strato-
sphere, which are particularly significant toward high lati-
tudes in the summer (Randeniya et al., 1997). The hydrolysis
of chlorine nitrate can also play a significant role inside the
polar vortex (Wegner et al., 2012), but is not considered here
because data inside the polar vortex were not analyzed.

Following the large 1982 and 1991 El Chichén and
Pinatubo volcanic eruptions, several studies measured sig-
nificant decreases in NO,. Total columns of NO; mea-
sured by ground-based instruments decreased by ~ 15-70 %
following these eruptions (Coffey, 1996; Johnston et al.,
1992; Koike et al.,, 1993; Mills et al., 1993). Fahey et
al. (1993) measured in situ NO, /NO, aboard aircraft fol-
lowing Pinatubo and found that NO, /NO, decreased with
increasing aerosol surface area with a saturation effect to-
ward larger aerosol surface areas.

The effects of the Pinatubo eruption on HNO3; and N,Os
were also assessed in several studies. Some studies noted in-
creases in HNOj3 and attributed these increases to Eq. (1),
but this was not consistently observed across various ground-
based, in situ, and satellite datasets (e.g., Coffey, 1996; Rins-
land et al., 1994). Rinsland et al. (1994) found decreases in
N> Os following Pinatubo, which is also implied by Eq. (1).

Berthet et al. (2017) assessed the impact of the more recent
Sarychev eruption in June 2009 on lower stratosphere chem-
istry using remote sensing, in situ measurements, and model
calculations. Measured profiles of NO, and aerosol extinc-
tion were anticorrelated in the lower stratosphere follow-
ing the eruption with layers of enhanced aerosol coinciding
with smaller NO, mixing ratios. Using model calculations,
they estimated that NO; decreased by ~ 45 % and HNO3 in-
creased by ~ 11 % over the August—September 2009 period
below 19 km following the volcanic eruption.

The Optical Spectrograph and Infrared Imaging Sys-
tem (OSIRIS) has observed enhancements in stratospheric
aerosol from multiple volcanoes since it began taking mea-
surements in 2001 (Bourassa et al., 2012a). The effect of
these more recent volcanoes on stratospheric NO», also mea-
sured by OSIRIS, is investigated in the present study. Strato-
spheric NO;, HNO3, and N,Os from the Michelson Inter-
ferometer for Passive Atmospheric Sounding (MIPAS) are
also considered. Variations in NO;, HNO3 and N>Os with
aerosol are also studied using a photochemical box model.
This coarse-resolution study cannot be used to understand
short-term processes in the days immediately following a
volcanic eruption. Instead, it can be used to understand the
longer-term effect of volcanic aerosol in the months follow-
ing an eruption.

This paper is organized as follows. The OSIRIS, MIPAS,
and photochemical model datasets are described in Sect. 2.
Monthly average NO,, HNO3, and N;Os anomalies and
background values are calculated from these data using the
methodology given in Sect. 3. The relationships between
these anomalies and volcanic aerosol measured by OSIRIS
are presented in Sect. 4, and conclusions are given in Sect. 5.
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2 Satellite and model datasets
2.1 OSIRIS MART aerosol extinction and NO,

OSIRIS (Llewellyn et al., 2004; McLinden et al., 2012) is
a Canadian satellite instrument onboard the Odin spacecraft
(Murtagh et al., 2002), which was launched on 20 Febru-
ary 2001 into a sun-synchronous orbit at ~ 600 km of altitude
and a descending-node equatorial crossing time of ~ 06:30
local time (LT). OSIRIS measures limb-scattered radiances
from 82° S to 82° N, with nearly full coverage in the summer
hemisphere.

Data products from the OSIRIS multiplicative algebraic
reconstruction technique (MART) v5.07 NO; (Bourassa et
al., 2011) and aerosol extinction at 750 nm (Bourassa et al.,
2007) were used for this study. Data were collected by the
optical spectrograph, which measures from 280-810 nm with
a ~1 nm spectral resolution using an optical grating and
a charge-coupled device detector. The SASKTRAN spher-
ical forward model is used in the inversion and accounts
for multiple-scattering and ground albedo (Bourassa et al.,
2008). OSIRIS MART aerosol extinction is consistent with
SAGE III to ~ 10 % (Bourassa et al., 2012b) and to ~ 20 %
with SAGE II, although the conversion to 525 nm adds un-
certainty (Rieger et al., 2015). The OSIRIS MART NO, data
product is consistent with the OSIRIS Chalmers NO, data
product (Bourassa et al., 2011).

For both aerosol extinction and NO,, OSIRIS data from
the descending portion of the orbit with a solar zenith an-
gle (SZA) of less than 88° were used in this analysis. For
aerosol, an extinction threshold greater than 2 x 103 km™!
was used to terminate the profiles at lower altitudes. This
excludes some lower stratospheric altitudes at which an
aerosol saturation effect occurs in fresh volcanic plumes
(Fromm et al., 2014). Similarly, values of NO, greater than
5 x 10° mol cm™3 were removed from the profiles. Data be-
low the thermal tropopause, calculated using lapse rates from
the National Centers for Environmental Prediction (NCEP)
reanalysis data (Kalnay et al., 1996), were excluded. As dis-
cussed further in Sect. 2.3, in order to account for the diur-
nal variation in NO;, a photochemical model (Brohede et al.,
2008; McLinden et al., 2000) was used to scale all NO, pro-
files to a common local time of 06:30LT. Profiles for SZA
greater than 88° at 06:30 LT were also excluded from the
analysis in order to prevent scaling data to periods near sun-
rise when NO; varies rapidly.

