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Abstract. Refractive and absorption indices in the UV and 7, and the single scattering albed®s,. The optical depth
visible region of selected aqueous organic acids relevant tds the extinction resulting from absorption and scattering of
tropospheric aerosols are reported. The acids investigatedhdiation by the aerosols in a column and is directly depen-
are the aliphatic dicarboxylic acids oxalic, malonic, tartronic, dant on the aerosol amount. The climate response i®©
succinic and glutaric acid. In addition we report data for nearly linear for the small optical depths of the greatest in-
pyruvic, pinonic, benzoic and phthalic acid. To cover a wide terest (Hansen et al., 1997). The spectral characteristics of
range of conditions we have investigated the agueous organiare required to model the radiative effects of aerosols, to re-
acids at different concentrations spanning from highly di- trieve aerosol parameters from satellite remote sensing, and
luted samples to concentrations close to saturation. The derte correct for aerosol effects in remote sensing of the Earth’s
sity of the investigated samples is reported and a parametesurface. In a more detailed understanding of the influence of
isation of the absorption and refractive index that allows thedifferent aerosol types on the radiative balance, the key pa-
calculation of the optical constants of mixed aqueous organigameter is the single scattering albedo, SSA (Hansen et al.,
acids at different concentrations is presented. The singld997). The SSA is determined by the absorption and scat-
scattering albedo is calculated for two size distributions usingtering properties of the aerosol type, the size distribution,
measured and a synthetic set of optical constants. The resulemd the composition. That is, to calculate the aerosol scat-
show that tropospheric aerosols consisting of only these ortering and absorption one needs the optical constants which
ganic acids and water have a pure scattering effect. is the complex index of refractiomN(A)=n(*)+ik(1); n(A)

is the wavelength dependant refractive index, and kg the
corresponding absorption index. At present the data base of
complex indices of refraction is very limited, and there is a
lack of knowledge on how the different aerosol components

Aerosols have both direct and indirect effects on the Earth’sIrncluence the Earth’s radiative balance.

radiative balance and thereby and impact on climate change; 17oPOSpheric aerosols are generally complex aqueous
currently this impact is associated with a large uncertaintyMixtures containing numerous different compounds; the ma-
(IPCC, 2001). The direct impact of aerosols on the radia-o" fraction is commonly sulphate and nitrate, however,
tive balance is through the scattering of incoming solar ra_carbpn—contammg species may also constitute the dominant
diation and the absorption of solar and terrestrial radiation -fraction. The total carbon fraction (TC) ranges from 0.1%-—
which of the processes that dominates depends on the aerosBp% depending on the location, the minimum is found in
composition and phase. The aerosols influence the radiativEemote marine areas (Kawamura and Sakaguchi, 1999; Sax-
balance indirectly by acting as cloud condensation nuclei anN@ and Hildemann, 1996; Turpin etal., 2000; Zappoli et al.,
thus affect the cloud microphysics and the albedo of the Eartit999). The characterisation of the carbon-containing frac-
(IPCC, 2001; Twomey et al., 1984). In a quantification of the tion is & challenging topic due to the wide range of com-
aerosol influence on the atmospheric radiative balance, th@ounds present. Usually this fraction is divided into a non-

fundamental parameters to investigate are the optical deptivater soluble organic fraction and a water-soluble organic
carbon fraction, WSOC. The WSOC may represent up to

Correspondence taC. J. Nielsen 75% of the TC present in aerosols, again, depending on the
(claus.nielsen@kjemi.uio.no) source and location (Decesari et al., 2001; Kawamura and

1 Introduction
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1760 C. E. Lund Myhre and C. J. Nielsen: Optical properties in the UV and visible spectral region

Sakaguchi, 1999; Kiss et al., 2002; Mayol-Bracero et al.,production of oxalic acid, the droplets may evaporate and
2002; Narukawa et al., 1999; Saxena and Hildemann, 1996)esult in aerosols with relatively high concentrations of ox-
Mono- and dicarboxylic acids are observed in snow, rain,alic acid (Warneck, 2003). The other low molecular weight
cloud droplets, fog and aerosols both in urban, rural, marinedicarboxylic acids common in the tropospheric aerosols are
remote and polar areas. As a result of the high water affinimalonic (G), succinic (G), glutaric (G), and adipic (G)
ity and low vapour pressure, dicarboxylic acids accumulateacid in addition to unsaturated or hydroxylated dicarboxylic
in aerosols (Baboukas et al., 2000; Limbeck et al., 2001).acids. Pyruvic, benzoic, phthalic §Cand pinonic acid (¢
This is in contrast to mono aliphatic carboxylic acids and isare also frequently observed (e.g. Bardouki et al., 2003; Lim-
supported both by observations and calculations (Chebbi anfieck et al., 2001; Sempere and Kawamura, 2003), see Ta-
Carlier, 1996; Saxena and Hildemann, 1996). Dicarboxylicble 1. The distribution of these organic acids depends on the
acids account for 1-15% of the total aerosol carbon (Kawa-ocation: malonic and succinic acid are the most frequently
mura and lkushima, 1993; Kawamura et al., 1996; Semper@ccurring organic acids next to oxalic acid. In the Arctic and
and Kawamura, 2003) and exhibit their highest concentra-Antarctic regions the relative occurrence of phthalic acid is
tions during periods of increased solar radiation (Kawamuranoteworthy higher than elsewhere (Kawamura et al., 1995;
et al., 1995; Sempere and Kawamura, 2003). Organic acid€Kawamura et al., 1996; Narukawa et al., 2002).

are observed both in the coarse and fine mode, an indication Twomey and co-workers (Twomey et al., 1984) suggested
of both primary a.nd secondary sources, respectl\{e!y (Baryn additional indirect aerosol effect: increased concentra-
douki et al., 2003; Kavouras and Stephanou, 2002; B8IS  (jons of atmospheric aerosols will result in higher concen-

et al., 2000; Yao et al., 2002). The study of Kavouras andyations of cloud condensations nuclei, CCN, increased cloud
Stephanou (2002) showed that in urban aerosols 73.3% Ofjrgplet concentrations and thereby in smaller droplets. Some
the dicarboxylic acids are present in the fine mod@.5um, o ganic acids are believed to play an important role as CCN
and that no dicarboxylic acids are found in the coarse mOd‘iCruz and Pandis, 2000: Hori et al., 2003: Limbeck and
whereas_in th_e marine and particglar in forest regions the diPuxbaum, 1999; Prenni et al., 2001). Crus and Pandis (2000)
carboxylic acids are also present in the in larger modes.  ghoyed that above 85% relative humidity glutaric acid parti-

