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Korea U.S. – Ocean Color (KORUS-OC) Cruise	

•  Affiliated with airborne KORUS-AQ & KOCOA cruise 
–  joint missions to study S. Korean air quality (AQ) & OC 

•  Under view of S. Korean Geostationary Ocean Color Imager (GOCI) 
–  providing hourly OC & AOD 

•  Cruises conducted from May 20 to June 4, 2016 
•  OC objectives for atmospheric measurements to 

–  address atmospheric correction requirements 
–  explore interdisciplinary science questions  

•  KIOST R/V Onnuri (KORUS-OC) 
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AirPhoton Nephelometer & TAP	
•  1 minute Data Set 

–  Scattering (AirPhoton Nephelometer, ~14 s) 
•  450, 532, and 632 nm 

–  Absorption (Brechtel Tricolor Absorption Photometer, TAP, 1 s) 
•  467, 528, and 652 nm 
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•Extinction = Scattering + Absorption 
 

•Scattering is primarily a function of particle size distribution 
 

•Absorption in organic compounds requires conjugated bonds in their molecular 
structure:  
 

 -wavelength range of absorption depends on the number of such bonds 
 

  -black carbon (BC):  
   -graphitic sheets of carbon, many π-bonded carbon atoms  
    -delocalized electrons readily absorb light over UV-IR range  
   -largely wavelength-independent absorption 
    -represented by wavelength-independent refractive index 

 

  -brown carbon (BrC):  
   -strong UV absorption with limited, if any, visible absorption  
    -more π-bonds in organic molecular structures => 
     absorption at longer wavelengths 
    -aromatic rings, heteroatoms (e.g., N or O)), other functional groups 
   -strongly wavelength-dependent absorption 
    -requires wavelength-dependent refractive index 

 

•Absorption in dust particles is related to their iron oxide and clay content 

Key Atmospheric Aerosol Optical Properties 



Aerosol Optical Properties & Ångström Exponents 

•  Aerosol interaction with light is wavelength dependent 
–  often characterized by a power law:   p(λ) = λ-α             

where, α is known as Ångström exponent 
–  p can be any optical property described by a power law,          

e.g., scattering, absorption, extinction, etc. 

•  Commercially available instruments often target a few λs, such that 
Ångström exponents are calculated from these few wavelengths, e.g., 

•  Additional wavelength-dependent parameters include 
–  refractive indices,    m(λ) = n(λ) + ik(λ) 
–  single scatter albedo,  ω(λ) = b(λ) / g(λ)                                              

               = b(λ) / (b(λ) + a(λ)) 
€ 

α λ1,λ2( ) = −
ln(p(λ1) p(λ2))
ln(λ1 /λ2)



•Spectral dependence of optical properties important for studies of the Earth’s 
radiation budget and photochemical processes, e.g., 
 
•climate sensitivity to absorbing aerosols rapidly increases with altitude 

 -vertical aerosol distributions over continental US measured from aircraft from 
  May-June 2012 [Zhang et al., 2017] show 
  1) BrC prevalent in troposphere, transported to mid- and upper-troposphere 
      altitudes by deep convection 
  2) BrC absorbs more short-wavelength radiation than BC from 5-12 km 
  3) ~2/3 of estimated BrC radiative forcing occurs above 5 km 
  4) most BrC mass found below 5 km 
  5) in-cloud heterogeneous processes may produce BrC 

•strong wavelength dependence of BrC absorption, neglible in visible increasing 
with decreasing wavelength from 368 to 305 nm found using ground and satellite 
remote sensors to limit UV-B radiation reaching surface during biomass burning 
season (Sept.-Oct., 2007) in Bolivia [Mok et al., 2016]  

 1) reduced UV-B decreases erythema, plant damage, and photolysis rates 
 2) box model indicated BrC absorption reduced (beyond that of BC alone)  
  -net rate of production of O3 by up to 18% 
  -radical concentrations of OH, HO2, and RO2 by up to 17%, 15%, and 
   14%, respectively 

Atmospheric Importance of Spectral Aerosol Optical Properties 



Biomass burning aerosols 
Concepcion, Bolivia, 24 Aug. 1998 
AOT (500 nm) = 2.09 
Error bars smaller than symbol size 