2.2 MIPAS IMK/IAA NO;, N20s5, and HNOj3

MIPAS (Fischer et al., 2008) is onboard the Environmental
Satellite (Envisat), which was launched on 1 March 2002 into
a sun-synchronous polar orbit at 800 km of altitude with 14.4
orbits per day. MIPAS measured limb radiances in the mid-
infrared from 4.1-14.7 um (685-2410 cm~!) until communi-
cation with the satellite was lost in April 2012.

www.atmos-chem-phys.net/17/8063/2017/
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For this study, N»Os, HNO3, and NO; from retrievals per-
formed by the Institute of Meteorology and Climate Research
(IMK) and the Instituto de Astrofisica de Andalucia (IAA)
were used. Data from January 2005 to April 2012 were con-
sidered from version V5R_NO2 220/V5R_NO2 221,
V5R_N205_220/V5R_N205_221,
V5R_HNO3_224/V5R_HNO3_225. Prior to 2005, data
are available, but MIPAS operated with a different spectral
resolution and only minor volcanic eruptions occurred. Re-
trievals for NO, (Funke et al., 2005, 2014), N,Os (Mengistu
Tsidu et al., 2004), and HNO3 are performed using a
constrained multiparameter nonlinear least-squares fitting of
measured spectra with modeled ones (von Clarmann et al.,
2009). Data unaffected by clouds and with diagonal terms
of the averaging kernel greater than 0.03 were used for the
analysis. Only daytime measurements (SZA less than 88°)
taken at 10:00 LT were used for consistency with OSIRIS.

2.3 Photochemical modeling

A stratospheric photochemical box model (Brohede et al.,
2008; McLinden et al., 2000) was used to help interpret the
satellite data. The model is constrained with climatological
profiles of ozone and temperature. Long-lived species (N> O,
CH4, H,0) and families (NO,, Cly, Bry) are based on a com-
bination of three-dimensional model output or tracer correla-
tions. All remaining species are calculated to be in a 24 h
steady state by integrating the model for as many as 30 days,
but the model remains fixed on the originally specified Julian
day. Heterogeneous chemistry on background stratospheric
sulfate aerosols is included, but polar stratospheric clouds are
not included. Brohede et al. (2008) demonstrated that this
model can accurately simulate stratospheric nitrogen parti-
tioning.

The model is typically used for two purposes: (i) to adjust
the local time of the OSIRIS measurements to a common
value through a photochemical scaling factor (e.g., Brohede
et al., 2007, 2008) and (ii) to model the behavior of NO; and
other species for varying levels of aerosol. In this latter appli-
cation, the aerosol surface area, SA (pm2 cm_3), is adjusted
so that it matches the extinction coefficient, k (km_l), mea-
sured by the OSIRIS instrument using the expression

4 x 1000

SA(z) = 5 x k(z), 3)

which is derived in Appendix A, where Q is the effective
scattering efficiency and the factor of 1000 is required to ad-
just between the common units of extinction (km~!) and the
surface area density (um?cm™>). A scattering efficiency of
0.40 was calculated using Mie theory for background spher-
ical sulfate particles (based on a lognormal distribution with
size parameters of r, =0.08 um and o, = 1.6). However,
volcanic eruptions alter the size distribution, as SO, rapidly
forms sulfuric acid, which can condense to form new small
particles or increase the size of existing ones. This change in
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8065

size distribution will affect the scattering efficiency, but the
sign of this change is unknown. For example, 2 months af-
ter the Kasatochi eruption, there was a shift in the ambient
size distribution toward smaller particles (Sioris et al., 2010),
but Sarychev led to a shift toward larger particles (O’Neill et
al., 2012). As a result of these mixed findings, we elected to
keep the scattering efficiency constant using SA = 10000 -k,
but we tested a nonlinear SA dependence on k and included it
in the model uncertainty estimates, as described in the para-
graph below.

Table 1 summarizes the parameters used to estimate un-
certainty in the modeled NO; percent differences. The model
calculations were repeated with successive variations in one
key geophysical input or assumption in order to assess its im-
pact on the results. In total, eight such sensitivity calculations
were performed and their individual NO; percent difference
values were added in quadrature to estimate a total sensitivity
or uncertainty. To account for potential errors and variability
over 2002-2015 in our background SA, we scaled 10000 by
factors of 3 and 1/3. The large factor is based on the sensi-
tivity of scattering efficiency to the aerosol size parameters
for the particle sizes and wavelengths considered here. For
example, a change in effective radius by a factor 2 leads to a
change in scattering efficiency by a factor of 3 (see Hansen
and Travis, 1974; Fig. 8). The dependence of SA on k was
estimated by SA ak? with p = 1.3 for an increase in particle
size following an eruption and p = 0.7 for a decrease; this is
analogous to the process in Thomason et al. (1997). In order
to account for uncertainty and variability in the climatologi-
cal input profiles, ozone, NOy, and temperature profiles were
perturbed by 410 %, 420 %, and +5 K, respectively. Surface
albedo was changed from the original model setting of 0.1 to
0.3. For ozone, NOy, temperature, and albedo, half the per-
turbation was applied as a systematic error, affecting both the
monthly NO; and the background NO;. Half the perturba-
tion was applied as a random error, which would account for
year-to-year variability between conditions for background
and monthly NO;. The NO + O3 reaction rate and NO; ab-
sorption coefficient were both perturbed by 10 % and applied
as a systematic error only.

3 Calculation of monthly averages, anomalies, and
background levels

3.1 OSIRIS and MIPAS

Volcanic eruptions and periods affected by volcanic aerosol
were identified using monthly averages of latitude-binned
OSIRIS aerosol extinction. In order to isolate the effect of
volcanic aerosol on NO;, HNOj3, and N,Os, anomalies and
background levels in the absence of volcanic aerosol were es-
timated for each month and latitude. Background levels are
the monthly mean values in the time series at a given latitude
for months that were not affected by volcanic aerosol based
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Table 1. Parameters considered for model perturbation tests.