The widespread presence of the low molecular weight or-¢jes take up water, and suggested that glutaric and adipic acid

ganic acids in the tropospheric particulate matter is explained,q; 55 efficient CCN. Other studies show that the ability of an

by the various sources, formation by photochemical reacganic compound to act as efficient CCN correlates with its
tions, oxidation of anthropogenic as well as natural hydro-

, ! ) el solubility (Corrigan and Novakov, 1999).
carbons and biogenic compounds, and direct emission from

combustion engines, meat cooking and biomass combustion 1€ Present study addresses a class of compounds present
(Chebbi and Carlier, 1996; Grosjean et al., 1978; Kawa-I" the WSOC; the &-Ce dicarboxylic acids, pyruvic, ben-
mura and Gagosian, 1987; Kawamura and Ikushima 199320ic, phthalic and pinonic acid, the latter representing the
Kawamura et al., 1996: Kerminen et al., 2000: Limbeck andlarge group of carboxylic acids with a complex structures re-
Puxbaum, 1999; Rogge et al., 1998; Rogge et al. 1993sulting from the oxidation of terpenes (Jaoui and Kamens,

Simoneit, 1986). Multiphase/aqueous phase chemistry i§003), benzoic and phthalic acid representing the aromatic

also believed to be an important source (Blando and Turpin©9anic acids present in secondary organic aerosols. \We

2000: Yao et al., 2002). Blando and Turpin (2000) suggestedrésent the absorption index ki the refractive index, i,
that there is a potential for secondary aerosol production irf"lnd the 'densny Of_aql_leous, solutions of the §10|ds. Ta_b'e 1
clouds. The proposed mechanism is that soluble or partly oxSummarizes the at_:l_ds_lnvestlgated together with the available
idised gases can be absorbed into water droplets and underdft@ Of their solubility in water.
chemical reactions and result in addition of organic material
to the particle phase when the droplet evaporates.

Oxalic acid is the most abundant organic acid in the tropo-
sphere at all locations in the continental background aerosolg Experimental
as well as in marine, Antarctic, Arctic, urban areas and in
ig%ﬁoi’ arxgritigdaggwkﬁls%rrr?;s fgggl;ng}]( ;VGV;O;{Jean e?t az?_l,'Z.l The absorption index in the ultra violet/visible region
1995; Kawamura and Sakaguchi, 1999; Kawamura et al.,
1996; Kerminen et al., 2000; Limbeck and Puxbaum, 1999;The experimental method and calculation procedure is re-
Mochida et al., 2003; Narukawa et al., 2002; Sempere angorted previously (Myhre et al., 2004) and only the main
Kawamura, 2003). So far, no primary source or gas phaserinciples are described here. The spectra were measured
oxidation scheme is known, which results in oxalic acid in at 295 K in the 200—1100 nm wavelength range using an Ag-
the tropospheric aerosols. Instead, aqueous phase chemistitgnt 8454E photodiode array spectrophotometer with a res-
in cloud and fog droplets as well as in aerosols is believedolution of ~1 nm, which is sufficient to resolve the expected
to play an essential role. Subsequent to the aqueous phasdsorption band structures for the solutions under study, and
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Table 1. Summary of the investigated organic acids and their molecular structures and solubilities in water at 293 K.

MW
Molecular structure Solubility in water
gmol™

Oxalic acid
90.03 12g% 8.0 wt%°

(C)

Malonic acid
104.06 161 g, 73.5 wt%

(C3)

Tartronic
120.06 very soluble

acid (Cs)

Succinic
118.09 8.8¢g,58 wt%

acid (Cy)

Glutaric acid
132.11 116 g, 63.9 wt%

(Cs)

O,
OH
HO
o
o o
HO/“\/U\OH
OH
o:é_{o
HO OH
o
T
HO'
o
o [¢]
HOMOH
0
Pyruvic acid oH
88.06 Totally miscible with water °
(C3)
o
HO :
o
OH
(e
HQ
/
(e}
M"
o HO

Benzoic acid
122.12 0.29 wt%

(Cy)

Phthalic acid
166.13 06g

(Cs)

Pinonic acid
184.23 0.64-0.71

(&)

% The solubilities in g/100g are taken from Saxena and Hildemann (1996) except for pinonic acid, which is taken from Raymond and Pandis
(2002).
b The solubilities in wt% is taken from Gerhartz et al. (1985-1996) at 293 K except for phthalic acid which is taken from Hori et al. (2003).
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Table 2. The investigated binary aqueous samples together with their measured refractive ihd&228 nm and density 8t=293 K. No
data: The pH was too low to be measured with the available instrument.

Component Concentration/wt%  Refractive indes833nm  Densit{/g cm 3 pH
Oxalic acid 0.01 1.3321 0.99844 3.22
0.11 1.3322 0.99885 2.10
1.00 1.3333 1.00329 1.75
5.05 1.3379 1.02184 1.58
10.05 1.3428 no data 1.10
Malonic acid 0.10 1.3322 0.99847 2.53
1.04 1.3332 1.00206 2.00
9.97 1.3428 1.03521 1.50
25.05 1.3588 no data 1.30
60.02 1.4031 no data 0.80
Hydroxymalonic acid 0.01 1.3323 0.99838 2.70
1.02 1.3335 1.00287 1.70
Succinic acid 0.01 1.3323 0.99781 2.90
1.03 1.3333 1.00102 2.70
8.07 1.3418 1.02304 1.83
Glutaric acid 0.01 1.3323 0.99839 4.00
1.03 1.3335 1.00107 2.70
4.99 1.3379 1.01111 2.40
24.85 1.3612 1.06383 1.92
49.96 1.3940 1.13477 1.60
Pyruvic acid 0.11 1.3324 0.99861 2.40
1.02 1.3333 1.00192 1.90
5.01 1.3382 1.01629 1.60
Benzoic acid 0.05 1.3323 0.99838 3.20
0.10 1.3324 0.99847 3.15
0.47 1.3328 0.99886 3.00
Phthalic acid 0.07 1.3322 0.99815 2.75
0.11 1.3326 0.99850 2.67
cis-Pinonic acid 0.15 1.3324 0.99840 3.50

