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Abstract. In this study we attempt to optimize the method tion of biomass and fossil fuels. When deposited on snow or
for measuring black carbon (BC) in snow and ice using aice, BC lowers the albedo of the surface, leading to acceler-
Single Particle Soot Photometer (SP2). Beside the previouslated melt. Recently, Bond et al. (2013) reported a radiative
applied ultrasonic (CETAC) and Collison-type nebulizers we forcing between 0.01 and 0.09 Wh for the snow albedo
introduce a jet (Apex Q) nebulizer to aerosolize the aqueousffect of BC. Furthermore, the efficacy of this forcing was
sample for SP2 analysis. Both CETAC and Apex Q requirefound to be up to three times greater than the forcing by CO
small sample volumes (a few milliliters) which makes them (Flanner et al., 2007).

suitable for ice core analysis. The Apex Q shows the least Traditionally, BC concentration in snow and ice has been
size-dependent nebulizing efficiency in the BC particle diam-analyzed by filter-based methods, such as optical or thermal—
eter range of 100-1000 nm. The CETAC has the advantageptical techniques (Clarke and Noone, 1985; Dou et al.,
that air and liquid flows can be monitored continuously. All 2012; Lavanchy et al., 1999). These methods require large
nebulizer-types require a calibration with BC standards forsample volumes usually not available from ice cores. Ice
the determination of the BC mass concentration in unknowncores offer a uniqgue medium to study the variability of BC
agueous samples. We found Aquadag to be a suitable mateoncentrations over long time periods, but analyses that re-
rial for preparing calibration standards. Further, we studiedquire large sample volumes result in low time (or depth) res-
the influence of different treatments for fresh discrete snowolution. Furthermore, the filter-based methods have the po-
and ice samples as well as the effect of storage. The result®ntial to over- or underestimate the BC mass concentration
show that samples are best kept frozen until analysis. Oncdue to analytical artifacts, such as charring of organic car-
melted, they should be sonicated for 25 min, immediately anon (Soto-Garcia et al., 2011), dust interference (Wang et al.,
alyzed while being stirred and not be refrozen. 2012) or filter efficiency (Torres et al., 2014).

The Single Particle Soot Photometer (SP2, Droplet Mea-
surement Technology, Inc., Boulder, CO, USA; Schwarz et
al., 2006) has been used in snow and ice research in a vari-

1 Introduction ety of studies (Bisiaux et al., 2012a, b; Kaspari et al., 2011;
McConnell et al., 2007; Sterle et al., 2013). The SP2 does not

Light-absorbing impurities in snow and ice play an important require a filtration step, which makes it less time-consuming

role in the Earth’s radiative balance and thus climate changeéthan the traditional methods and enables its use in a contin-

black carbon (BC) particles, emitted by incomplete combus-
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2668 I. A. Wendl et al.: Optimized method for black carbon analysis in ice and snow

little sample volume, which allows obtaining highly time- 2.1 Nebulizer/SP2-setup

resolved data series, even from ice cores. However, the SP2

requires an aerosolization step because it analyzes only aithe SP2 is an instrument widely applied in aerosol science;
borne samples. This step can be incorporated in a continuit uses the principle of laser-induced incandescence to mea-
ous flow system (McConnell et al., 2007) or in batch anal- Sure the mass concentration and size distribution of BC on a
ysis (Ohata et al., 2011). The SP2 response is BC-specifigarticle-by-particle basis. Individual BC particles are heated
and not affected by particle morphology or coatings (Crossto their boiling point ¢4200K) by a continuous-wave

et al., 2010; Laborde et al., 2012; Moteki and Kondo, 2007;Nd:YAG-laser. The peak intensity of the thermal radiation
Slowik et al., 2007), though there is a small positive artifactiS proportional to the BC mass in the particle (Schwarz et al.,
caused by high dust loadings (Schwarz et al., 2012), whichi2006). The thermal radiation is detected with two photomul-

are rarely found in ice cores. Furthermore, the SP2 returndiplier tubes covering different wavelength ranges (broad-
the size distribution of BC particles in addition to their mass band:~350-800 nm; narrowband: 630-800 nm). Each de-

concentration. tector has two different electronic signal amplification gains

Mainly continuous flow systems have been used for mea<{high and low). We run the broadband and narrowband de-
suring BC in ice, but the importance of discrete samplestectors with staggered gains and combine the signals from
must not be underestimated because (1) poor ice core quathe high-gain broadband output with the low-gain narrow-
ity might make it impossible to cut undisturbed ice columns band output in order to maximize the detectable BC mass
needed for continuous flow systems, (2) high dust contenfper particle) range. The band ratio, calculated from the ra-
may cause clogging of the continuous melting system andio of the broadband to narrowband signals, depends on the
(3) sonication of samples with high dust content, which helpsPoiling-point temperature and the spectral emissivity of the
to detach BC from the dust particle surfaces, is not easily perincandescent material, thus providing information to distin-
formed with a continuous flow setup. Finally, snow sampling guish BC particles from, e.g., metal particles (Stephens et al.,
always results in discontinuous samples. 2003). The calibration of the SP2 was conducted up to a mass

This study aims to provide SP2 users with a method forof 70 fg BC. The measured calibration curve was linearly ex-
analyzing discrete liquid snow and ice samples. This in-trapolated to cover the full dynamic range of the incandes-
cludes the discussion of (1) the aerosolization of the aquecence detector (up te- 500 fg, which corresponds to a BC
ous samples focusing on (a) differences between the threBass equivalent diameter 6f810 nm). Moteki and Kondo
nebulizer systems tested (ultrasonic (CETAC), jet (Apex Q)(2010) showed that the SP2 calibration curves can deviate
and Collison-type) and (b) the quantification of the nebulizerfrom linearity for larger BC mass, depending on the effective
efficiency and BC losses in the system using aqueous BC refdensity of the particles. In this study, no deviation from lin-
erence standards; (2) the calibration of the SP2 for aqueougarity was observed up to a BC mass of 70 fg BC and the dou-
sample analysis; and (3) the best methods of sample treakly charged particles indicated that this still holds with little
ment and sample storage. uncertainty up to 140fg BC. Sensitivity analyses using an

Different terms are found in the literature for the most empirical power law calibration curve for the BC mass range
refractory and light-absorbing component of carbonaceougbove 100fg, in a similar manner as applied by Schwarz et
aerosols depending on the applied experimental method (e.gl- (2012), indicated deviations from the linear calibration ap-
black carbon (BC) or elemental carbon (EC)). In this study proach well below the general calibration uncertainty of the
we applied an SP2, which utilizes laser-induced incandesSP2. This confirms that choosing a linear calibration curve
cence for quantitative measurements of refractory black caris appropriate for this study. However, this would not nec-

bon (rBC) in single particles, which we denote BC through- essarily hold, when a substantial fraction of the BC mass is
out this manuscript. detected at BC mass equivalent diameters above 1 um.