1998 AERONET Observations 

Desert dust aerosols 
Dalanzadgad, Mongolia, 18 April 1998 
AOT (500 nm) = 0.44 

[Eck et al., J. Geophys. Res., 104(D24), 31,333–31,349, 1999] 
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Figure 1. (a) The spectral variation of measured 'c,• (340-1020 nm) from an Aerosol Robotic Network 
(AERoNET) CIMEL radiometer tbr biomass burning aerosols in Concepcion, Bolivia, on August 24, 1998, at 
1541 UT. The linear fit and the second-order polynomial fit of In •:,• versus In )• to the measurements are also 
shown. The aerosol optical thickness (AOT) for this case at 500 nm was 2.09. The uncertainty in x a is also 
plotted as error bars, but it is smaller than the symbol size except at 1020 nm. (b) The difference between the 
measured •:,• (shown in Figure I a) and the value obtained from the linear and second-order polynomial fits at the 
measurement wavelengths. 
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Figure 9. Aerosol volume size distributions for urban aerosols at GSFC for three days in 1997-1998 with 
different aerosol optical depths. The retrievals were derived from simultaneous analyses of sky radiances in the 
almucantar and spectral •,, at 440, 675, 870, and 1020 nm with observations made at 1147 UT on July 15, 
1997, at 1233 UT on June 25, and at 1241 UT on May 15, 1998. 
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Figure 10. Same as Figure la, except for desert dust aerosols at Dalanzadgad, Mongolia on April 18, 1998, 
at 1008 UT, when •:a50o = 0.44. 
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Figure 11. Aerosol volume size distribution for desert dust aerosols at Dalanzadgad, Mongolia for the same 
day as the data shown in Figure 10 but for 0955 UT. 
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Figure 12. Same as Figure l a, except for desert dust aerosols at Bahrain on August 5 1998, at 1144 UT,' when 'r,•s• = 0.41. ' 
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Figure 4. Aerosol volume size distributions for biomass burning aerosols in Concepcion, Bolivia, for 3 
days in July-August 1998 with different aerosol optical depths. Aerosol size distribution retrievals were derived 
from simultaneous analysis of sky radiances in the almucantar and spectral •;a at 440, 675, 870, and 1020 nm. 
The retrievals were derived from observations made at 1816 UT on July 28, at 1716 UT on August 02, and at 
1713 UT on August 24. 1998. 

particle conversion, and some cloud processes). Reid et al. 
[1999] have found that for biomass burning aerosols in Brazil 
the Angstrom exponent from short wavelength pairs (340-440 
and 440-670 nm) is highly correlated (r2>0.79) with volume 
median diameter of the accumulation mode, while t• from long 
wavelength pairs (500-870 and 670-1020 nm) are very weakly 
correlated (r2<0.10) with particle volume median diameter. 
This results from both a narrowing of the size distribution and 
a growth in particle size as these biomass burning particles 
evolve with age [Reid et al., 1998]. We also present the values 
of the Angstrom exponent for the 440-675 nm wavelength 
pair in Table I since retrievals of z•, will be made over land 
surfaces at these wavelengths from the Moderate-resolution 
imaging Spectroradiometer (MODIS)sensor on the Terra 
satellite to be launched in 1999. It is noted that the 440-675 

nm t• values for Concepcion show a response to changes in 
the aerosol volume size distribution, although with less 
sensitivity than the 380-440 wavelength pair value of 

We examined the seasonal variation of the spectral 
wavelength dependence of biomass burning smoke at another 
AERONET site in Bolivia. Los Fierros, Bolivia (14"33'S, 
60ø55'W), is located within Noel Kempff Mercado National 
Park in central eastern Bolivia. In this region, there is very 
little biomass burning since there is essentially no burning in 
the park and a minimum of agricultural activity and/or burning 
in a large area to the west of the site, where the land is 
designated forest and wildlife reserves. The total size of this 
protected region is -300 by 130 km with minimal fire activity 

as detected from satellite [Prins et al., 1998]. However, there 
is very extensive biomass burning surrounding this region in 
all directions, with particularly heavy burning and smoke 
production from Rondonia, Brazil, to the north and from 
northern Bolivia and the Beni grasslands region (to the west). 
The smoke from these various regions is advected over the site 
as the air parcel trajectories change, and the age of the smoke 
varies as a function of distance from source regions and speed 
of the wind. 