4 The estimated erros;=0.020

with an integration time of 0.5s. The absorption index,)k(  windows but with different path lengths. Assuming that the

is derived from the Beer-Lambert law and is given by: scattering losses inside the sample can be neglected we may
A() - A then use the following relation:
k(») = In(10) , (1)
Amd S ) =RA0)+A () - di, )

where 1 is the wavelengthd is the optical path length

through the sample, and A is the dimensionless ab- where Rfl{) is the reflection loss, ;&) is the experimental
sorbance, expressed asog(l/lg), that is the ratio of the spectrum, A()) is the absorbance per unit path length and
monochromatic radiant power transmitted through the samis the corresponding path length of the cell. The absorbance
ple to that incident on the sample. The true absorbance carspectrum corrected for the reflection lossesi)Afvas ob-

not be measured directly because the solution to be studtained by a least square calculation of four spectra with dif-
ied is enclosed by cell windows. Reflection and scatteringferent path lengths. In the present study, the path lengths of
losses can, and will, occur at the various interfaces of thethe cells were 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 mm; the
cell. To compensate for these losses the common procedurgelection of the 4 most appropriate path lengths was deter-
in UV/Visible spectroscopy is to use a cell containing only mined by the absorption strength. The absorbance spectrum
the solute and use this spectrum g8.). In the present case corrected for the reflection losses,A( is in turn used in

this is not an appropriate method as the solvent (water) ifEq. (1) to derive the absorption indexak(

an integrated part of the sample and important for the at- A critical point in the analysis is the assumption that the
mospheric application of the results. Instead we employedscattering losses inside the sample can be neglected, and that
an alternative method using four cells with closely matchingonly the reflection losses at the windows are contributing to

Atmos. Chem. Phys., 4, 1759-1769, 2004 www.atmos-chem-phys.org/acp/4/1759/
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Rfl(%) in Eq. (2). We have previously justified this assump- sity data is estimated t4x 104 g cm 2 determined by the
tion, carried out a critical evaluation of the error in the ab- uncertainty in the concentrations.

sorption index in the UV/VIS wavelength region derived by

this procedure, and tested our method by comparison with . .

literature data of absorption indexes (Myhre et al., 2004).3 Reésults and discussion

The agreement with absorption index of water presented byl.

Bertie and Lan (1996) is quite satisfactory — the difference he concentrations of the organic acids in the ambient

; , aerosols are determined by several factors, among them are
is less than 1 standard error of the least squares fit, and fre relative humidity and their vapour pressure. To cover

maximum absolute difference at 990 nm of less thanx1..0 , " ) .

7 . a wide range of conditions we have investigated the aque-
107, We have also compared our results obtained for 25ous organic acids at different concentrations spanning from
wt% aqueous (Nk)2SOy and 48 wt% aqueous 30y with . 9 . - P 9 .

: S highly diluted samples, representing fog and cloud condi-

data from Gosse et al. (1997) and obtained a similar agree- . A X
X . : tions, to concentrations close to saturation, representing the

ment. The differences are less than 2% in the absorbing re-

. . . : conditions of aerosols at low relative humidity.
gions and less than 10% in non-absorbing regions. Y

Based on this examination we estimate that the relative un3.1  The density of aqueous organic acids

certainty in the reported absorption indexes is less than 5% in

regions with absorption indexes higher than>110~°. The The density is an essential quantity in modelling the com-

photometric noise in our instrument results in a relative un-plex index of refraction of multi-component solutions. We

certainty below 1% when the absorption index is higher thanonly measured the density of samples having a pH higher

5.0x10"’. The uncertainty in the path lengths of the cells than approximately 1.6 — a restriction emerged by the instru-

are+0.01 mm resulting in an relative uncertainty in absorp- ment. The results of the density measurements are listed in

tion index of less tham-1% except for oxalic and benzoic Table 2. Relatively small variations in the density were regis-

acid where the shortest cells are applied. The shortest celltered even for the solutions with highest concentrations. The

results in an relative uncertainty 6£2% when the absorption density of all the investigated samples is ranging from the

index is higher than-5.0x10~8 and increase to about 10% value of water at 293K, 0.99824 g cthat 1 atm (Lemmon

when k¢.) is around 1.6&10". et al., 2003) to that of a 50 mass weight percent (wt%) glu-
taric acid with a density of 1.1348gcm. In the investi-

2.2 The refractive index and the calculation procedure ~ 9ated concentration range the measured densities are reason-
ably approximated by a simple relation:

The refractive index of the aqueous organic acids were meag  ion = 0.99824+ 0.708- X077 3)
sured atr=632.8nm (15798 cmt, He-Ne laser) using a _ . o _ _
thermostated Abbe Standard 60 refractometer and keepinghere x is the mole fraction acid in the solution. This
the temperature at 298.5K. The refractive index at each empirical relation reproduces all the observations within
concentration reported in Table 2 results from an average of.0013gcm®, which should be compared to the estimated
4 individual measurements, all with standard deviations lesgincertainty of 0.0004 g cn®. That is the empirical relation
than 2<10~4. The estimated absolute erros(llof approxi-  reproduces the observation within 3 times the estimated stan-
mately 0.15% is based on the instrument ability to reproducedard deviation of the observations.

literature values at the relevant wavelength and temperature.