The BC analysis of aqueous samples with the SP2 requires
a nebulizer to aerosolize and dry the liquid before it can
2 Experimental be measured. Primarily Collison-type and ultrasonic nebu-
. . . . lizers have been used with the SP2. Here, we also discuss
In this section we describe the SP2-setup for analysis of, jet nebulizer system, the Apex Q (High Sensitivity Sam-
aqueous samples (particularly snow and ice) with emphasig|a |ntroduction System, Elemental Scientific Inc., Omaha,
on the use of a nebulizer to transform BC patrticles from anNE, USA). The three systems not only vary in their nebuliz-
aqueous sample into a dry aerosol and transport them 10 the, o nrinciple but also in their efficiencies, i.e., the fraction of
SP2. Furthermore, we describe the internal calibration of thgyater.insoluble particles of the injected liquid sample that is
SP2and the basic principle for determining the BC mass ongyccessfully nebulized and ends up in the aerosol provided at
centration of an unknown aqueous sample. the outlet of the nebulizer. In the following we describe the
three nebulizer/SP2-setups (Fig. Al).

Atmos. Meas. Tech., 7, 26672681, 2014 www.atmos-meas-tech.net/7/2667/2014/
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2.1.1 Ultrasonic nebulizer (CETAC) 2.1.2 Jet nebulizer (Apex Q)

The ultrasonic nebulizer (U5000 AT, CETAC Technologies, The Apex Q can be operated in self-aspirating mode, where
Omaha, NE, USA), characterized by high efficiency and lowthe flow of the carrier gas (particle-free compressed air), the
sample consumption, has been used in several previous SE#ameter and length of the capillary, and the geometry of the
studies of BC in aqueous samples (Bisiaux et al., 2012anebulizer nozzle define the liquid-sample flow. The aqueous
b; Kaspari et al., 2011; McConnell et al., 2007; Ohata etsample is aerosolized into a heated (1G9 glass cyclonic
al., 2011, 2013; Sterle et al., 2013). In the CETAC/SP2-spray chamber with a jet nebulizer. The aerosol is then cooled
setup (Fig. Ala), the aqueous sample is pumped (peristalti€2 °C) in a Peltier-cooled multipass condenser to remove the
pump, polyfluoralkoxy-polymer (PFA) tubing) to a glass remaining water vapor before being introduced into the SP2
spray chamber where contact with an ultrasonic transducetElemental Scientific Inc., 2013).
causes the liquid containing the solid BC particles to be- The Apex Q as applied at the Paul Scherrer Institut
come suspended as aerosol. A carrier gas (compressed a(PS!), Switzerland, can be run with liquid-sample flows be-
BC-free) transports the aerosol through a heating and a coofween 10 and 700 uL mirt, requiring small sample volumes
ing element, removing the liquid so that only dry particles (see Sect. 3.1.2). The maximal nebulizer efficiengyat,
are introduced into the SP2. Eq. S12, in the Supplement) is unknown for the Apex Q be-
The primary benefit of the CETAC is that it allows the cause most of the liquid not nebulized is evaporated from the
continuous monitoring of the maximally possible nebulizer heated spray chamber walls. Thus an external calibration is
efficiency @imax EQ. S12, in the Supplement). This is ac- indispensable for quantitative liquid BC mass concentration
complished by using flow monitors to measure the rate adeterminations.
which the sample is introduced into the nebulizer and the rate  The optimal Apex Q/SP2-setup (Fig. Alb) includes an
at which that sample drains from the aerosol chamber. Thi\Pex Q PFA-ST MicroFlow nebulizer (ES-2040-7000) and a
drainage includes sample that was not nebulized as well a$.5m long PFA capillary with an inner diameter of 0.25 mm
sample that impacted on the glass walls of the aerosol chamES-2042; both Elemental Scientific Inc., Omaha, NE, USA).
ber before reaching the drying chamber. Characterizing the’he optimal purge airflow is 1L min', which for our Mi-
nebulizer efficiency is necessary because the performance ¢foFlow nebulizer (serial no. Apex Q PFA-ST 1322) results
the ultrasonic transducer may vary during use. However, poin a liquid-sample inflow of 0.13mLmin* to the Apex
tential particle losses:pss(D), Eq. S13, in the Supplement) Q, but may vary with time and nebulizer. Other settings
cannot be quantified. Thus the CETAC has to be calibratednd options, e.g., higher air inflow, use of a glass nebu-
with a standard (hereafter referred to as external calibratiofizer and different diameters of tubing, did not result in
as in Bisiaux et al., 2012b). higher BC concentrations and/or shorter measuring time even
Experiments performed on the CETAC at Central Wash-With higher sample consumption. The flow parameters of the
ington University (CWU), WA, USA, indicate that the op- Apex Q/SP2-setup are monitored manually and adjusted if
timal settings for BC analysis of snow and ice samples argl€cessary.
0.75 L min ! purge airflow and 0.5 mL mint liquid-sample Repeated measurements of the same sample varied within
inflow. The aerosol is heated to 140 and cooled to 3C to one standard deviation of 15% of the mean, indicating the
remove the water. The operating temperatures are based G¢tup is stable.
recommendations from the manufacturer and are restricted ) )
because of the need to fully dry the aerosol before introduc2-1-3  Collison-type nebulizer
ing it into the SP2. Minor temperature adjustments (140-

160°C heating, 1-3C cooling) did not result in signifi- In the PSI Collison-type nebulizer, built in-house, a pressur-

cant changes in the BC concentratioﬁ%,( o EQ. S32, in ized air stream that expands through a critical orifice causes
. 2low . the aqueous sample to be aspirated through a tube. The aque-
the Supplement) derived from SP2 measurements. Alterin . . .
us sample hits the air stream orthogonally and is sheared

the airflow to higher and lower values resulted in 10-33 %, 2 e
lower BC concentrations compared to normal flow. Simi- into droplets that are subsequ_ently dried in a diffusion dryer
: and transported to the SP2 (Fig. Alc).

larly, sample inflows of 0.55mLmirt and higher caused . - .
. . . . Collison-type systems can be built in-house which makes
steadily decreasing BC concentrations with up to 34 % re- : . :
hem inexpensive compared to other nebulizers. However,

duction. Changing these parameters may lead to mefﬁuenihey have a high percentage of drain and thus, if no recir-

nebulization of BC particles or to inefficient transport of BC . X X :
. culation of the sample is performed, require relatively large
particles to the SP2. . .
sample volumesx{ 50 mL). Additionally, in the current de-
Repeated measurements of the same sample showed a

standard deviation within 10 % of the mean over time periodsSlgn at PS! there is no controf on h.OW much sample is used
because the sample is moved passively.

of days to weeks, though changes in the performance of the The Collison-type nebulizer built at PSI is run with an air

transducer over longer periods of months to years could lead .
to larger differences in BC concentration. pressure of 2.5 bar. The sample flow was not determined.

www.atmos-meas-tech.net/7/2667/2014/ Atmos. Meas. Tech., 7, 26684, 2014



2670 I. A. Wendl et al.: Optimized method for black carbon analysis in ice and snow

2.2 Internal calibration obtained with the following (Eq. S32, in the Supplement):
- . . . 1
The SP2 needs empirical calibration to assign a BC mass t@gpzmw — P, (1)

a given SP2 response, hereafter referred to as internal cali- Imax
bration. Unfortunately, the sensitivity of the SP2 differs sub-
stantially between different BC-types (Laborde et al., 2012;
Moteki and Kondo, 2010). For atmospheric applications the

SP2 s calibrated according to its sensitivity to BC that is typ- of aqueous BC standardagpmw determined using the

e e DI P CETAC/SP2.setup at CWU Underestnstes BC concenta
y tion by at least 50 % (see also Sect. S.3.2 in the Supplement).