Parameter Model settings Perturbation(s) Perturbation comment

SA to k linear scaling 10000 Model setting x 3; Accounts for range in aerosol
factor Model setting x 1/3 size distributions

Degree of SA to k SA oc k!0 SA o k13 SA oc k07 Following Thomason et al. (1997)
nonlinearity

Ozone profiles

OSIRIS climatology
(Bourassa et al., 2014)

Model setting +10 %

Estimate of uncertainty and variability
in monthly mean

NO, profiles

From 3-D model simulations
(Olsen et al., 2001)

Model setting 420 %

Estimate of uncertainty and variability
in monthly mean

Temperature

Climatology from Nagatani and
Rosenfield (1993)

Model setting +5 K

Estimate of uncertainty and variability
in monthly mean

Surface albedo

0.1

0.3

Difference between mean, effective
albedo with and without clouds

NO + Oj reaction rate

JPL publication 15-10

Model setting +10 %

Estimated uncertainty from Burkholder

coefficient (Burkholder et al., 2015) [A =

3% 10712, E/R =1500]

et al. (2015)

NO; absorption
coefficient

JPL publication 15-10
(Table 4C-2 in Burkholder et
al., 2015)

Model setting +10 %

Estimated uncertainty from Burkholder
et al. (2015)

on a threshold for OSIRIS aerosol measurements. These cal-
culations are described in further detail below.

Partial vertical column densities (VCDs), partial aerosol
optical depth (AOD), and vertical profiles were considered.
Partial columns were used instead of, e.g., volume mixing
ratios at a fixed altitude because the largest observed aerosol
extinction ratios related to volcanic aerosol were observed at
different altitude layers for different latitudes and times. The
partial-column altitude range was selected to include most of
these large extinction ratios. Furthermore, MIPAS NO, mea-
surements have a low resolution at the altitudes affected by
volcanic aerosol and are therefore better presented as partial
columns. Calculations were made for each month and lati-
tude; for the profiles, each altitude layer was considered sepa-
rately. Latitudes south of 50° S were excluded from the anal-
ysis because there is no evidence of volcanic aerosol at these
Southern Hemisphere high latitudes, and OSIRIS AODs are
dominated by seasonal variation. The steps for these calcula-
tions are described in the paragraphs below.

Monthly average profiles of aerosol extinction and of NO;,
N»0Os5, and HNO3 number densities were calculated in 10°
latitude bins. At least five measurements were required for
each bin. Partial-column AOD and partial VCDs of NO3,
N,0Os, and HNO3 were all calculated from the sum of these
monthly mean profiles for a Skm altitude range starting
at ~3km above the climatological mean NCEP thermal
tropopause at each latitude. If a profile did not have valid
data over all five measurement layers, it was not included in
the analysis. This altitude range typically corresponded to the

Atmos. Chem. Phys., 17, 8063-8080, 2017

highest levels of volcanic aerosol observed by OSIRIS. Bins
were tested for smaller latitude and time ranges, but yielded
similar AOD ranges, suggesting that smaller bin sizes did not
capture more detailed processes in the volcanic plume.

MIPAS volume mixing ratio profiles were converted to
number densities using MIPAS temperature and pressure
profiles. Note that the calculated VCDs for OSIRIS and MI-
PAS are offset by 0.5 km because their measurement altitude
grids are offset by 0.5 km. The MIPAS degrees of freedom
for signal (DOFS) were calculated from the trace of the aver-
aging kernel over the partial-column altitude range. MIPAS
VCDs with DOFS of less than 0.5 were excluded from the
analysis, leaving mean DOFS of 0.7 for NO;, 1.8 for N,Os,
and 2.1 for HNOs.

Bins affected by volcanic aerosol were identified us-
ing thresholds based on OSIRIS aerosol extinction mea-
surements. For the partial AODs, this threshold was set at
2 x 1073, which was approximately the 75th percentile of
monthly mean partial-column AODs across all latitudes for
50° S to 80° N. For the profiles, the threshold was set using
an extinction ratio of 1.2, which was approximately the 90—
95th percentile of monthly mean extinction ratios across all
latitudes for 50° S to 80° N. The extinction ratio (OSIRIS-
measured extinction divided by the Rayleigh extinction) has
less dependence on altitude than the extinction and was cal-
culated using air density profiles from the European Centre
for Medium-Range Weather Forecasts.

In order to remove the seasonal variation from the NO;
time series, the NO, anomaly (dNO;) was calculated for

www.atmos-chem-phys.net/17/8063/2017/
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N
T

Extinction ratio
N

O Extinction ratio
------ Extinction ratio threshold

0
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

%108

N

N

'
N

(b) NO2 anomaly at 0° 20.5 km

O < Extinction threshold
O > Extinction threshold
QBO 1
QBO 2
— Fjt (QBO 1+QBO2)

%;"‘"\ &M A W

NO2 anomaly (mol cm™®)
o

2 1 1 1 1 1 1

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

1
8
8
&

o
T
o8 °
%
%
%
2

[
N
T

dNO, minus fit (mol cm™®)

2 !
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

Figure 1. QBO fitting results for 0° latitude at 20.5 km. (a) Extinction ratio time series (blue circles) with the extinction ratio threshold (red
dashed line). (b) NO; anomaly time series for time periods with extinction ratios lower than the extinction ratio threshold (blue circles) and
time periods with extinction ratios greater than the extinction ratio threshold (gray circles). The fits for the two QBO principal components,
QBO 1 (green line) and QBO 2 (yellow line), and the total fit (red dashed lined) to the NO, anomaly time series during time periods with
extinction ratios lower than the extinction ratio threshold are also shown. (¢) NO, anomaly time series after subtraction of the fit.

each bin of the monthly mean NO, VCDs as follows:
dNO;(yr, m, lat) = (Y]

NO, (yr, m, lat) — NOY® ¥oI¢ (m, Tat),

where NO;(yr, m, lat) is the NO, VCD for the given year—

month—latitude bin, and NOI;IO Wole i< the mean NO, VCD for
the given month and latitude across all years for bins that
were not affected by volcanic aerosol, as determined by the
AOD threshold. For the profile analysis, the NO, anomaly
was calculated separately at each altitude from NO, number
densities, with bins affected by volcanic aerosol identified
using the extinction ratio threshold.