The increase of •:, with time from May 4 through Sepember 
1, 1998, is quite dramatic (Figure 5), with •:, at 500 nm often 
below 0.15 in magnitude through mid-June (since there was 
very little burning in this time period) and then beginning a 
steady increase as fire activity increased, to maximum values 
above 3.0. The seasonal variation of the t• values computed 
from the linear regression fit of the 440, 500, 675, and 870 
nm •:, data is shown in Figure 6a, while the seasonal variation 
of the second derivative (computed from the second-degree 
polynomial fit to the 380, 440, 500, and 870 nm •:a data) is 
shown in Figure 6b. The t• values show a general increasing 
trend from May to August as the fine-particle smoke aerosols 
become more dominant. The low t• values in May (0.4-1.5) 
may be influenced by large particles that are biogenically 
produced over the tropical forest, as large particles were found 
over Brazilian rainforest in the wet season during the Large 
Scale Biosphere-Atmosphere Experiment in Amazonia - 
Cooperative LBA Airborne Regional Experiment (LBA- 
CLAIRE) experiment [Artaxo et al., 1998]. It is noted that at 

[Eck et al., J. Geophys. Res., 104(D24), 31,333–31,349, 1999] 
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Figure 1. (a) The spectral variation of measured 'c,• (340-1020 nm) from an Aerosol Robotic Network 
(AERoNET) CIMEL radiometer tbr biomass burning aerosols in Concepcion, Bolivia, on August 24, 1998, at 
1541 UT. The linear fit and the second-order polynomial fit of In •:,• versus In )• to the measurements are also 
shown. The aerosol optical thickness (AOT) for this case at 500 nm was 2.09. The uncertainty in x a is also 
plotted as error bars, but it is smaller than the symbol size except at 1020 nm. (b) The difference between the 
measured •:,• (shown in Figure I a) and the value obtained from the linear and second-order polynomial fits at the 
measurement wavelengths. 
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different aerosol optical depths. The retrievals were derived from simultaneous analyses of sky radiances in the 
almucantar and spectral •,, at 440, 675, 870, and 1020 nm with observations made at 1147 UT on July 15, 
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Figure 10. Same as Figure la, except for desert dust aerosols at Dalanzadgad, Mongolia on April 18, 1998, 
at 1008 UT, when •:a50o = 0.44. 

Power Law: 
	τα = βλ-α

 α  = - d ln τα / d ln λ
      = - ln (τα2 /τα1) / ln (λ2 /λ1)  

 
 α < 1 indicates coarse dust or sea salt aerosols 
    particle diameters > 1 µm 
     > 2 indicates small combustion aerosols 
    particle diameters < 1 µm 

 
2nd order polynomial: 

 ln τα = a0 + a1 ln λ + a2 (ln λ)2    



•Tested sensitivity of spectral curvature to composition and particle size using 
  Mie calculations of accumulation mode aerosols 

 -As BC increased from 0-30%, curvature decreased  
 -As radius increased from 0.10 to 0.30 µm, curvature increased 
 -As lognormal size distribution narrowed, curvature increased 

•Results suggest weakly absorbing, relatively large modal size accumulation mode 
  aerosols will exhibit largest departures from linear relationship 

Sensitivity to Composition & Particle Size 

[Eck et al., J. Geophys. Res., 106(D4), 3425–3448, 2001] 