Aquadag (AQ) part_lcles, applying appropriate scaling faCtorSUsing this method without external calibration is not advised.
as recommended in Baumgardner et al. (2012). Two aspects

are important for accurate quantification of BC mass in lig-5 3 » Using external calibration

uid samples. First, the SP2 must be calibrated according to

its sensitivity to the BC-type under investigation. The BC- Commonly (Bisiaux et al., 2012a, b; Sterle et al., 2013), the
type contained in the aqueous BC standard may differ fromnebulizer efficiency is implicitly accounted for by relating the
that, e.g., in an ice core sample. Thus, it may be necessary tgP2 measurement of a nebulized sample to that of an aqueous
apply different SP2 calibration curves for the analysis of theBC standard of known concentration. Two slightly different
BC standard and the ice core samples, so that the most suigpproaches can be chosen.

able SP2 calibration is used for either BC-type. Second, it is

important to account for potential non-BC matter in the SP2

calibration material in a consistent manner (see next sectionAPproach 1

and Sects. S.4 and S.5 in the Supplement for details).

wherecspy is the BC mass concentration of the nebulized
sample measured by the SP2. This approach has previously
been applied by Kaspari et al. (2011). Based on analysis

The nebulizer efficiency is assumed to remain stable between
measurement of the sample and the standard. With this ap-
proach, the BC mass concentration in the aqueous sample
under investigatiol S, is calculated as follows (Eqg. S35, in
the Supplement):

2.3 Approaches to determine the BC mass
concentration of an agueous sample

The nebulizer efficiency must be accounted for when deter

mining the BC mass concentration in an aqueous sample via Cx
SP2 measurement of the nebulized aerosol. This can be dor(egéz;: Cspz#, 2
in two ways: (1) by determining the nebulizer efficiency or Csp2

(2) by relating the measurement of the unknown sample t " .
the measurement of an aqueous BC standard with knowaévl?rirdegspz and cgp, are the BC mass concentrqﬂons mea-

: o y the SP2 for the aerosols from the nebulized aqueous
concentration (external calibration). sample and aqueous standard, respectivelyqf@ds the BC
mass concentration of the aqueous standard.

This approach can be applied for any nebulizer with a sta-
ble efficiency, e.g., the Apex Q and the Collison-type. The
inferred,CgFl>2 and trueCiq, BC mass concentrations of the

t|clet S|tz.es,. I 'Sl.pOZS'ble th> dflrectli/hm]l;e(;the BC.maj.s tc%n- aqueous sample relate to each other as follows (Eq. S42 in
centration in a liquid sample from the mass size distribu-,, Supplement):

tion measured by the SP2 for the nebulized sample by using
Eqg. (S27) (in the Supplement). The only errors introduced ¢, foias
with this approach arise from a potential SP2 calibration biasCsp2= Cliq kaSl' @)

. . . bias
and missing BC mass from particles with a BC mass out-
side the detection range of the SP2 (Eq. S28, in the SupThe result is biased if the sensitivity of the SP2 to the BC-
plement). However, this approach has to our knowledge notypes in the sample and/or standard is unknown; thus, the
been used so far as the nebulizer efficiency is typically notrespective SP2 calibration bias factgfgs and/or .5, will
exactly known. be different from unity (see Eq. S16 in the Supplement for

The overall nebulizer efficiency depends on the fractiondefinition of fpiag). This restricts the choice of internal cali-

of nebulized sample, the liquid and air flow rates as well asbration standards to BC-types for which the SP2 sensitivity
the BC particle losses in the system. An upper limit for the is known & ;.= 1). The factorfhias only becomes unity
nebulizer efficiency;max can be calculated from the relevant if the sensitivity of the SP2 to the BC-type in the sample is
flow rates (Eqg. S12, in the Supplement), with the assumptiorknown, therefore potentially leaving some uncertainty. Note
that no BC particle losses occur. A lower limit for the BC that it does not matter whether the SP2’s sensitivity is equal
mass concentration in the aqueous santfllg,,,, is then  or different for the standard and sample nor does it have any

2.3.1 Using known nebulizer efficiency

If the overall nebulizer efficiency is known for all BC par-

Atmos. Meas. Tech., 7, 26672681, 2014 www.atmos-meas-tech.net/7/2667/2014/
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influence on the resulting uncertainty of the method if appro-Taple 1. External calibration factorqqu /ngzmw) for the CETAC

priate calibration curves are chosen for the analysis of botfyetermined by using various BC-like materials. n.a. stands for not
measurements. The reason for this is that, in this approachpplicable.

the measurement of the standard is solely used to quantify

the efficiency of the nebulizer, while it is not used to quantify Linear fit of Linear fit of
the sensitivity of the SP2. Ciia/ Cpatow Cita/ Cepatow
i H i i ; i BC-like (meant 1o0) internal (meant 1o) internal

The factorks in Eq. (3) Is given in Eq. (843) (In the Sup Material calibration with AQ  calibration with fullerene soot

plement). It shows that additional errors can potentially be

; ; SV . AQ 3.4+0.7 n.a.
|_ntroduc_ed due to the followmg two reasons: (1) if a substan Aquablack o4 30513
tial portion of the BC mass size distribution of the sample  capgjet 3.9£0.6 29403
and/or the standard falls outside the detection range of the Flame soot 4305 2.3+0.3
SP2 or (2) if the nebulizer efficiency depends on the size of _Fullerene soot n.a. 2803

the BC particles. The bias introduced by the latter only dis-

appears if the nebulizer efficiency is independent of size or

if the BC size distributions of the sample and standard have 4  Standard preparation
equal shape. The stronger the size-dependence of the neb-

ulizer efficiency and the more different the size distribution 2.4.1 BC standards
shapes, the larger the bias introduced by the second reason

(see Sect. S.2 in the Supplement for details). In order to determine uncertainties associated with using the
This approach is applied to the Apex Q/SP2- and theexternal calibration approach and to identify the suitable ma-
Collison-type/SP2-setups at PSI. terials as standard for external calibration we prepared stan-

dards withCﬁ*q ranging from 0.5 to 14 pgt! using different
BC-like materials (AQ, Aquablack 162, Cabojet 200, flame
soot and fullerene soot), similar to the procedure described
below for AQ. The actual BC content of each material was
onsidered in the calculation of the concentration?1 %

or AQ, 74 % for Aquablack, 88 % for Cabojet and 100 % for
fullerene (Gysel et al., 2011; S. Ohata, personal communica-
tion, 2013) and flame soot (T. Kirchstetter, personal commu-
nication, 2012) (Table B1).