The quasi-biennial oscillation (QBO), with a mean period
of ~ 28 months, is the dominant internal mode of climatic
variability in the tropical stratosphere (see review by Baldwin

www.atmos-chem-phys.net/17/8063/2017/

et al., 2001). NO, can vary by more than 25 % in the tropics
near the tropopause due to QBO (Hauchecorne et al., 2010),
which is on the same order of magnitude as the variation in
NO; observed during periods of enhanced volcanic aerosol
in this study. Therefore, the QBO was fit using a robust re-
gression to the NO; anomaly time series for each latitude bin
between 40° S and 40° N using an approach similar to Randel
and Wu (1996). Bins that were affected by volcanic aerosol
were excluded from the fit. The fit was only performed if at
least 10 NO; anomaly values were available and included the
first 2 principal components of QBO calculated with strato-
spheric winds from http://www.geo.fu-berlin.de/en/met/ag/
strat/produkte/gbo/index.html (Naujokat, 1986). The two
QBO principal components and the latitude range of 40° S
to 40° N were selected based on the results of Bourassa
et al. (2014). The QBO fits were subtracted from the NO,

Atmos. Chem. Phys., 17, 8063-8080, 2017
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anomaly time series for each latitude bin between 40° S and
40° N. For the profile analysis, this procedure was applied
separately at each altitude.

An example of the QBO fitting procedure is shown for
20.5km at 0° latitude in Fig. 1. The time series of extinc-
tion ratios shows several distinct periods with extinction ra-
tios above the extinction ratio threshold of 1.2 (panel a). The
QBO fit to the NO, anomaly time series includes only data
collected during time periods with extinction ratios of less
than 1.2 (panel b) in order to avoid fitting out some of the
variability due to volcanic aerosol. The fit includes a con-
stant and the two QBO principal component terms only. After
subtracting the fit, the NO, anomaly time series has stronger
negative anomalies during the periods with enhanced vol-
canic eruptions (panel c).

Background NO; profiles and VCDs were estimated for
periods that were not affected by volcanic aerosol, as iden-
tified using the OSIRIS aerosol extinction ratio and partial-
column AOD thresholds defined above. For midlatitudes and
high latitudes (50° S and 50-80° N), NOY°Y°I¢ was used di-
rectly for background NO;. For 40° S—40° N, the fitted re-
sponse to the QBO, as illustrated by the red dashed line in

Fig. 1b, was added to NOIZ\IO Wole i1 order to estimate the vari-
ation in background NO; with the QBO. The addition of the
QBO signal had a minor impact on this analysis (~ 5-10 %).
For example, the background NO, VCD for January at 0° is
the average of all January VCD measurements at 0°, except
for the measurements taken in 2003, 2010, and 2012 when
volcanic aerosol was enhanced. The QBO signal was added
to the background NO; to account for year-to-year variations
in background NO, (e.g., the January 2008 background is
slightly different than January 2009 due to QBO).

NO,; was presented as a percent difference

(lOO%X %) for all figures and the calcu-

lation of correlation coefficients in this study. Replacing
percent difference NO, with the NO, anomaly has a minor
influence on the shape of the scatter plots and Pearson
correlation coefficients (R) between NO; and aerosol
extinction.

For N>Os and HNO3, anomalies and background values
were calculated using the same approach as for NO,. For
aerosol extinction profiles and partial-column AOD, varia-
tions due to seasonal cycles are small, and variations due to
QBO in the tropics are less than 10 % for 20-26 km (Hom-
mel et al., 2015), while volcanic perturbations in aerosol ex-
tinction are often greater than 100 %. Therefore, monthly av-
erages of aerosol extinction and partial-column AOD were
used directly in this analysis without the calculation of rela-
tive anomalies.

3.2 Photochemical model

A similar approach was used to assess variations in mod-
eled aerosol extinction, NOjy, N>Os, and HNO3 partial

Atmos. Chem. Phys., 17, 8063-8080, 2017

Table 2. Conversion factors for aerosol extinctions measured at var-
ious wavelengths.

Conversion Angstrbm Conversion factor
(nm) coefficient  (ratio of extinctions)
1020 — 525 2.5 542

750 — 525 2.3 2.27

1020 — 750 2.8 2.39

VCDs and profiles. The photochemical model was run
monthly at 10° latitude intervals for a range of aerosol sur-
face areas at the approximate OSIRIS measurement time
(06:30LT). For the column amounts, partial VCDs and
partial-column AODs were calculated over the 5km layer
starting ~ 3 km above the tropopause for each of the model
runs. Then, for each latitude and month, percent differ-
ences in NO7, N>Os, and HNO3 partial VCDs were calcu-
lated for a range of partial-column AODs using (100 % x
NOz(/E(ZICDk)g»E:ﬁngr\%zd NO2) where NO,(AOD) is the modeled
NO; for the AOD, month, and latitude. Background NO;
is the modeled NO; for the given month and latitude inter-
polated to the background partial-column AOD. The back-
ground partial-column AOD was calculated from OSIRIS
measurements at the given latitude for AODs that were less
than 2 x 1073. For the profiles, a similar interpolation proce-
dure was used at each altitude layer using OSIRIS-measured
aerosol extinction and the extinction ratio threshold of 1.2 to
identify influence from volcanoes.

3.3 Conversion between partial-column AOD and
aerosol extinction at various wavelengths

All AODs and aerosol extinctions presented here are for
750 nm, which is the wavelength of the OSIRIS retrievals.
The partial-column AODs are for a 5 km altitude range and
can therefore be related to the mean extinction (km~!) over
the given altitude range by dividing the partial-column AOD
by 5. In order to convert aerosol extinctions from 750 nm to
other typical wavelengths, the conversion factors given in Ta-
ble 2 can be used.