The wavelength dependant refractive index,)nin the re-

gion from 275-1100 nm was determined from the absorptionthg gpectral structures of the UV/VIS absorption indices of
index by the Kramer-Kronig relation as described by Ohtayhe zjiphatic dicarboxylic acids are very similar. The band

and Ishida (1988) and Bertie et al. (1993), and using the meagpseryed in the spectra is the weak<n transition of the
sured index of refraction at 632.8 nm as anchor point. carboxylic group and for oxalic acid it is known to start close
to ~300 nm with its maximum around 260 nm in aqueous so-
2.3 The density lutions (Back, 1984; Maria and McGlynn, 1972); the band is
shifted towards lower wavelengths in aqueous polar solutions
The density was measured by the use of a Den-compared with the vapour phase (Back, 1984; Martin et al.,
sity/Specific Gravity/Concentration Meter, DMA 5000, from 2000). The medium-strong* < transition occurs in the
Anton Paar. The repeatability of the instrument is re- vacuum UV around 170 nm. In the investigated samples the
ported to be k10 ®gcm3 and the temperature is con- band centres are slightly displaced due to conjugation, substi-
trolled to £0.001 K. All measurements were performed at tution and solvent effects. Figure 1 shows the absorbance in
T=293.00 K. The measuring range of the instrument is fromthe UV-Visible region of 4 selected organic acids dissolved
0-3gcnT3 and the approximate amount of sample in thein water. The aromatic compounds presented in the upper
measuring cell is 1 mL. The uncertainty in our reported den-panel exhibit ther* <— transition typical for aromatic rings

The absorption index of aqueous organic acids

www.atmos-chem-phys.org/acp/4/1759/ Atmos. Chem. Phys., 4, 1759-1769, 2004
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Fig. 1. The absorbance spectra of selected organic acids in thé:ig' 3. The absorption index of the selected 1wt% dicarboxylic
UVIVIS region. The concentrations are in molar acids and pyruvic acid. The absorption index of water is included

for comparison.

this wavelength region the absorption index is linearly depen-
8.0x10° B

101 wit% Oxalic acid dant on the molar concentration of oxalic acid, and molecu-
9 — 5.0 wt% Oxalic acid 1 lar interactions and dissociation do not influence this part of
% s 1.0 wt% Oxalic acid th t This is i t with the UV t b
2 6.0x10°- 0.11 wi% Oxalic acid i e spectrum. This is in agreement wi e spectra ob-
5 H,0, this work | tained of different oxalate species (Cruywagen and Heyns,
= 1983). Note that even though thé& <—n transition in oxalic
g 40x107 T acid is weak, the absorption index of a 1wt% oxalic acid
<

is approximately a factor of 100 larger than that of water
] at 300nm. The results for oxalic acid are representative for
all the aliphatic dicarboxylic acids, the only difference being
that the longer dicarboxylic acids show much weaker band
00— = - = = intensities in this region. Figure 3 compares the absorption
275 300 325 350 . . . . .. .
Wavelength /nm index of oxalic, malonic, hydroxymalonic, succinic, glutaric
and pyruvic acid at 1 wt%. The intensity difference between
oxalic acid and the other acids investigated is substantial. It
Fig. 2. The absorption index of oxalic acid in the UV-region. Data is worth to emphasize that the absorption indexes of hydrox-
for water is included for comparison. ymalonic acid and malonic acid are nearly identical in the
entire wavelength region demonstrating that dhbydroxyl
group does not influence the absorption index in a significant
in addition to the carbonyl transition* <—n at~275nm (the  manner. Furthermore the figure clearly illustrates the differ-
path length used in the presented absorbance spectra of tlemt spectral profile of pyruvic acid, discussed previously.
aromatic compounds is 1 mm). The results demonstrate that The band in the near infrared region, located around

the absorbance in the visible and near infrared region is domg7s nm is an infrared water overtone/combination band and
inated by the weak water overtone/combination band arounghe absorption strength is dependant on the amount of water
980 nm, whereas in the in UV region large differences arepresent in the investigated samples. Accordingly, the absorp-
evident. In the lower panel are the absorbance spectra of 0Xjon index of this band is identical for all the 1 wt% organic
alic and pyruvic acid in 5mm cells presented. The spectralacids and for concentrations in this range, also identical with
positions of the bands observed for oxalic acid and the othethat of pure water. The absorption index of this band de-
investigated dicarboxylic acids are very similar, but pyruvic creases in the highly concentrated solutions. This is demon-
acid differs being a keto acid, see Table 1, withzits<-n  strated in Fig. 4, which shows the absorption index of glutaric
transition of the keto group around 325 nm. acid at 3 concentrations; 1, 25 and 50wt%. The intensity
The spectral characteristics of the absorption index of ox-of the water band is reduced as the concentration of the di-
alic acid are further visualized in Fig. 2, which shows the carboxylic acid increase. However in contrast to the almost
absorption index of oxalic acid at different concentrations in perfectly linear relationship between the absorption in the
the 275-400 nm spectral region. The figure illustrates that inUV/VIS region and the molar concentration, the relationship

2.0x10°

Atmos. Chem. Phys., 4, 1759-1769, 2004 www.atmos-chem-phys.org/acp/4/1759/
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] o ) ) ) Fig. 6. The absorption index of selected organic acids compared
Fig. 4. The absorption index of glutaric acid at different concentra- ith common inorganic aerosol components.

tions. Data for water is included for comparison.

1.410 T T T T T T
2.0X1075 —T r 1 1 T 1 T T T T T — 1.4004 L]
E = Oxalic acid
o 1.390 e Malonic acid
—— 0.10 wt% Benzoic acid Q L
———0.07 wt% Phtalic acid ] i 13801 pdroxymajonic acid
5 : o MIAlt abh < 5 v Succinic acid
o« 1:5%1074 0.15 wt% Pinonic acid ] i 1.3704 Glutaric acid
8 —— 1 wt% Oxalic acid 2 1360 - < Benzoic acid
£ 1 wt% Pyruvic acid £ v e Phtalic acid
5 ] 2 1.350- v ¢ Pinonic acid
= 5 s o . .
= 1.0x107 1 - § 1.3404 # i * 'I\9/|y‘|'tl:1v|c ac|(|;| o )
5 1 5 o v Methanesulphonic acid
2 o 1.3304 Ternary mixtures
< ] 1.320 T T T T T T 1
5.0x10° - ] 0 10 20 30 40 50 60 70
1 wt% organic acid
\ \
0.0-\& Fig. 7. The refractive index at=633 of binary and ternary mixtures