ECK ET AL.: BIOMASS BURNING AEROSOLS IN ZAMBIA 3445 

accumulation mode dominates at these % levels at these sites. 
In Figures 13a, 13b, and 13c we present the results of these 
Mie computations, with extinction coefficients from 340 to 
1020 nm normalized to the value at 500 nm. For the 
computations made with varying black carbon content (Figure 
13a), the modal radius was fixed at 0.15 gm with a geometric 
standard deviation of the lognormal distribution of 1.50. The 
computations made for the variation in modal size (radius) of 
the particles (Figure 13b) assumed no absorption (•o o =1); the 
real part of the refractive index was held at 1.43, with a 
geometric standard deviation of the lognormal distribution of 
1.50. The computations made for the variation in a geometric 
standard deviation of the particle size distribution (Figure 13c) 
also assumed no absorption (•Oo =1); the real part of the 
refractive index was held at 1.43, with an accumulation mode 
radius of 0.15 gm. These figures show the sensitivity of c•' to 
the effects of changes in black carbon content (absorption) in 
the aerosol, to changes in the modal size of the accumulation 
mode aerosols, and to changes in the geometric standard 
deviation of the lognormal volume size distribution. For 
aerosols with increasing amounts of black carbon (zero to 
30%), the Mie computations show that the value of c•' 
subsequently decreases, while tbr increasing size of the 
accumulation mode particles (0.10 to 0.30 gm radius) the value 
of c•' increases, and for narrower lognormal size distributions 

(decreasing geometric standard deviation) the value of Ix' 
increases. It is noted that the geometric standard deviations of 
the size distributions (from the Dubovik et al. [2000] 
retrievals) are very similar for both sites (GSFC and Mongu) 
for •a44()>0.5, ranging from 1.47 to 1.53 in Mongu to 1.48 to 
1.55 at GSFC. Therefore given the sensitivity of Ix' to 
geometric standard deviation changes (Figure 13c) and its 
similar magnitude at both sites, we conclude that this aspect of 
the aerosol size distribution had relatively little influence on 
the differences in c•' observed in Figure 12b. As was seen in 
our previously presented retrievals from the AERONET 
instrument data, the single-scattering albedo for the GSFC site 
was much higher than for Mongu (Figure 10) and the size of 
the accumulation mode aerosols was larger for GSFC than for 
Mongu (Figure 6). Thus the observed higher values of Ix' for 
GSFC relative to Mongu (Figure 12b) are consistent with the 
trends predicted by Mie theory in conjunction with the 
differences in aerosol absorption and particle size inferred 
from the retrievals. Theretbre aerosols which are only weakly 
absorbing and/or which have relatively large-size 
accumulation mode particles will exhibit the largest departures 
from linearity of the In z a versus In 3, relationship. Complete 
knowledge of the wavelength dependence of % and the factors 
influencing it is required for accurate extrapolation or 
interpolation of measured values. Applications of this 
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Figure 13. (a) Mie calculations of the extinction coefficient (normalized to 500 nm) versus wavelength and 
the resultant computed values of c•' for differing amounts of black carbon (0, 10, and 30%) for an accumulation 
mode only lognormal size distribution with mode radius'of 0.15 gm and geometric standard deviation of 1.50. 
(b) Same as Figure 13a but for differing values of the mode radius from 0.10 to 0.30 gm, for aerosol with no 
absorption (•o0=1), real refractive index fixed at 1.43, and geometric standard deviation fixed at 1.50. (c) Same 
as Figure 13a but for differing values of the geometric standard dex)iation from 1.25 to 2.00, for aerosol with no 
absorption (•o0=1), real refractive index fixed at 1.43, and mode radius fixed at 0.15 gm. 
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•Mean SSA from several AERONET sites across southern Africa from Aug.-Sept. 2000 
•Relatively high SSA at long wavelengths attributed to larger proportion of coarse mode 
in ambient aerosols 
•Presence of dust aerosols mixed with biomass burning aerosols tends to decrease 
spectral dependence of SSA 

2000 AERONET Single Scattering Albedo Retrievals 

[Eck et al., J. Geophys. Res., 108(D13), 8477, doi:10.1029/ 2002JD002321, 2003] 

AERONET retrieval (!0.03 [Dubovik et al., 2000]) and the
uncertainties of the other retrieval methods.
[31] The regional scale variability of w0 over the AERO-