4 Results
4.1 NO;3, N;0Os5,and HNO3 VCDs

We first examine an example of the modeled variation in
NO;, N»O5, and HNO3 partial VCDs with volcanic aerosol,
shown in Fig. 2, for 60° N in August. This latitude was af-
fected by enhanced volcanic aerosol in August from the 2009
Sarychev Peak and the 2011 Nabro eruptions, as discussed in
further detail below. The maximum partial-column AOD ob-
served by OSIRIS at this latitude, 8 x 1073, is indicated on
the figure. Levels of NO; decrease strongly in the presence

www.atmos-chem-phys.net/17/8063/2017/
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Model for August, lat = 60°N
Partial-column AOD (x107%)
0 13 26 38 51 64 77 9 10 12 13

20

NO, (LST = 06:30)
N,O; (LST = 06:30)
HNO, (LST = 06:30)
— = NO,(LST=10:00)

-20

-~ T
= -
-

40

PD (%)

-60

-80

100 . \ . . . . . . |
0 2 4 6 8 10 12 14 16 18 20
Aerosol surface area (um? cm™)

Figure 2. Modeled variations in NO;, NpOs, and HNO3 with
stratospheric aerosol at 60° N in August. The aerosol surface area
(bottom x axis) and partial-column AOD (top x axis) are both
shown. The y axis gives the percent difference (anomaly and back-
ground) for partial VCDs of NO; (blue line), NpOs (cyan line), and
HNO3 (red line) at the approximate OSIRIS local time (06:30 LT)
and for NO, (blue dashed line) at the approximate MIPAS mea-
surement time (10:00 LT). AODs and VCDs were calculated for a
5 km layer starting ~ 3 km above the tropopause. The black dashed
line indicates a partial-column AOD = 8 x 1073, approximately the
largest value in the OSIRIS measurements.

of larger partial-column AODs, reaching percent differences
of —45 % relative to background levels for AOD =8 x 1073
at the approximate local time of the OSIRIS measure-
ments. At the MIPAS local time, reductions in NO; are
slightly smaller, reaching —40 % for AOD =8 x 1073, Per-
cent differences in N,Os5 decrease even more steeply than
NO;, reaching up to —86 % relative to background levels
for AOD =8 x 1073. HNOj3 increases slightly with partial-
column AOD, but it is only 45 % higher than background
levels for AOD =8 x 1073, This is because HNOj is the
dominant NO,, species in the lower stratosphere. Therefore,
even major changes in the partitioning due to heterogeneous
chemistry on sulfate aerosol would have only a marginal rel-
ative impact on HNOs.

Turning to the measurements, seven periods with volcanic
aerosol enhancements were identified in the OSIRIS AOD
time series, most of which were associated with negative
NO, anomalies. This is apparent in the time series of AOD
and percent difference NO, VCDs, shown in Fig. 3 and sum-
marized in Table 3. Note that only volcanoes with clear sig-
nals in the OSIRIS AODs are identified here, and therefore
this is not a comprehensive list of all volcanoes known to
have influenced the stratosphere. Hopfner et al. (2015) pro-
vide a list of volcanoes identified in MIPAS SO,.

www.atmos-chem-phys.net/17/8063/2017/

The OSIRIS NO; percent differences compared to back-
ground levels are largely negative during the AOD enhance-
ments (thick black contours) and return to background levels
when AODs decrease. This is consistent with a reduction in
NO; due to heterogeneous chemistry on the surface of sulfate
aerosol. In the MIPAS data, NO; anomalies tend to be neg-
ative during periods affected by volcanic aerosol. However,
this relationship is weaker than observed with the OSIRIS
NO, data, and MIPAS measurements are not available for
the largest observed OSIRIS AODs as they did not meet the
filtering criteria for this study. The variability in NO, outside
periods of volcanic aerosol (standard deviation of the NO,
anomaly divided by the mean background levels of NO; in
each latitude bin) was less than 14 % for both OSIRIS and
MIPAS.

Figure 4 shows the correlation between NO, VCD per-
cent differences and AOD for all times and latitudes. For
OSIRIS, there appears to be a negative linear relationship,
with R = —0.68. For larger AODs (greater than 4 x 1073),
OSIRIS VCDs are ~20-60 % lower than under background
conditions. For MIPAS, the relationship between NO> per-
cent difference and AOD is weaker, with R = —0.37. When
only MIPAS data from 40 to 80° N are considered, the an-
ticorrelation is somewhat stronger, with R = —0.50. Com-
pared with OSIRIS, there are fewer monthly average MIPAS
measurements available when AODs are high, which likely
contributes to the weaker correlation. For AODs greater than
4% 1073, 18 out of 19 latitude-binned MIPAS VCDs have
negative percent differences, typically in the range of ~ 5-
25 %.