T T T T T T T T T T
290 300 310 320 330 340 350 360 370 380 390 400

of organic acids dissolved in water at different concentrations. The
Wavelenath /nm

data for aqueous methanesulphonic acid (M) were not included in

Fig. 5. Comparison of the absorption index of selected organic acidsthe least squares fitting according to Eq. (4).

in the UV-region.

acid with a band centre at 325 nm. This displacement may

of this band deviates slightly from linearity. As mentioned pe of atmospheric importance and is further investigated in
this band originates from the overtones and combinations ofne calculations of the single scattering albedo.
infrared bands and generally intermolecular forces are essen- Figure 6 illustrates a comparison of some of the investi-
tial for the structure of overtone and combination bands Ofgated water-soluble organic acids together with common in-
aqueous solutions. The UV/VIS spectrum of glutaric acid, organic aerosol species and water. In the UV/VIS region
Cs, is very weak at wavelengths longer than 275 nm, and eszpoye 275 nm there are very weak absorbances for all the
septially comparable to water, also for the 50 wt% glutaric compounds with pyruvic acid as the most interesting for at-
acid. mospheric applications. In the near infrared region is it the

A comparison of the selected organic acids investigated issmount of water, which is totally determining the intensity.
presented in Fig. 5. The results demonstrate that the absorprhis is clearly illustrated by the results of aqueous 25 wt%
tion by the aromatic compounds is much stronger than forglutaric acid and aqueous 25 wt% (WHSOs, which is vir-
the cyclic and aliphatic acids and phthalic acid is the one Withtually equal and only minor changes are apparent possibly
the highest absorption investigated in this wavelength regionexplained by different intermolecular forces.
Pinonic acid, the cyclic dicarboxylic acid, has comparable
absorption strength to the aliphatic dicarboxylic acids; still 3.3 The refractive index of agueous organic acids
the absorption index of this compound is somewhat stronger
than oxalic acid at the same concentration. Again we observ@able 2 presents the results of the refractive index measure-
the different profile of the absorption spectrum of pyruvic ments at=632.8 nm, and the results are visualised in Fig. 7
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Table 3. Mixtures used in the experimental tests of the mixing model together with their measured refractive index and dEn2i@3 &t.

Nr Component i Component Refractive index632.8nm  Density/g cm®
1 10 wt% malonic acid 10 Wt%dNH4) 2SOy 1.3585 1.09249

2 2 wt% oxalic acid 2 wt% succinic acid 1.3368 no data
3 10.5wt% oxalic acid 7.5 succinic acid 1.3523 no data
4 1 wt% oxalic acid 1 wt% glutaric acid 1.3346 1.00619
5 4.5wt% oxalic acid  31.5wt% succinic acid 1.3753 no data

where the results for the ternary mixtures are indicated bysalt, (NH;)2SOy, together with malonic acid. Table 3 sum-
their numbers in Table 3. As can be seen the refractive indexnarises the mixtures investigated together with their mea-
of the agueous organic acids is essentially determined by theured densities and refractive indexesa632.8 nm.

amount acid present, and not by the molecular characteris- The absorption index of the ternary mixtures can be cal-
tics of the components. The refractive index changes linearlculated from the absorption indices of the individual compo-
with the total acid weight percent in the investigated concen-nents by a simple linear parameterisation:

tration range from 0 to 60 wt%. We have recently reported
refractive index of agueous methanesulphonic acid solution
(Myhre et al., 2004), and these data, indicated by “M” in

Fig. 7, fit very well with the dependence of the refractive in- M; and#; are the molar concentrations of componiand
dex on the total solute concentration present in the sample. j dissolvéd in water, and,, is the molar concentration of
The refractive index at=632.8 nm of binary as well as ater. k2(1.) andk? (1) are the molar absorption index com-
general mixtures can quite accurately be approximated by "fbonentil andj, reépectively, and,, (1) is the molar absorp-
polynomial in the acid weight fractiony, in region from 0 {51 index of pure water. The molar absorption indexes of the
0 0.6: acids studied and of pure water are given as supplementary
information. The experimental absorption index of the mix-
ni=6328 = 1.3320+ 0.12- . “) tures are reproduceg within10-6 in tﬁe UV region, while
This empirical relation reproduces all the observations (forthe deviations are somewhat larger in the near infrared region
the organic acids) within 0.0005, which should be comparedwhen the absorption features are of vibrational origin.
to the estimated uncertainty of 0.0002. That is the empirical The results of this exercise shows that provided the molec-
relation reproduces the observation within 3 times the esti-ular interactions do not change substantially with mixing,
mated standard deviation of the observations. one may estimate the absorption index of any mixture of the
organic acids quite accurately by:
3.4 Experimental and parameterised absorption and refrac-,
tive index of organic aqueous mixtures 96'lf'-'<»l~~~-w (Mi, Mj, My, My ... M)
o _ _ L =My k)Y Mk O) 6)
The absorption index of mixtures of different organic and ;
inorganic compounds is of particular importance in atmo-
spheric research. Our results of the binary mixtures of pur

organic acids dissolved in water indicate that the absorptior}:ulateol from Eq. (4). Finally;(A) of a mixture can then be

![rr:dex ”: the 280_%05{0 nm r;e(_;]r;on ls.gwecély prtopor_tll_ﬁnal tcl) obtained by the Kramers-Kronig transformation of the cal-
€ mofar concentrations of the acid and water. - 1he onlyq, , 410 absorption index employing—e328 as the anchor
minor deviation being the water overtone/combination band

: . oint.
around 980 nm, see Sect. 3.2. We have also investigated se- !

lected ternary mixtures to examine if the absorption index of3 5 single scattering albedo of aqueous organic acids
these types of mixtures might show the same simple linear aerosols
molar concentration relationship.