AQ is an industrial lubricant consisting of a colloidal

Approach 2

Drifts of the liquid sample and/or air flow rates between the
measurement of the standard and the sample will result in
drift of the nebulizer efficiency. If these flows are monitored,
this can be accounted for by using the following equation to
infer the BC mass concentratiafg3, of the liquid sample
(Eqg. S37, in the Supplement):

i suspension of aggregates of graphitic carbon in water with
CS3,= Cgpzbwchq, (4)  ~70.5%%1.0% (k) BC content of the dry mass (76 % in
SP2low Gysel et al., 2011). The dry mass needs to be determined for

. each batch because the moisture content may vary between
n %

whereCSPZIOWt a?d C_SP%#]OW are the lower I||m|t (()jf tthe (IjBCd batches and AQ can dry over time.

mass concentration In the aqueous sample and standard, re-, prepared a stock with a BC mass concentration of

spectively, as inferred using Ed.)( 2500ug =L | .
. . . pgL* in a 1L glass volumetric flask. The standards
This approach is applied for the CETAC/SP2-setups aRNere diluted by mass from this stock immediately prior to

CWU and PSI. analysis. After sonicating the 2500 pgt.stock for 20 min,

The approaches 1 and 2 are identical if the flow rates qu 1 1 Ki L ool |
not drift, and the caveats made for approach 1 regarding bi'pep?:,ei;a?: eﬁ wgoctlg;;eztzfanlga? di?)fr?) 5‘223{%03% ?nne

ases introduced by using an external calibration also apply t dividual 50 mL PP vials 5 ug L standard diluted from

approach 2 (see also Egs. S44 and S45 in the Supplemen&ﬂe 2500 g EL stock; < 2 ug L=+ standard diluted from the
The external calibration factc(fl’i‘qlcg’;z'ow for approach 2 ;4 ug =2 stock). =

(or Cﬁ‘q/cgpzfor approach 1) can be determined with a single
measurement of a suitable standard. We determined this 3 4.2 Polystyrene latex sphere (PSL) standards
tio from a series of measurements of different standards with

concentrations in the range Ofy; =0.5t0~14pgL™* (for | order to investigate the size-dependence of the nebulizer
d_etalls_ on the preparation, see Sect. 2.4.1). The results al&ficiency (Sect. 3.1), we prepared standards of polystyrene
given in Table 1, where the values correspond to the slopgyiey spheres (PSL). We used PSLs with diameters of 100,
of the linear regression through the correlatiorcqg with 150, 269, 350, 450, 600, 800 and 1000nm (Duke Scien-
Cg’;z,ow for each standard, using the internal SP2 calibrationtific Corp., CA, USA) at PSI and diameters of 220, 356,
as indicated in the column header. 505, 771 and 1025nm (Polyscience Inc., Warrington, PA,
USA) at CWU. For a known PSL number concentration

www.atmos-meas-tech.net/7/2667/2014/ Atmos. Meas. Tech., 7, 26681, 2014



2672 I. A. Wendl et al.: Optimized method for black carbon analysis in ice and snow

in water, we used the solid weight percentage determined 12
by drying (on average 1.2%0.2% for the Duke PSLS) e
and provided by the manufacturer (7 % for the Polyscience § 1.0
PSLs; Schwarz et al., 2012) and calculated the number con- é 08
centrations according to Egl)(in Schwarz et al. (2012). © T 0.6
These ranged from 2.6610° to 2.48x 10° particles cnt3 ® o04-
for the Duke PSL standards, which were diluted further (at € 2 _[m ApPExPsi CETAC-PSI
least 1:5) for analysis with the CETAC and Apex Q/SP2- S 0.0 L2 C°'“S°"'IPS' f CEITAC'ICW‘U I
setups. The Polyscience PSLs ranged fromx11%° to 2 3 4 5 6789
7.9x 10° particles cm3. 0 PSL diameter (Dps,) [nm] 1000
5 b
2.4.3 Snow and ice samples EE 1.0
%< 0.8
We used several snow and ice samples to monitor the sta- %(23 06 ]
bility of the setup and to test the optimal method on real %8
samples. The so-called internal snow standards were pre- 82 047 —vY
pared from fresh snow from Blewett Pass, WA, USA, and S"’ 0.2 — = Collison-PSI
from Ewigschneefeld, Switzerland. A large amount of fresh % oo == [E=CERERS] | S
snow was melted and kept in a glass bottle in the re- ¢ 7 8%00 2 3 4 5 6878
frigerator ¢~5°C). The ice core samples used for test- BC mass equivalent diameter (Dgc) [nm]

ing the optimal method include two core segments from
an ice core from Tsambagarav Glacier, Mongolian Al- Figure 1. Comparison of the nebulizer efficiencies for the three dif-
tai, drilled at 4130ma.s.l. in 2009, and two core seg-ferentsetups (CETAC, Apex Q and Collison-type nebulizer) for par-
ments from Lomonosovfonna, Svalbard, Norway, drilled at ticle diameters from 100 te- 1000 nm.(a) Nebulizer efficiency for
1202 ma.s.l. in 2009. Those two ice cores are thought to repPSL standards of known number concentration; curves normalized
resent the extremes in terms of mineral dust content with© théir maximum.(b) BC mass size distribution of polydisperse
the Mongolian core being highly influenced by dust from the Aqugdag as measured in the t_hree set_ups; curves normalized to their
nearby deserts and the Svalbard core being remote from anran'mum' a.u. stands for arbitrary units.

large dust source. The dust content was estimated based on

the average calcium concentration in the core segments. As illustrated in Fig. 1a the CETAC has a decreased effi-
ciency not only in the largex{ 500 nm) (Schwarz et al., 2012)
but also in the small size range: 00—-250 nm), similar to
findings by Ohata et al. (2013). The Collison-type nebulizer

First, we compare the three different nebulizers tested reshows a decreased efficiency in the large size range, whereas
garding their nebulizer efficiency, which was previously in- the Apex Q gives a size-independent efficiency for the tested
dicated to be size-dependent (Ohata et al., 2013; Schwarz &fze range from 100 to 1000 nm within the variability of the
al., 2012), followed by the differences in sample consump-whole setup (15 %).

tion. Second, we discuss the choice of a standard material We further tested the three nebulizers in terms of behav-
for the external calibration. Third, we quantify the repeatabil- ior towards a commercially available BC standard, namely
ity of the external calibration. Finally, we focus on (1) sam- AQ. The BC mass size distribution of polydisperse AQ, nor-
p|e treatment, (2) Samp|e storage and (3) recovery of BC inmalized to the maximum, as measured with the three se-

3 Results and discussion

stored samples. tups (Fig. 1b), shows that the Collison-type nebulizer skews
the BC mass concentration towards smaller sizes, compared

3.1 Nebulizer comparison to the Apex Q with a size-independent efficiency, and the
CETAC reduces the tails of the size distribution at either end.

3.1.1 Size-dependence of the nebulizer efficiency This indicates that the size-dependence of the nebulizer ef-

. L , , ) ficiencies determined for PSLs (Fig. 1a) also applies to AQ
The _nebullzer efﬁmenmes for different particle sizes were de'particles, at least qualitatively. Relating the shape of the AQ
termined by measuring the PSL standards of known nums;,¢ gistribution measured by the Collison-type nebulizer to
ber cpncentrauon described in Sect. 2.4.2 with the three(hat measured by the Apex Q allows estimating the nebulizer
nebulizer/SP2-setups (Eq. S5 in the Supplement). We extendsiciency of the Collison-type nebulizer for AQ as a function
previous Sth'eS _(Ohata et al., 2013; Schwarz etal., 2012)¢pc mass equivalent diameter (Eq. S67 in the Supplement)
by introducing a jet nebulizer and analyzing BC standards., 4 mobility diameter (Eq. S72 in the Supplement), making
At PSI all three nebulizer-types were tested, whereas only &qe of the weak size-dependence of the Apex Q nebulizer

CETAC was tested at CWU. efficiency, which justifies the respective assumptions made in
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6x10° — a 3.1.2 Sample consumption
Sample consumption is crucial, especially when working
with ice cores of limited volume. The Collison-type nebulizer
at PSI requires sample volumes50 mL, whereas both the
CETAC and Apex Q need relatively small sample volumes.
In the case of our AQ standards this wa8 mL, which can
be used as a guide value, although it may vary depending
on whether the particle size distribution of the sample differs
strongly from that of AQ.