The effect of volcanic aerosol on NO, is smaller for MI-
PAS than for OSIRIS. From the model simulations in Fig.
2, it appears that the difference in local time of the mea-
surements, 10:00 LT vs. 06:30 LT, can explain only a small
part of this difference. These discrepancies could not be at-
tributed to differences in sampling between OSIRIS and MI-
PAS, since MIPAS and OSIRIS both sample throughout the
monthly 10° latitude bins. MIPAS measurements are not
clustered in parts of the bin where smaller OSIRIS AODs
were observed. A larger contributor to the smaller MIPAS
NO; anomalies is a damping effect as many of the VCDs
had DOFS of less than 1, with smaller DOFS for larger
OSIRIS partial-column AODs. For OSIRIS partial-column
AODs greater than 5 x 1073, the average MIPAS DOFS was
~ (.6. The suboptimal DOFS value is accompanied by coarse
altitude resolution, which smooths NO; from higher altitudes
at which aerosol levels are not enhanced. In other words, the
coarse altitude resolution leads to a smaller amplitude in the
local NO; variation in the MIPAS data. In order to test this,
representative MIPAS averaging kernels were applied to the
OSIRIS NO; percent difference profiles at 50° N and 0° lat-
itude. Representative averaging kernels were used because
MIPAS NOgj is retrieved in the logarithmic domain, and the
averaging kernel thus refers to the logarithm of the mixing
ratio. By applying the averaging kernel directly to the per-
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Figure 3. Contour plots of time (x axis) versus latitude (y axis) versus (a) OSIRIS partial-column AODs, (b) percent difference of OSIRIS
NO; VCDs, (c¢) percent difference of MIPAS NO;, VCDs, and (d) MIPAS N,Os anomaly. The partial-column AODs and VCDs are cal-
culated for a 5km layer starting ~ 3 km above the thermal tropopause. Percent differences are relative to background levels of NO,. Note
that different color-scale ranges are used for OSIRIS and MIPAS NO; percent differences. The thick black contour lines show OSIRIS
AOD=2x 1073 extrapolated to latitudes and times for which data were unavailable. The yellow triangles indicate the volcanic eruptions
that were followed by significant increases in OSIRIS aerosol extinction, as listed in Table 3.

cent difference profile, the MIPAS a priori profile does not
need to be included in the calculations. The magnitude of
the largest percent differences in the NO, percent difference
profiles decreased from approximately —45 % in the original
OSIRIS profiles to approximately —30 % in the smoothed
OSIRIS profiles, demonstrating this damping effect. These
tests did not account for variation in MIPAS DOFS with
partial-column AOD. The smaller MIPAS DOFS observed
for larger OSIRIS partial-column AOD would lead to fur-
ther damping of the MIPAS NO; percent differences. Also,
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correlation due to an NO» retrieval dependency on aerosol
is expected to be small for OSIRIS because of the differ-
ential nature of the measurement and the spectral proximity
of the selected strongly and weakly absorbing wavelengths
(Bourassa et al., 2011).

The relationship between the MIPAS N»>Os5 anomaly and
OSIRIS aerosol is also shown in Figs. 3 and 4. Strong an-
ticorrelation between the N»Os anomaly and AOD is ob-
served, with R = —0.86 for 50° S to 80° N and R = —0.90
for 40 to 80° N. The percent decrease in N»Os cannot be in-
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Table 3. Summary of volcanoes observed in OSIRIS partial-column AOD and associated with OSIRIS NO, VCDs. References given in
the footnotes describe stratospheric aerosol following these eruptions. Note that this table lists eruptions that were followed by significant
increases in OSIRIS aerosol extinction. Therefore, it does not include all volcanoes known to have affected the stratosphere during this time

period.
Volcano name? Eruption date Eruption Extent of aerosol enhancement Effect on OSIRIS-observed
latitude observed by OSIRISP NO; partial VCD

Manam® 27 Jan 2005 4°8S Both hemispheres, confined to Minimal effect on observed NO»
the tropics

Soufriere Hillsd 30 May 2006 17°N Both hemispheres, reaching high  For 50° S—0° and 40-60° N, NO; is

Rabaul (Tavurvur) 7 October 2006  4°S latitudes in spring 2007 lower by ~ 10-40 %

Mount Okmok® 12 Jul 2008 53°N Combined effect of both For 40-80°N, NO; is lower by

Kasatochi 7 Aug 2008 52°N volcanoes, reached tropics ~20-40 %
in Dec 2008-Jan 2009

Sarychev Peak’ 12 Jun 2009 48°N Large AODs until Dec 2010, mostly ~ For 30-80° N, NO;, is lower, reach-
confined to Northern Hemisphere ing reductions of up to ~45-55 %
midlatitudes and high latitudes for 40-80° N

Mount Merapi 4 Nov 2010 7°8S Both hemispheres, small signal Minimal effect on observed NO»
confined to tropics in Northern
Hemisphere and extending to
higher latitudes in  Southern
Hemisphere in Jan 2011

Nabro 12 Jun 2011 13°N Large AODs throughout the 20-80° N, NO, is lower, reaching
northern hemisphere until Jan 2012,  reductions of up to ~50-55 % for
with smaller AODs until Jun 2012 50-80°N

Kelut 13 Feb 2014 8°S Both hemispheres, confined For 10° S-0°, NO; is lower

to the tropics

by ~20-40 %

4 Eruption dates and latitudes from Hopfner et al. (2015) and reports available at http://volcano.si.edu/. b OSIRIS does not measure AOD in the winter hemisphere and therefore
may not capture the full extent of aerosol enhancement. ¢ Bourassa et al. (2012b). d prata et al. (2007). © Bourassa et al. (2010), Kravitz et al. (2010), Sioris et al. (2010).
f Haywood et al. (2010), Jégou et al. (2013), O’Neill et al. (2012). & Bourassa et al. (2012a).

ferred due to the known low bias in the MIPAS data at these
altitudes. Despite this low bias, the DOFS of ~ 1.8 suggest
that real variability in N>Os is observed.

MIPAS HNO3 VCDs were also considered in this analy-
sis (not shown here) using the same methodology as for NO;
and N, Os, but no relationship with partial-column AOD was
apparent in the time series, with |R| less than 0.2 for most
latitudes and altitude ranges considered. This is consistent
with the results from the photochemical model, which sug-
gest that HNOs3 should increase by less than 10 % relative to
background levels for all latitudes and partial-column AODs
observed in this study. Such small relative increases in HNO3
would be difficult to observe over background variability.