NET sites in southern Africa during SAFARI 2000 is shown
in Figure 14 and Table 1. The average spectral w0 for all
cases where ta440 > 0.4 are compared, since there was no
significant variation of w0 as a function of ta at any site.
Daily average values of w0 were computed from individual
almucantar retrieval values, and the mean of all of these
daily averages are presented. The number of days averaged
per site ranged from 30 days at Mwinilunga, Zambia, the
northernmost site with the highest aerosol loadings, to 7
days at Bethlehem, South Africa, the southernmost site with
the lowest aerosol concentrations. The two Zambian sites
shown, Mwinilunga and Senanga, are the northernmost and
southernmost sites respectively in Zambia and they show
the widest range of retrieved w0 for Zambia (except Mongu
which was excluded from this analysis since it did not have
a consistent and accurate sky radiometer calibration).
Although the w0 values at all wavelengths are higher at
Mwinilunga than Senanga, these w0 differences are within
the 0.03 level of uncertainty of the retrievals, however the
difference may also reflect some real differences in absorp-
tion. The rate of spectral decrease of w0 is similar for both
Zambian sites and also much greater than for the other four

sites which are located outside of the primary biomass
burning regions. Also note that the mean spectral depend-
ence of w0 at Zambezi (shown in Figure 13) is very similar
to that of Senanga, within !0.01. The two sites with the
least spectral dependence of w0 are Skukuza and Inhaca
(Figure 14) which are only !200 km distant from each
other. The size distributions for both of these sites show an
enhanced coarse mode versus Senanga (Figure 12), and the
average w0 at both of these sites was within 0.01 of each
other at all wavelengths. The increased coarse mode influ-
ence at Skukuza and Inhaca results in a relatively greater
scattering optical depth at the longer wavelengths (870 and
1020 nm) which results in a higher w0 value at these l. The
aerosol at both of these sites may include a component
contribution of aeolian dust [Piketh et al., 1999] and the w0

for dust generally exhibits little spectral dependence
between 670 and 870 nm [Dubovik et al., 2002]. The
addition of aeolian dust mixed with biomass burning
aerosols would thus tend to decrease the spectral depend-
ence of w0, as was similarly observed for mixtures of fossil
fuel and biomass combustion aerosol with dust in the
Maldives in 2000 [Eck et al., 2001]. The uncertainty of
the single scattering albedo retrieval from the Dubovik and
King [2000] algorithm for the case of an external mixture
with refractive indices that are very different for each
component (fine and coarse), remains at 0.03 [Dubovik et
al., 2000]. It is noted that aerosol contributions from fossil
fuel burning and industrial emissions also influence the
aerosol mixture at Skukuza and Inhaca, therefore also
modifying the absorption characteristics. The spectral
dependence of w0 for both Etosha Pan and Bethlehem are
intermediate in magnitude to that of the Zambian site pair
and the Skukuza/Inhaca pair. The w0 at both of these sites
agree to within !0.01 and are higher than all of the others at
the 440, 675 and 870 nm wavelengths. The size distribution
at Etosha Pan (Figure 12) as compared to Senanga suggests
a small increase in the coarse mode optical influence due to
a greater coarse mode amplitude, shift toward smaller
particles and larger geometric standard deviation. The
higher w0 and lesser wavelength dependence at Etosha
and Bethlehem may be the result of aerosol aging, as these
sites (especially Bethlehem) are not located in the primary
biomass burning regions to the north. Additionally, biomass
burning aerosol often accumulate over the Atlantic Ocean
west of Angola and Namibia (see Figure 7) and sometimes
this smoke is then circulated back over Southern Africa, at
times being advected over Etosha and Bethlehem. The
resulting additional aging and a possible mixing with
maritime aerosols may also affect the aerosol optical proper-
ties observed at these sites, along with the added possible
influence of urban/industrial aerosols at Bethlehem. How-
ever, it is noted that the w0 data shown for Bethlehem in

Figure 14. Regional scale variability of the average w0

for AERONET sites in southern Africa during August–
September 2000 for retrievals made with ta440 > 0.4. From
7 to 30 daily mean w0 values were averaged per site in order
to compute these values.

Table 1. AERONET Retrievals of Aerosol Single Scattering Albedo (w0) for Cases Where ta440 > 0.4, for August–September 2000

Wavelength,
nm

Senanga,
Zambia

27-Day Mean

Mwinilunga,
Zambia

30-Day Mean

Skukuza,
South Africa
16-Day Mean

Etosha Pan,
Namibia

15-Day Mean

Inhaca Island,
Mozambique
13-Day Mean

Bethlehem,
South Africa
7-Day Mean

440 0.86 0.88 0.88 0.90 0.88 0.90
675 0.84 0.86 0.86 0.88 0.85 0.88
870 0.80 0.82 0.84 0.85 0.84 0.85
1020 0.75 0.78 0.83 0.83 0.84 0.84
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local meteorology may exhibit a significant influence that
may not be considered typical or representative.