Generally, the amount of sample volume required is de-
n for PSLS (VS Deg): == termined by the recommendation to recordl0 000 BC-
0 for BC (vs Dgo):  11/04/2013: = = 3 18/04/2013: containing particles (Schwarz et al., 2012) to ensure statis-
0 for BC (vS Dyop): 11/04/2013. m = ;. 18/04/2013: — tical precision of the measurement. We can only support this

Overall efficiency, n
[Lm’]

Diameter (Dpg , Dgc; OF Dp,op) [NM]

60x10™> — recommendation although it may take more than an hour to

T 5 record 10 000 particles with the Apex Q. If this is not feasi-

g 40 —| ble with one sample in terms of available sample volume and

gmg 20 | measuring time, it is possible to combine adjacent samples at

S the expense of temporal resolution.

§ 20 The comparison of the three nebulizers suggests the Apex

o 10 Q to have the most size-independent nebulizing efficiency,
0l : T making it the most suitable nebulizer for BC analysis of snow

* T8 %00 23 eI and ice samples using a nebulizer/SP2-setup. However, the

Diameter (Dpsy, Dgc, OF Dyyop) [NM] nebulizing efficiency of the Apex Q has to be assumed to
be constant, whereas with the CETAC it can be continuously

Figure 2. Overall nebulizer efficiency dfa) the Collison-type neb-  monitored.
ulizer and(b) the PSI-CETAC nebulizer for PSLs and polydisperse  Later on in the paper, we exclude the Collison-type neb-
Aquadag (AQ) relative to that of the Apex Q on two different days. ylizer from the discussion because its high sample con-

Dpsy represents PSL diametddpc stands for BC mass equivalent - symption makes it unsuitable for the analysis of snow and
diameter;Dmop is mobility diameter. ice samples

Uncertainty of external calibration approach and

. . 2
Egs. (S66) and (S71) in the Supplement. Figure 2a shows th§ choice of BC standard material

the efficiency of the Collison-type nebulizer for BC is equal

to that for PSLs within the repeatability of this approach, . . :
whereas the relevant particle diameter that determines th he standards of different BC-like materials (AQ, Aquablack
62, Cabojet 200, flame soot and fullerene soot; see

losses for the BC particles is likely somewhere between th Sect. 2.4.1F i q ivzed with th
mass equivalent and the mobility diameter. Based on thisCE%_Ac‘/S'onrptrepartac'\(/)vnuptrogeture)_ Wetrhe an:i yzel Wll'b €
finding it would be justified to use the nebulizer efficiency ~Selupa o determine the external calibra-

i * 1,%
inferred from PSL measurements to quantify the BC maSSUoIr_\bfa?orC"g/ CfPS'OSW fér tze seﬁpr;]d approatchfof (;xternatl
concentration of an unknown sample by using the approaclﬁ";‘i;tsra lon (Sect. 2.3, Eq. 4), which accounts for flow rate

of Sect. 2.3.1. o .
The efficiency of the PSI-CETAC for BC was determined Th? sensitivity of the_SPZ fo the BC-type in Aquablack,
Cabojet and flame soot is not known; therefegg,was de-

in the same manner. Figure 2b reveals that the nebulizer effi-"""" X ) .
9 I%ermlned with both AQ and fullerene soot internal calibra-

i has th h i for B PSL .
ciency has the same shape and magnitude for BC and PS lon data (Sects. 2.2 and S.5 in the Supplement). Thus two

However, there is a substantial and size-dependent shift i - : . .
P columns with differentC:,/C&5, ., are given in Table 1. In

diameter both when using the mass equivalent or the mobil- q' ™~ SP2low
ity diameter for BC particles. This makes it difficult to im- € Cases of AQ and fullerene soot only the AQ and fullerene

possible to accurately infer the efficiency for BC from that soot internal calibration, respectively, were applied. The BC

0, i in-

for PSLs. Thus, applying Eq. (S27) (in the Supplement) tocontent qf AQ. (71% I.SC) was apcounted for_|n the .AQ N
quantify the BC mass concentration of an unknown Sampleternal calibration applied to obtain the values in the first data
; ; : . column of Table 1. The BC content was also accounted for in
would be associated with considerable uncertainty when us- ) )
y the calculation oC,Tq for the AQ standards in order to treat

ing a nebulizer with a very strongly size-dependent efficiencyit consistently (see Sect. S.4 in the Supplement). Fullerene

h as the CETAC.
suchasihe soot standards were analyzed 1 year after the AQ, Aquablack,
Cabojet and flame soot standards. AQ standards analyzed at
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~50% or more of the BC mass is associated with BC core

—— Aquablack Fullerene Soot . . o . .
1.2 - — Cabojet — Aquadag sizes below the lower detection limit of the SP2 (Fig. 3). This
o || e e cetmre o oY results in underestimation @fZ3,,,,,, overestimation of the
'§'§ 1.0 external calibration factor and thus also the BC concentra-
8 x tion that would be inferred for an unknown sample by using
Lgo08
S Eq. @).
2306 For both AQ and fullerene soot the SP2 sensitivity is
5 < known and the dominant fraction of their mass size distribu-
= g 0.4 tions lies between the upper and lower detection limit of the
= SP2 in terms of BC core size. Despite this, the external cal-
0.2 ibration factor determined for the CETAC 1870 % smaller
0.0 for the fullerene soot compared to the AQ standard. This
' difference is mainly caused by the strong size-dependence
Dge [nm] Size range where of the CETAC nebulizer efficiency with a sharp drop above
CETAC efficiency ~500nm. AQ has a larger contribution of bigger BC parti-

cles compared to fullerene soot (Fig. 3) and thus the external
Figure 3. Average mass size distributions of various BC materials calibration factor shown in Table 1, which is essentially an
measured with the CETAC/SP2-setup at CWU — Aquadag, Caboinyerted average of the nebulizer lossgs|( Dec) integrated
jet 200, Aquablack 162, flame soot, fullerene soot and BC in SNOWqver all diameters with the shape of the BC mass size distri-
(Blewett Pass, WA, USA). Large particles were allowed to settle bution of the standard as a weighting function (see Eq. S74
out of the fullerene soot sample prior to measurement accordinqn the Supplement), becomes larger for AQ. This influence

to Schwarz et al. (2012). The curve from Schwarz et al. (2012) is f the sh f the BC ize distributi f th
added to illustrate the variability of the BC mass size distribution in of the shape of the mass size distribution of the stan-

snow. The lower limit of the horizontal axis is set at 80 nm becausedard disappears for a nebulizer with a size-independent effi-

this is the lower limit of reliable internal calibration and detection Ci€ncy, such as the Apex Q, thereby strongly reducing the un-
efficiency of the SP2. certainties associated with the external calibration approach.