Scatter plots for OSIRIS AOD versus NO, VCD percent
difference for latitudes at which at least one AOD greater
than 3 x 10~3 was recorded are shown in Fig. 5. At all lati-
tudes, higher AODs are associated with lower levels of NO»,
with R ranging from —0.40 to —0.85 at the various latitudes.
The larger AODs are all measured following volcanic erup-
tions (Table 3). The modeled NO;, percent differences, in-
terpolated to the OSIRIS month, latitude, and partial-column
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AOD, are also shown. The modeled data agree well with the
OSIRIS measurements and are within the estimated model
errors for most OSIRIS data points.

Other species are expected to be affected by increased
aerosol, including BrONO; from Eq. (2) and by extension
BrO. An analysis of the OSIRIS BrO product (McLinden et
al., 2010) indicated no significant impact following the erup-
tions. This is consistent with a model-estimated increase in
BrO of only 5-10 % for AOD =8 x 10~ (not shown here)
and the reduced sensitivity of the OSIRIS BrO product below
20km.

4.2 OSIRIS NO; profiles

The OSIRIS NO; and aerosol extinction profiles were used to
assess the altitude range over which levels of NO, decreased
in the presence of volcanic aerosol. The MIPAS NO; and
N>Os profiles were not considered for this purpose because
of limitations in the vertical resolution in the lower strato-
sphere.
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Figure 4. Scatter plots of OSIRIS AOD versus (a) OSIRIS and (b) MIPAS percent difference of NO, VCD relative to background levels and
(c) MIPAS N;Os5 anomaly. The legend shows the measurement latitude. The R for NO, percent difference and AOD for the data collected
between 50° S and 80° N and 40 and 80° N are given in the plot. The p values for all calculated R are less than 1 x 1078,

The time series of OSIRIS extinction ratios and OSIRIS
and modeled NO, percent difference profiles are shown for
0° in Fig. 6. Negative NO, anomalies are apparent during
the periods of enhanced aerosol for altitudes between ~ 16
and 24 km, with maximum decreases in NO; typically at
~20km in both the OSIRIS and model datasets. These al-
titudes coincide approximately with the largest observed ex-
tinction ratios. OSIRIS measured percent differences in NOy
of up to ~—50% after the combined 2006 Soufriere Hills
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and Rabaul volcanoes, up to ~ —40% after the 2014 Ke-
Iut volcano, up to ~ —35 % after the 2011 Nabro volcano,
and up to ~ —25 % after the 2005 Manam volcano. In the
model dataset, similar qualitative features are observed, but
with somewhat smaller reductions in NO». Modeled percent
differences reach up to ~ —20 % after the Nabro and Manam
volcanoes and up to ~—30% after the Soufriere Hills,
Rabaul, and Kelut volcanoes. This is consistent with the
modeling comparisons of VCDs and partial-column AODs

www.atmos-chem-phys.net/17/8063/2017/
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Figure 5. Scatter plots of OSIRIS AOD versus OSIRIS NO, percent difference in VCD relative to background levels for various latitudes,
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clearly.

(Fig. 5), in which modeled NO, percent differences at 0° lat-
itude are biased somewhat low compared with OSIRIS. Only
the aerosol extinction is varied interannually in the model,
while other parameters, such as NOy, ozone, and tempera-
ture, are from monthly climatologies. This is likely why the
model displays less variability than OSIRIS during nonvol-
canic periods.

At 50° N, both OSIRIS and modeled negative NO; anoma-
lies are similarly related to the times and altitudes of en-
hanced levels of aerosol, as shown in Fig. 7. Decreases in
NO; of up to ~ —50 % are observed after the 2009 Sarychev
Peak volcano, up to ~ —40 % after the 2011 Nabro volcano,
and up to ~ —30% after the 2008 Kasatochi and Okmok
volcanoes. The modeled percent difference profiles are sim-
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ilar to the OSIRIS data, reaching ~ —40 % for the Sarychev
Peak and Nabro volcanoes and ~ —30 % for the Kasatochi
and Okmok volcanoes. The observed and modeled decreases
in NO; for the Sarychev Peak eruption are consistent with
Berthet et al. (2017), who calculated a ~ 45 % decrease be-
low 19 km using model calculations.

The OSIRIS-measured variability in NO; outside of the
periods of volcanic aerosol (standard deviation of the NO,
anomaly divided by the mean background levels of NO, in
each latitude and altitude bin) was less than 20 % for most
latitude and altitude bins. Therefore, the OSIRIS-measured
decreases in NOy of up to ~ —30 to —50 % after these vol-
canic eruptions are significant compared to background vari-
ability.

Atmos. Chem. Phys., 17, 8063-8080, 2017
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Figure 6. Profiles of aerosol extinction ratio and NO, percent difference at 0° latitude. Time series of (a) OSIRIS extinction ratio, (b) OSIRIS
percent difference NO, relative to background levels, and (¢) modeled percent difference NO, relative to background levels. Note that
different color-scale ranges are used for the OSIRIS and model percent differences. The thick black contours are for extinction ratios = 2.

At both 0° (Fig. 6) and 50°N (Fig. 7), positive NOy
anomalies are also observed, in particular before 2005. This
is in part because background NOj is calculated using mea-
surements taken for aerosol ratios of less than 1.2. Below this
threshold, levels of aerosol still vary and tend to increase af-
ter ~ 2005 at most latitudes (see, for example, Fig. 1). This
leads to positive anomalies in NO; during periods with lower
levels of volcanic aerosol, particularly before 2005. These
positive anomalies are also apparent in the photochemical
model results, which vary based entirely on aerosol levels.
The background NO; calculated by photochemical model is
interpolated to the mean background aerosol as measured by
OSIRIS over the full measurement period (e.g., the average
aerosol extinction for January, when aerosol extinction ra-
tios are below the threshold of 1.2). Therefore, early in the
time series, the modeled NO, is calculated for lower levels
of aerosol while background NO; is calculated for slightly
higher levels of aerosol, leading to positive modeled NO3
anomalies. There are some differences between the OSIRIS

Atmos. Chem. Phys., 17, 8063-8080, 2017

measurements and model results during periods with posi-
tive anomalies. For example, at 0° (Fig. 6), positive anoma-
lies are stronger in the OSIRIS data than in the model output,
suggesting that the observed anomaly may not be fully ex-
plained by aerosol levels and may be related to other sources
of variability.