The ternary mixtures investigated in this work span a wideThe single scattering albedo, SSA, is defined as:
range of conditions, from diluted solutions to solutions close
to saturation. The mixtures are also composed according ter = & )
their solubilities with oxalic acid mixed both with a highly Oscart Qabs
soluble dicarboxylic acid, glutaric acid, and with a lesser sol-where Qscatis the scattering efficiency an@aps is the ab-
uble acid. We have also studied a mixture of an inorganicsorption efficiency of the aerosols calculated by Mie theory

& (Mi, Mj, My) = M -k G) + M - K5 0) + My -y (1), (5)

wherek; ; (1) is the absorption index of a ternary mixture,

also given as supplementary information. The corresponding
Sefractive index1,—g328 Of the mixture may in turn be cal-
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assuming spherical particles and adopting the aerosol com-
plex index of refraction and size distribution. The interpreta-
tion of SSA is that form=1 the aerosols in question are to- 1.380 ]
tally scattering and therefore lower the global mean surface 1478
temperature; low values @# indicate that the aerosols will 40x10 ®)
rise the global mean surface temperature. Several climate ?;g:}gZ:L
1883 - - - - - -

0.995-‘

1390 —m———r——7——————— 7

1.385 -

Refractive
Index

Index

Absorption

and radiative model studies have investigated the turnover

value. Haywood and Shine (1995) showed that the criti-

cal value of SSA changes as a function of the surface re-

flectance. With the global mean albedo of 0.3 as the chosen

surface reflectance they reported the critical single scattering

albedo to be approximately 0.85, dependant on the size of the

aerosol. Later Hansen et al. (1997) reported critical values in P

the range from 0.86-0.91. The highest value represents a Wavelength /nm

model case when all feedback mechanisms are included, in-

clusive the effect of absorbing aerosol on clouds, referred tcrig. 8. Optical properties of a mixture consisting of 5wt% oxalic

as the semidirect aerosol effect. Hansen et al. (1997) conacid, 5wt% malonic acid, 5wt% succinic acid, 5wt% glutaric acid,

cluded that aerosols with single scattering albedo as large a&0wt% pyruvic acid, 1 wt% benzoic acid ang@. The refractive

@ =0.9 might lead to net global warming, and that the anthro-and absorption index presented&) and(b) respectively is calcu-

pogenic aerosol feedback on the global mean surface tempeiated by use of the presented parameterisation. The single scatter-

ature might be positive. ing albedo presented (o) is for two different size distributions; red
Calculations of the single scattering albedo using the ob-Curve”=0.05.m, black curver=0.25um.

tained complex index of refraction of different mixtures were

performed. A model using Mie theory assuming spherical

aerosols is applied (Wiscomb, 1980). To study the effect ofis 0.996 at 325 nm and a geometric mean radius of @185

various optical constants of organic acids we have assumedhe minimum value is results from the absorption band of

constant aerosol distribution in all the calculations. Size dis-20 wt% pyruvic acid.

tributions may vary considerably for organic aerosols as the

sizes of the aerosols are dependant on factors as primary

or secondary sources and the aging of the aerosols. Yao et

al. (2002) presented size distributions of aerosols containingt  Atmospheric implications and conclusions

dicarboxylic acids and they find that the profile of the size

distributions of these aerosols is similar to the profile of the e conclusion from the SSA calculations is that tropo-
size distribution of sulphate aerosols. However, they fou”dspheric aerosols consisting of organic acids and water,
that most of the dicarboxylic acids were observed in a modégjmilar to the ones studied here. have a pure scattering

with radii ranging from 0.16-0.5m, and not in the accu-  gftect. These classes of organic compounds present in

mulation mode. This is in contrast to the observations of 5645015 scatter solar radiation similar to sulphate aerosols
Kavouras and Stephanou (2002). We therefore investigatedq have a cooling effect on the climate; these aerosols do

two cases with different geometric mean radii. A mono 10g- ot have a direct aerosol heating potential. The conclusion

normal size distribution with and standard geometric meang not gependant on the concentration of the organic acids
of 2.0 is used and the geometric mean radius of Q@5  resent in the aerosols. Pyruvic acid is the only investigated
is applied as a typical value for the fine mode and a radius,gjq \ith absorption band in the wavelength range from
of 0.25um as a representative value from the study of Ya03go_700nm. The results show that even if the aerosols
et al. (2002). The results are presented in Fig. 8. The Upgontain 75wt% of pyruvic acid the absorption is still too
per panels (a) and (b) show the calculated refractive and alieak and taking place at too short wavelengths to have any
sorption index respectively of the mixture with the highest possibility to rise the global mean temperature.

organic content investigated; 5wt% oxalic acid, 5wt% mal-

onic a_lcid, _5Wt% succinic a_\cid, _5Wt% glutaric acid_, 20 wt% Supplementary material available.

pyruvic acid, 1 wt% benzoic acid 4#D; a total organic con-

tent of 41wt%. The absorption and refractive indices are

calculated using the presented parameterisation and proce-

dure. The lower panel shows the calculated single scatteringicknowledgementsThe present work was funded through the
albedo for the two cases. The red curve is the SSA usindNorwegian Research Council Grant no. 123289/410.

r=0.05um as the radius and the black curve is the results cor-

responding to-=0.25um. The lowest SSA value calculated Edited by: W. Conant

0.990

0.985 B

Single Scattering Albedo

www.atmos-chem-phys.org/acp/4/1759/ Atmos. Chem. Phys., 4, 1759-1769, 2004



1768 C. E. Lund Myhre and C. J. Nielsen: Optical properties in the UV and visible spectral region

References T., Ding, Y., Griggs, D. J., Noguer, M., van der Linden, P. J.,
Dai, X., Maskell, K., and Johnson, C. A., Cambridge University
Baboukas, E. D., Kanakidou, M., and Mihalopoulos, N.: Car- Press, Cambridge, United Kingdom and New York, NY, USA,
boxylic acids in gas and particulate phase above the Atlantic 2001.
Ocean, J. Geophys. Res. A, 105, D11, 14459-14 471, 2000.  Jaoui, M. and Kamens, R. M.: Gaseous and particulate oxidation
Back, R. A.: The ultraviolet absorption spectrum of oxalic acid va-  products analysis of a mixture afpinene +g-pinene/Q/air in
por, Can. J. Chem,, 62, 8, 1414-1428, 1984. the absence of light ang-pinene +8-pinene/NQ/air in the pres-
Bardouki, H., Liakakou, H., Economou, C., Sciare, J., Smolik, J., ence of natural sunlight, J. Atmos. Chem., 44, 3, 259-297, 2003.
Zdimal, V., Eleftheriadis, K., Lazaridis, M., Dye, C., and Mi- Kavouras, I. G., and Stephanou, E. G.: Particle size distribution
halopoulos, N.: Chemical composition of size-resolved atmo-  of organic primary and secondary aerosol constituents in urban,
spheric aerosols in the eastern Mediterranean during summer and background marine, and forest atmosphere, J. Geophys. Res. A.,

winter, Atmos. Env., 37, 2, 195-208, 2003. 107, D7 and D8, AAC 7/1-AAC 7/13, 2002.