If a nebulizer with a strongly size-dependent efficiency, such
as the CETAC, is used, it is important to choose a standard

the same time as fullerene soot indicated a shift with timewhich best matches the shape of the BC mass size distribu-
in the losses oss(D), Eq. S9 in the Supplement) occur- tion of the sample, in order to minimize the uncertainties as-
ring in the CETAC nebulizer. Th@ﬁqlcggmow reported for  sociated with size effects. This can sometimes be AQ and
fullerene soot in Table 1 is adjusted based on the shift ofsometimes fullerene soot (Fig. 3). One advantage of AQ is
CITq/CgSZIOW of AQ analyzed during both experiments. that it does not exhibit any batch-to-batch variability of the

The values reported in Table 1 reveal that the externalcorresponding internal SP2 calibration curves like fullerene
calibration factor of the CETAC determined with different soot does (Gysel et al., 2011; Laborde et al., 2012).
standards spans a range of more than a factor of two. Con- We chose AQ to prepare the aqueous BC standards be-
sequently, the BC mass concentrations determined for awcause (1) its mass equivalent diameter distribution falls al-
unknown aqueous BC sample by using the nebulizer/SP2most entirely into the detection range of the SP270-
setup and the external calibration approach are potentially00 nm), (2) besides fullerene soot, AQ is the only standard
associated with large uncertainties. The reasons for thisvhich extends to BC diameters abowe200nm as is ex-
spread arise, e.g., from SP2 calibration uncertainties, detegected in snow and ice samples (Fig. 3) and (3) it is easy
tion range limitations of the SP2 and the size-dependencéo weigh, suspend and dilute.
of nebulizer losses (quantified lkg2/ £y, iN EQ. (S44) (in
the Supplement), which is essentially equal to Eq. 3). Uncer3.3 Repeatability of external calibration
tainties in standard preparation, i.e.,Cn,jq, also contribute
though the exact share remains unknown without a method’he external calibration of the nebulizer efficiency is cru-
to independently determine the trag, . cial when quantifying the BC mass concentration in a lig-

The sensitivity of the SP2 to the BC-type in Aquablack, uid sample by measurement of BC in the nebulized aerosol.
Cabojet and flame soot is unknown, introducing a differenceWe determined the repeatability of the external calibration by
of a factor of~ 1.8 between possible external calibration val- analyzing freshly prepared AQ standards from two different
ues, assuming that the extremes of SP2 sensitivity are represoncentrated 2500 pgit stocks over a period of 2 months,
sented by fullerene soot and that AQ accounted for the nonusing both the CETAC/SP2- and Apex Q/SP2-setups. The
BC fraction. Therefore, Aquablack, Cabojet and flame sootreproducibility was within~ 19 %. This includes the uncer-
are not recommended as calibration standard. tainty in concentrations of the stock and the diluted standards

Even if the SP2 sensitivity was known, Aquablack and and the uncertainty of the whole nebulizer/SP2-setup. These
Cabojet would remain unsuitable for external calibration astests also revealed that the 2500 pidLstocks remained
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stable over the whole 2 months, whereas the 100dgL prepared discrete samples and may not be relevant for con-
stocks experienced significant BC losses within as little agtinuous flow systems. The gains or losses in signal reported
1 day. This demonstrates the need to prepare lower concerpelow are always relative to the signal without treatment.
tration stocks and standards immediately prior to analysis.  First, we tested different vial materials including glass,

Importantly, the SP2 response to AQ scaled linearly with PFA, PP, Nalgerfe -PP and high-density polyethylene (PE-
concentration for both systems. The external calibration facHD). Dilution series of the AQ standard were created in
tor Cﬁ‘q/Cg’;ZlOW for approach 2, applied with the CETAC, each type of material using the same material from the high-
was determined from the slope of the regression line througtconcentration stock to the lowest AQ standard (0.5p4L
Clig Vs Clpoiow €ach time a dilution series was measured Each stock was sonicated for 20 min before dilution. The di-
(and likewiseCyi, /c$p, for approach 1 with the Apex Q). luted AQ standards were then sonicated again for 25 min di-
These “averaged” external calibration factors of each di-rectly prior to analysis. Both standard creation and analysis
lution series varied in the 2 months by22% for the  was done within 1 day. The different vial materials resulted
CETAC and by~ 8% for the Apex Q. Additionally, envi- in <10 % variability. The CETAC did not nebulize liquids
ronmental snow samples from Blewett Pass, WA, USA, andthat had been sonicated in PFA vials. So far, we do not un-
Ewigschneefeld, Switzerland, were used to track the stabilityderstand this effect. Maybe a change of surface tension of
of the CETAC/SP2-setup at CWU to identify whether day- the sample in the PFA vial hinders the sample from being
to-day variations in the AQ external calibration factors were nebulized with the ultrasonic membrane.
due to changes in nebulizer efficiency and/or SP2 response Second, we investigated the effect of stirring AQ standards
or errors in gravimetric AQ standard preparation. It is notas well as snow and ice core samples during the measure-
known why the variability of AQ calibration curve slopes is ment with a magnetic stir bar. Stirring is assumed to result
higher for the CETAC than the Apex Q, but the liquid BC in more representative sampling because it hampers settling.
mass concentration of the environmental snow samples varFhe ice core samples originate from Svalbard and Mongolia,
ied less than the AQ standards 9%, 2.56+0.21 g -1 and each location provided a sample with a high (92.9 and
for Blewett snow and 1.03 0.09 ug L1 for Ewigschneefeld  425.9 ug 1) and a low (24.5 and 157 pgt) calcium con-
snow), indicating that some portion of the 22 % calibration centration, representing two extremes of mineral dust con-
variability may be due to errors in AQ standard production tent. Nevertheless, the dust was not visible by eye in any
rather than variability in the CETAC/SP2-setup. SP2 userssample. The results of agitating the samples were inconclu-
are therefore advised to use a combination of AQ and envisive, although previous results recommended the use of a stir
ronmental snow standards and perform a calibration at leadear, especially for samples with high dust loads (Kaspari et
once per week. For the Apex Q/SP2-setup a weekly calibraal., 2011). The effect of stirring might vary in the case of
tion with AQ seems sufficient. samples with even higher dust content.