At each altitude and latitude, the correlation coefficient be-
tween the OSIRIS percent difference in NO; and the aerosol
extinction was calculated and is shown in Fig. 8. Negative
correlations between NO, and aerosol are observed at most
latitudes and altitudes in the lower stratosphere. Altitudes
and latitudes that were affected by volcanic aerosol for at
least 1 month in the time series are given by the magenta and
green contour lines. For these altitudes and latitudes, the rela-
tionship between NO; and extinction tends to be stronger. In
each latitude bin, the strongest correlation coefficient across
altitudes is similar to the correlation coefficients for the par-
tial VCDs and partial-column AODs shown in Fig. 5. In some
cases, the strongest correlation coefficient within the profile
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Figure 7. Profiles of aerosol extinction ratio and NO, percent difference at 50° N. Time series of (a) OSIRIS extinction ratio, (b) OSIRIS
percent difference NO, relative to background levels, and (¢) modeled percent difference NO, relative to background levels. Note that
different color-scale ranges are used for the OSIRIS and model percent differences. The thick black contours are for extinction ratios = 2.

is slightly lower than for the partial VCDs and partial-column
AOQODs, suggesting noise in either the NO, or aerosol extinc-
tion profiles or both.

5 Conclusions

Between 2002 and 2014, seven periods with enhanced vol-
canic aerosol were observed by OSIRIS at latitudes between
50° S and 80° N. In most cases, these were associated with
reduced levels of NO, observed by both OSIRIS and MI-
PAS. For the partial-column AODs of 5-7 x 1073, OSIRIS
and MIPAS NO; VCDs decreased relative to background
levels by ~20-50 and ~ 5-25 %, respectively. For AODs
greater than 7 x 1073, decreases in OSIRIS NO; reached
~40-60 %. No MIPAS NO, measurements were available
for AODs greater than 7 x 10~3. MIPAS observed a smaller
decrease in NO, than OSIRIS, which was found to be con-
sistent with the effect of the MIPAS DOFS of less than 1 at
these latitudes.

www.atmos-chem-phys.net/17/8063/2017/

The relationships between the percent differences in NO;
relative to background levels and AODs are found for both
OSIRIS and MIPAS, with a correlation coefficient R be-
tween approximately —0.4 and —0.8 depending on the al-
titude and latitude range. Heterogeneous chemistry becomes
saturated toward larger aerosol concentrations (e.g., Fahey et
al., 1993) and can vary throughout the time series with other
factors, such as temperature and available sunlight (e.g., Cof-
fey, 1996), all of which can affect the linearity of the corre-
lation. The variation in OSIRIS percent differences in NO»
with partial-column AOD was compared against photochem-
ical model runs and found to be consistent within estimated
uncertainty.

A strong anticorrelation was observed between MIPAS
N>Os5 and OSIRIS AOD, with R ~ —0.9; however, no rela-
tionship was observed between MIPAS HNO3 and OSIRIS
AOD. The photochemical model suggests that increases in
HNOs3 would be less than 10% for the observed partial-
column AODs and would therefore be difficult to detect
above other sources of variability.

Atmos. Chem. Phys., 17, 8063-8080, 2017
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Figure 8. Correlation coefficient for time series of OSIRIS percent difference in NO, versus aerosol extinction for each latitude and altitude.
The magenta and green contours are for latitudes and altitudes at which maximum extinction ratios over the time series were 1.2 and 2,

respectively.

The reductions in NO, observed in the present study
would amount to less than 20 % of the total column in the
tropics and less than 10 % of the total column toward higher
latitudes, even for the largest aerosol events. This is much
smaller than the column reductions of up to 50-70 % ob-
served after the Pinatubo and El Chichén eruptions (e.g.,
Coffey, 1996). The largest reductions in the total column of
NO> occurred for periods with aerosol enhancements above
25 km (Koike et al., 1993), where the bulk of the NO; column
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resides. The results presented here are consistent with the
smaller stratospheric aerosol loads and lower altitude range
of the more recent volcanoes (e.g., Rieger et al., 2015).

Data availability. OSIRIS data are available at http://odin-osiris.
usask.ca. The IMK/IAA-generated MIPAS data used in this study
are available for registered users at http://www.imk-asf.kit.edu/
english/308.php.
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Appendix A: Relationship between aerosol extinction
and aerosol surface area

The n (r) values represent the number of particles per unit
volume with a size between radius r and r +dr, such that the
following equation is the total number of particles per unit
volume:

[e,¢]

N = / n(r)dr. (A1)
0
The surface area density, SA, is then
00
SA = /47'rr2n (r)dr, (A2)
0
and the extinction, k, is

o0

k= /a (r)yn(r)dr, (A3)
0

where o (r) is the extinction cross section. It is convenient

to use an extinction efficiency, Q (r), such that Q (r) =

o (r)/mr?, which represents the ratio of the extinction cross
section to the geometric cross section. In this case,
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e¢]

k =/7Tr2Q(r)n(r)dr. (A4)

0

If it is assumed that Q (r) can be replaced by an effective
value, Q, then

k=0 / mrin (r)ydr = (%)SA, (A5)
0

where

o foooner(r)n(r)dr. A6)

fooorrrzn (r)dr

Q (r) can be calculated for spherical particles using Mie
theory; see, e.g., Hansen and Travis (1974). For a sulfate
aerosol and a lognormal size distribution with rg = 0.08 um
and oy = 1.6, ‘0 = 0.4. Since both surface area density and
extinction are proportional to r> and the extinction efficiency
is a weaker function of size than the absolute cross section, it
is advantageous to use this approach when the size informa-
tion is less accurately known.
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