Bertie, J. E., Zhang, S. L., Eysel, H. H., Baluja, S., and Ahmed, Kawamura, K. and Gagosian, R. B.: Implications of w-
M. K.: Infrared intensities of liquids. XI: infrared refractive in- oxocarboxylic acids in the remote marine atmosphere for photo-
dices from 8000 to 2 cmt, absolute integrated intensities, and oxidation of unsaturated fatty acids, Nature (London, United
dipole moment derivatives of methanol a5 Appl. Spec., 47, Kingdom), 325, 6102, 330-332, 1987.

8,1100-1114, 1993. Kawamura, K. and lkushima, K.: Seasonal changes in the distribu-

Blando, J. D. and Turpin, B. J.: Secondary organic aerosol forma- tion of dicarboxylic acids in the urban atmosphere, Env. Sc. Tec.,
tion in cloud and fog droplets: a literature evaluation of plausi- 27, 10, 2227-2235, 1993.
bility., Atmos. Envir., 34, 10, 1623-1632, 2000. Kawamura, K., Kasukabe, H., Yasui, O., and Barrie, L. A.: Pro-

Chebbi, A. and Carlier, P.. Carboxylic acids in the troposphere, duction of dicarboxylic acids in the arctic atmosphere at polar
occurrence, sources, and sinks: a review, Atmos. Envir., 30, 24, sunrise, Geophys. Res. Lett., 22, 10, 1253-1256, 1995.
4233-4249, 1996. Kawamura, K. and Sakaguchi, F.: Molecular distributions of wa-

Corrigan, C. E. and Novakov, T.: Cloud condensation nucleus ac- ter soluble dicarboxylic acids in marine aerosols over the Pacific
tivity of organic compounds: a laboratory study, Atmos. Envir.,  Ocean including tropics, J. Geophys. Res. A, 104, D3, 3501—
33, 17, 26612668, 1999. 35009, 1999.

Cruywagen, J. J. and Heyns, J. B. B.: Determination of the dissoKawamura, K., Semere, R., Imai, Y., Fuji, Y., and Hayashi,
ciation constants of oxalic acid and the ultraviolet spectra of the M.: Water soluble dicarboxylic acids and related compounds
oxalate species in 3M perchlorate medium, Talanta, 30, 3, 197— in Antarctic aerosols, J. Geophys. Res. A, 101, D13, 18721-
200, 1983. 18728, 1996.

Cruz, C. N. and Pandis, S. N.: Deliquescence and Hygroscopi&erminen, V.-M., Ojanen, C., Pakkanen, T., Hillamo, R., Au-
Growth of Mixed Inorganic-Organic Atmospheric Aerosol, En-  rela, M., and Merilainen, J.: Low-molecular-weight dicarboxylic
vironmental Science and Technology, 34, 20, 4313-4319, 2000. acids in an urban and rural atmosphere, J. Aero. Sci., 31, 3, 349—

Decesari, S., Facchini, M. C., Matta, E., Lettini, F., Mircea, M., 362, 2000.

Fuzzi, S., Tagliavini, E., and Putaud, J.-P.. Chemical featuresKiss, G., Varga, B., Galambos, |., and Ganszky, |.: Characterization
and seasonal variation of fine aerosol water-soluble organic com- of water-soluble organic matter isolated from atmospheric fine
pounds in the Po Valley, Italy, Atmos. Envir., 35, 21, 3691-3699,  aerosol, J. Geophys. Res. A, 107, D21, ICC1/1-ICC1/8, 2002.
2001. Lemmon, E. W., McLinden, M. O., and Friend, D. G.: Thermophys-

Gerhartz, W., Elvers, B., Yamamoto, S., Campbell, T., Pfefferkorn, ical Properties of Fluid Systems, National Institute of Standards
R., Rounsaville, J., and Editors: Ullmann’s Encyclopedia of In-  and Technology, Gaithersburg MD, 20899, 2003.
dustrial Chemistry: Fifth, Completely Revised Edition, Wein- Limbeck, A. and Puxbaum, H.: Organic acids in continental back-

heim: VCH Verlagsgesellschaft, 1985-1996. ground aerosols, Atmos. Env., 33, 12, 1847-1852, 1999.
Gosse, S. F., Wang, M., Labrie, D., and Chylek, P.: Imaginary partLimbeck, A., Puxbaum, H., Otter, L., and Scholes, M. C.:

of the refractive index of sulfates and nitrates in the 0.74x206 Semivolatile behavior of dicarboxylic acids and other polar or-

spectral region, Appl. Opt., 36, 16, 36223634, 1997. ganic species at a rural background site (Nylsvley, RSA), Atmos.

Grosjean, D., Van Cauwenberghe, K., Schmid, J. P, Kelley, P. E., Envir., 35, 10, 18531862, 2001.
and Pitts Jr., J. N.: Identification of3SCyp aliphatic dicar-  Maria, H. J. and McGlynn, S. P.: Electronic states of oxalic acid
boxylic acids in airborne particulate matter, Env. Sc. Tec., 12, and dimethyloxalate. Absorption studies, J. Mol. Spectr., 42, 1,

3,313-317, 1978. 177-196, 1972.
Hansen, J., Sato, M., and Ruedy, R.: Radiative forcing and climateMartin, M. E., Sanchez, M. L., Olivares del Valle, F. J., and Aguilar,
response, J. Geophys. Res. A, 102, D6, 6831-6864, 1997. M. A.: A multiconfiguration self-consistent field/molecular dy-