Blank values for the CETAC/SP2-setup are Third, we tested the same samples for the effect of soni-
0.01+0.01pgl?t for ultrapure water and cation prior to analysis by varying the sonication time from
0.03+0.01 pg =1 for ultrapure ice, prepared with the same 0 to 50 min. Sonication can break down agglomerates which
cutting process as the ice core samples. The correspondingight cause interferences in the SP2. The results showed that
blanks for the Apex Q/SP2-setup are 008.07 uygL-2and 25 min sonication increases the BC mass concentration in-
0.10+0.01 ug L1 for ultrapure ice. significantly ¢~ 5 %=+ 22 %) and that sonication for different

The calibration factors discussed in this section are uniqueéamounts of time gave inconclusive results.
to each nebulizer/SP2-setup and may shift over time due to Fourth, we examined the effect of a combination of stir-
changes in the nebulizer efficiency. As such, the relation+ing and sonication with the same samples as above. A
ship betweercgF>2IOW or cspz and Cji, must be monitored  ~ 15% 21 % increase in the measured BC mass concen-
regularly. For nebulizers with a strongly size-dependent ef-tration indicates the optimal treatment to be the combination
ficiency such as the CETAC, it may be necessary to choos@f sonication for 25 min and stirring.
between different standard materials to match the BC size Fifth, we investigated the effect of acidification of the sam-
distribution of the samples under investigation as well as posples to 0.5 M with 65 % suprapur nitric acid (HN{as pro-

sible (see Sect. 3.2). posed by Kaspari et al. (2011). This effect may depend on
the sample composition, as indicated by varying results with

3.4 Sample treatment AQ standards and snow and ice samples. Since precise sam-
ple composition is not known for snow or ice samples and

3.4.1 Treatment of fresh samples acidification causes 22 %=+ 14 % lower measured BC mass

concentrations, we do not advise acidification.
In order to optimize the BC analysis with the SP2 several These results indicate that the vial material used for fresh
methods of sample treatment were tested, keeping all othesamples may be chosen based on practicability. We use PP
parameters, e.g., liquid and air flows as well as pressure, stadals that are (1) easy to handle in the cold room, (2) large
ble. The results shown are applicable to freshly melted orenough to hold the obtained ice samples, (3) lighter and safer

www.atmos-meas-tech.net/7/2667/2014/ Atmos. Meas. Tech., 7, 26684, 2014



2676 I. A. Wendl et al.: Optimized method for black carbon analysis in ice and snow

in the field than glass and (4) low-cost, which is important was measured directly after acidification and during the fol-
especially if sampling at high resolution. Since all tests be-lowing 13 days. We found that acidification did not halt or
side that of the sonication for different time periods include slow BC losses when those samples were stored in the liquid
25 min sonication (Kaspari et al. (2011) suggested 15 min) phase. Additionally, acidification caused immediate losses of
we recommend sonicating the samples for 25 min plus stirup to~ 35 % in all of our AQ samples.

ring of the samples with a magnetic stir bar during sample Overall, we advise keeping snow and ice samples frozen

analysis. until prior to BC analysis with the SP2. If this cannot be ful-
filled, samples should be stored in glass vials at cold temper-
3.4.2 Sample storage ature ¢~ 2°C), though monitoring samples for longer than 18

days (multiple months) suggests that losses might still occur
Repeated measurements of previously melted snow samplasder these conditions (results not shown). Thus measure-
indicate that the BC concentration of samples stored in thements of samples stored in the liquid phase may underesti-
liquid phase are not stable over time. We assessed the stabitrate the actual BC mass concentration. Samples should fur-
ity of liquid samples and determined the most stable condi-ther not be refrozen or acidified since these procedures lead
tions for their storage prior to SP2 analysis. In some cases ito BC losses.
might be desirable to measure the BC concentration of aque-
ous samples that have been previously melted, e.g., archived4.3 Recovery of BC in stored samples

samples or samples from remote locations that melted dur- )
ing retrieval. Furthermore, it is preferable to store BC stan-"Ve tested whether the BC mass concentration of samples

dards created in the liquid phase for repeat use if they remaifould be recovered after undergoing losses in storage. Sam-
stable. ples that had experienced BC losses during storage were

Liquid suspensions of the BC-like materials AQ, treated with (1) acid (HNg) and (2) a dispersing agent
Aquablack, Cabojet and flame soot as well as environmen{S0dium pyrophosphate decahydrate). Kaspari et al. (2011)

tal snow samples were stored in PP and glass vials at 25 argh99€ested acidifying samples in order to recover BC lost dur-
2°C. The liquid BC mass concentration of the samples wasng refreezing, but our I’e.SLljlltS do not support acidification.
measured immediately after standard creation or melting ofX€en samples were acidified to 0.5M with 65 % suprapur
the snow, using the CETAC/SP2-setup. The concentration§!NOs, of which six responded with between 10 and 100 %
were monitored for 18 days. Samples stored in glass viald&COVery of the lost BC, and ten samples showed no recovery

at 2°C showed no significant losses, whereas samples store@ fUrther losses of 10-40%. We observed that all samples
in PP vials at 25C showed the highest losses of 30-80 %. for which acidification caused some BC recovery were stored

Samples stored in glass vials atZ5and PP vials at 2C in PP vials, whereas samples stored in glass vials showed no

experienced variable BC losses (0-20 %). These results wef@&COVery or even further losses. Since vial-type seems to af-
consistent for all BC reference materials as well as the snow€ct the amount of BC that could be recovered after acidifi-
samples (see Appendix C for data and details). We assumg&tion, we suspect that the addition of HiBelped to des-

that BC losses in aqueous samples are due to particles adhéP BC from the walls of the PP vials. Schwarz et al. (2012)
ing to vial walls or agglomerating to larger sizes outside of noted a shift towards smaller particle sizes after acidifica-
the SP2 detection range. tion and surmised that acid helped to break up agglomer-

Melted ice core samples are often refrozen for preservatiorft€d particles. We did not observe any significant shift in the
after the first measurement. Aqueous samples of snow werRarticle size distributions of samples after acidification. No
refrozen to see if this procedure affects BC stability during distinct difference in BC recovery after acidification was evi-

storage. Refreezing and thawing snow samples after the fir€nt based on different sample composition (AQ versus snow

melt resulted in BC losses of up to 60%. A second freeze-S2mples).
As in the case of fresh samples, we do not recommend

thaw cycle resulted in further losses of the same magnitude. 7> "' * -
Losses from refreezing may be due to the agglomeration ofcidification of stored samples or standards prior to BC anal-
BC particles to larger sizes not entering the system or not beYSiS due to the variable effects of acidification on BC con-

ing detected by the SP2 when the particles are rejected by thg€ntration seen in this study and the shift in particle size dis-
matrix of ice crystals (Schwarz et al., 2013). However, like tribution observed by others (Schwarz et al., 2012). Similar

Schwarz et al. (2012), we did not observe significant shifts int© &cid, treatment with the dispersing agent yielded varying

the mass size distribution of samples that underwent freezel€Sults with BC recovery in some samples and further BC

thaw cycles. losses in others. Thus we do not recommend the use of a dis-

We also tested whether acidification affected sample staP€rsing agent to treat fresh or stored samples.
bility during storage. We acidified snow samples and samples
of AQ of ~4,~10 and~ 24 ug "1 BC to 0.5 M using 65 %
suprapur HNQ@ immediately after melting (snow) or prepar-
ing (AQ) the samples. The BC concentration of each sample