Haywood, J. M. and Shine, K. P.: The effect of anthropogenic sul- namics study of thex—> p*) 1 transition of carbonyl compounds
fate and soot aerosol on the clear sky planetary radiation budget, in liquid water, J. Chem. Phys., 113, 15, 6308-6315, 2000.
Geophys. Res. Lett., 22, 5, 603-606, 1995. Mayol-Bracero, O. L., Guyon, P., Graham, B., Roberts, G., An-

Hori, M., Ohta, S., Murao, N., and Yamagata, S.: Activation capa- dreae, M. O., Decesari, S., Facchini, M. C., Fuzzi, S., and Ar-
bility of water soluble organic substances as CCN, J. Aero. Sc., taxo, P.: Water-soluble organic compounds in biomass burning
34, 4, 419-448, 2003. aerosols over Amazonia 2. Apportionment of the chemical com-

IPCC: Climate Change 2001: The Scientific Basis. Contribution of  position and importance of the polyacidic fraction, J. Geophys.
Working Group | to the Third Assessment Report of the Inter- Res. A, 107, D20, LBA59/1-LBA59/15, 2002.
governmental Panel on Climate Change, edited by Houghton, J.

Atmos. Chem. Phys., 4, 1759-1769, 2004 www.atmos-chem-phys.org/acp/4/1759/



C. E. Lund Myhre and C. J. Nielsen: Optical properties in the UV and visible spectral region 1769

Mochida, M., Kawabata, A., Kawamura, K., Hatsushika, H., and Rogge, W. F., Mazurek, M. A., Hildemann, L. M., Cass, G. R., and
Yamazaki, K.: Seasonal variation and origins of dicarboxylic ~ Simoneit, B. R. T.: Quantification of urban organic aerosols at
acids in the marine atmosphere over the western North Pacific, a molecular level: identification, abundance and seasonal varia-
J. Geophys. Res. A., 108, D6, AAC7/1-AAC7/11, 2003. tion, Atmos. Envir., Part A: General Topics, 27A, 8, 1309-1330,

Myhre, C. E. L., D'Anna, B., Nicolaisen, F. M., and Nielsen, C. J.: 1993.

Properties of Aqueous Methanesulphonic Acid: Complex Index Saxena, P. and Hildemann, L. M.: Water-soluble organics in at-
of Refraction and Surface Tension, Appl. Opt., 43, 12, 2500— mospheric particles: a critical review of the literature and appli-
2509, 2004. cation of thermodynamics to identify candidate compounds, J.

Narukawa, M., Kawamura, K., Li, S. M., and Bottenheim, J. W.:  Atmos. Chem., 24, 1, 57-109, 1996.

Dicarboxylic acids in the Arctic aerosols and snowpacks col- Sempere, R. and Kawamura, K.: Trans-hemispheric contribution of
lected during ALERT 2000, Atmos. Envir.,, 36, 15-16, 2491- C,—C;q a, w-dicarboxylic acids, and related polar compounds
2499, 2002. to water-soluble organic carbon in the western Pacific aerosols

Narukawa, M., Kawamura, K., Takeuchi, N., and Nakajima, T.: in relation to photochemical oxidation reactions, Glob. Bio-
Distribution of dicarboxylic acids and carbon isotopic compo-  geochem. Cycl., 17, 2, 38/1-38/15, 2003.
sitions in aerosols from 1997 Indonesian forest fires, GeophysSimoneit, B. R. T.: Characterization of organic constituents in
Res. Lett., 26, 20, 3101-3104, 1999. aerosols in relation to their origin and transport: a review, Int.

Neudiss, C., Pelzing, M., Plewka, A., and Herrmann, H.: A new J. Env. Analyt. Chem., 23, 3, 207-237, 1986.
analytical approach for size-resolved speciation of organic com-Turpin, B. J., Saxena, P., and Andrews, E.: Measuring and sim-
pounds in atmospheric aerosol particles: methods and first re- ulating particulate organics in the atmosphere: problems and
sults, J. Geophys. Res. A., 105, D4, 4513-4527, 2000. prospects, Atmos. Envir., 34, 18, 2983-3013, 2000.

Ohta, K. and Ishida, H.: Comparison among several numericalTwomey, S. A., Piepgrass, M., and Wolfe, T. L.: An assessment
integration methods for Kramers-Kronig transformation, Appl.  of the impact of pollution of global cloud albedo, Tellus, Ser. B,
Spectr., 42, 6, 952-957, 1988. 36B, 5, 356366, 1984.

Prenni, A. J., DeMott, P. J., Kreidenweis, S. M., Sherman, D. E.,Warneck, P.: In-cloud chemistry opens pathway to the formation
Russell, L. M., and Ming, Y.: The effects of low molecular of oxalic acid in the marine atmosphere, Atmos. Envir., 37, 17,
weight dicarboxylic acids on cloud formation, J. Phys. Chem. 2423-2427, 2003.

A, 105, 50, 11 240-11 248, 2001. Wiscomb, W. J.: Improved Mie scattering algorithms, Appl. Opt.,

Raymond, T. M. and Pandis, S. N.: Cloud activation of single- 19, 1505-1509, 1980.
component organic aerosol particles, J. Geophys. Res. A, 107Yao, X., Fang, M., and Chan, C. K.: Size distributions and forma-
D24, AAC 16/1-AAC 16/8, 2002. tion of dicarboxylic acids in atmospheric particles, Atmos. En-

Rogge, W. F,, Hildemann, L. M., Mazurek, M. A, Cass, G. R., and vir,, 36, 13, 2099-2107, 2002.

Simoneit, B. R. T.: Sources of Fine Organic Aerosol. 9. Pine, Zappoli, S., Andracchio, A., Fuzzi, S., Facchini, M. C., Gelencser,

Oak, and Synthetic Log Combustion in Residential Fireplaces, A., Kiss, G., Krivacsy, Z., Molnar, A., Meszaros, E., Hansson, H.

Env. Sci. Techn., 32, 1, 13-22, 1998. C., Rosman, K., and Zebuhr, Y.: Inorganic, organic and macro-
molecular components of fine aerosol in different areas of Eu-
rope in relation to their water solubility, Atmos. Envir., 33, 17,
2733-2743, 1999.

www.atmos-chem-phys.org/acp/4/1759/ Atmos. Chem. Phys., 4, 1759-1769, 2004