Atmos. Meas. Tech., 7, 26672681, 2014 www.atmos-meas-tech.net/7/2667/2014/



I. A. Wendl et al.: Optimized method for black carbon analysis in ice and snow 2677

4 Summary We further investigated different treatments for fresh dis-
crete snow and ice samples, the effect of sample storage and
We compared three different nebulizer/SP2-setups to optithe best method to recover BC in stored samples. The sam-
mize the method for measuring BC in discrete aqueousples can be kept in PP vials, which are easy to handle and are
namely snow and ice, samples using an SP2. Both the j&ow-cost. Prior to analysis the samples should be sonicated
(Apex Q) and ultrasonic (CETAC) nebulizer were found to for 25 min and then immediately be analyzed while being
be suitable for ice core analysis because they require smalitirred with a magnetic stir bar. Acidification is not recom-
sample volumes of a few milliliters, whereas the Collison- mended. The samples should best stay frozen until just prior
type requires more than 50 mL sample. The nebulizing effi-tg analysis. If this cannot be fulfilled, the samples are best
ciency in the BC particle diameter range expected in snowkept in glass vials at a cold temperatureZ°C), although
and ice samples (100-1000 nm) is least size-dependent fahis might lead to BC losses. Refreezing or acidifying sam-
the Apex Q. However, the air and liquid flows can only be ples that need to be stored should be avoided. Further, the

monitored continuously with the CETAC. For all nebulizer- recovery of BC in stored samples cannot be improved by the
types we recommend an external calibration with BC stan-yse of acid or a dispersing agent.

dards for the determination of the BC mass concentration in
unknown aqueous samples. The choice of the BC-like stan-
dard material is crucial since it was found to potentially in-
troduce large uncertainties into the determination of the BC
mass concentrations of an unknown agueous BC sample.
Aquablack, Cabojet and flame soot are not recommended as
external calibration standards because the sensitivity of the
SP2 to their BC-type is not known, thus introducing a differ-
ence of a factor of- 1.8 between possible external calibra-
tion values. Furthermorey 50 % or more of the BC mass in
Aquablack and Cabojet is associated with BC core sizes be-
low the lower detection limit of the SP2 which results in an
overestimation of the BC concentration in the analyzed sam-
ple. The SP2 sensitivity to AQ and fullerene soot is known
and their main mass is within the detection limits of the SP2.
This implies that for a nebulizer with a size-independent effi-
ciency such as the Apex Q either AQ or fullerene soot can be
used for external calibration. If a nebulizer with a strongly
size-dependent efficiency such as the CETAC is used, it is
in some cases better to use AQ and in others better to use
fullerene soot, depending on which standard best matches
the shape of the BC mass size distribution of the sample. We
chose AQ to prepare the aqueous BC standards because (1) it
does not exhibit any batch-to-batch variability of the corre-
sponding internal SP2 calibration curves like fullerene soot
does (Gysel et al., 2011; Laborde et al., 2012) and (2) it is
easy to weigh, suspend and dilute.
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Appendix A: Instrumental setup

Figure Al displays the instrumental setup of the three differ-

ent nebulizer/SP2-systems.
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I. A. Wendl et al.: Optimized method for black carbon analysis in ice and snow

Figure Al. Instrumental setup for black carbon analysis of aqueous samples with thé/ASR@rasonic (CETAC)(B) jet (Apex Q) and
(C) Collison-type (PSlI, built in-house) setup. Comp. air stands for compressed air.

Appendix B: BC standards

In Table B1 the various BC materials are given with their

properties.

Table B1. Various BC materials mentioned in this manuscript.

BC (EC) portion

Material and lot no. Manufacturer and BC material of solid mass  Source of BC content ~ Confidence in BC
(if available) source information portion
Aquadag no. N/A Acheson Industries  Graphite 0.71-0.76*  Sunset thermal-optical ~ High, due to multiple
Inc., Port Huron, Ml analyse§* (Gysel et al., results from different
2011; R. Subramanian, laboratories
personal communication,
2013), *this study
(PSI)
Aquablack 162 no. Tokai Carbon Co. Carbon black 0.74  Sunset thermal—-optical Low, due to large spread
N/A Ltd., Tokyo, Japan analysis, this study indata 6 =0.1)
(CWU)
Cabojet 200 Cabot Corp., Carbon black 0.88 Sunsetthermal-optical High, due to small
no. 1312497 Boston, USA analysis, this study spread
(Cwu) in data ¢ = 0.01)
Fullerene soot Sigma-Aldrich Corp., Carbon black 1.0 (Gyseletal., 2011; Not analyzed by
no. F12S011 St. Louis, MO, USA  and S. Ohata, personal thermal—optical
(filtered) fullerenes communication, 2013)
Flame soot Lawrence-Berkeley Flame-generated 1.0 (T. Kirchstetter, personal Not analyzed by

National Laboratory
(Kirchstetter and
Novakov, 2007)

soot

communication, 2012)

thermal—optical
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00— T " Th Samples were stored in polypropylene (PP) and glass vials
50l = & | 5 sl at 25 and 2C and monitored over time. Teflon vials were not
“ 0?1!%,[{,@_15_5%_153%55_1!?-i}j.zu?-u-u °?'5”3“3‘5’-15”:‘”-”5":'iﬂﬁﬂ-ﬂéﬂ:“;ﬂ5ﬁ}]§“3iﬂ:°ﬂﬂé“ u_sed inthe ex_periment because sample_:s stored in Teflon_\_/ials
L [m w 2 did not nebulize properly after sonication. Sample stability
" " for AQ and environmental snow samples over an 18-day pe-
T Ty T T T T T T T riod suggests that storing samples at€5n PP vials results
o0 001 e in substantial BC losses compared to storage in glass vials
& s & o] or storage at a cold temperature (Fig. C1). Samples stored in
I S S e el o ke asze s ssngeznnsaas glass vials at cold temperatures remained near stable for 18
g E.:.- - .’.“JETE‘JIDEBHBGJ:DQHHED{I“DWBD g j [ R — ) .':‘El]ﬂﬂﬂ- -‘:”ﬂl].‘:’. ) d ay S.
N = W In addition, these experiments indicate that the magnitude
e e e pran B e e e PLE™S of BC losses in storage may be related to sample concen-
Devein storge Daysin Storage tration. After 18 days, AQ samples stored in PP vials at

Figure C1. BC concentrations itfa) environmental snowb) AQ 25°C showed 80’_ 65 and 40 % k_)sses for Iow-conce_ntratlon
~15ugL-L, () AQ ~ 10pg L1 and(d) AQ ~3pg L1 samples  (~2HgL™"), medium-concentration{8 pg L™*) and high-
tracked for 18 days in various storage conditions. The bars expresg§oncentration{ 14 pg L-!) samples, respectively (Fig. C1).
the BC concentration on a given day as a percentage of the origiThis result would imply that the magnitude of losses is
nal BC concentration (before any losses due to storage; not shownhigher for low-concentration samples compared to high-
Each bar represents one sample. Black dotted lines indicate the reeoncentration samples, but we caution that the total BC mass
peatability of the SP2, assuming no sample changes. lost in the low-concentration samples L pgL~1 equiv-
alent) is less than the mass of BC lost in the medium-
. and high-concentration samples 3 ugL~1 equivalent). It
Appendix C: Sample storage seems that while BC losses may be proportionally higher for

Here we present in greater detail the results of the Stor_Iow—concentratlon samples, total BC mass lost in storage is

age experiments discussed in the main text. Note that thes%reater n samples _that are more concentrated. This would
imply that relative differences between samples may appear

storage tests were conducted with the CETAC/SP2-setup, SO naller than thev actually are if the samples have underaone
were subject to the nebulizer efficiency issues described i y actually ! P ve g

Sect. 3.1.1. 'BC losses in storage.
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