5. Column-Integrated Aerosol Single Scattering
Albedo Comparisons

[28] Retrievals of the spectral single scattering albedo at
440, 675, 870, and 1020 nm were made by application of
the Dubovik and King [2000] algorithm to almucantar sky
radiances and direct Sun ta retrievals in these wavelengths.
In this section we will present analysis of the variability of
these retrieved w0 values during SAFARI 2000 for the same
sites which we discussed regarding size distributions in the
previous section. We also present analysis of the single
scattering albedo retrieved from two other ground based
remote sensing methods and compare these to the AERO-
NET retrievals. One of these methods is based on the
measurement of PAR (400–700 nm) irradiance and spectral
ta and obtains the best fit value of midvisible w0 from
comparison of modeled cloudless sky PAR irradiance to
measured values [Eck et al., 1998, 2001; Schafer et al.,
2002a, 2002b]. The other method is similar but utilizes
measurements of the spectral diffuse fraction measured by a
seven channel MFRSR shadowband radiometer and spectral
ta (from a CIMEL) to derive spectral w0 at five wavelengths
from 415 to 870. These estimates are obtained by the best fit
approach of comparing modeled to measured diffuse frac-
tion and is similar to the method of w0 estimation described
by King and Herman [1979].

5.1. W0 Retrieval From AERONET Almucantars

[29] All of the individual w0 retrievals from almucantar
scans made at Zambezi, Zambia in August–September
2000 are shown in Figure 13. Additional cloud screening
of cases where a440–870 < 1.7 was applied to ensure that
only biomass burning aerosol cases were analyzed and that

no cases with residual cloud contamination remained,
although this additional check only eliminated 10 almucan-
tars out of a total of 142. Figure 13 shows very little trend of
w0 versus magnitude of ta, and linear regressions for all
wavelengths yielded r2 values of less than 0.07, thus
explaining an insignificant amount of the variance. A
similar lack of correlation was noted for w0 as a function
of ta for the other five sites in Zambia in August–Septem-
ber 2000. In addition to the significant decrease in w0 as l
increases, the standard deviation of w0 also increases as l
increases, from 0.017 at l = 440 nm to 0.032 at 1020 nm.
This may possibly be related to greater variability in particle
absorption properties for the larger sized particles but may
also be a result of much lower ta at longer wavelengths,
thus providing much less signal for aerosol optical property
retrieval at the longer wavelengths.
[30] Comparisons of w0 retrieved from the application of

the Dubovik and King [2000] algorithm to AERONET data
against other techniques have recently been made. Haywood
et al. [2003] compared their estimates of w0 obtained from in
situ sampling with PMS probes from an aircraft that flew
vertical profiles over the AERONET site at Etosha Pan,
Namibia on 13 September 2000. A well-mixed biomass
burning aerosol layer was present on this day with ta440 =
0.71, as measured by the CIMEL. The comparison for this
case yielded excellent agreement, with midvisible w0 values
to within 0.01–0.02 of each other for the two completely
independent techniques. For a different region of the world,
Ramanathan et al. [2001] present a comparison of w0

estimates from several ground based in situ, aircraft in situ,
and ground based remote sensing techniques made during
the INDOEX experiment in 1999. For the polluted northern
Indian Ocean region these methods estimated mean w0 at 530
nm to range from !0.85 to 0.90 for all total column-
integrated and surface-based measurements, as compared
to the AERONET estimate of 0.90. Therefore these inde-
pendent methods also exhibited good agreement with the
AERONET retrievals, mostly within the uncertainty of the

Figure 12. Regional comparison of mean aerosol volume
size distributions for sites in South Africa, Mozambique,
Namibia, and Zambia for August –September 2000
when average ta440 = 0.75–0.77. Each size distribution
is computed as an average from 10 to 13 individual
almucantars per site.

Figure 13. Individual almucantar scan retrievals of w0 in 4
spectral bands for Zambezi, Zambia for August–September
2000. The mean and standard deviation for each channel are
shown in the legend box.
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•13,860 bimodal size distributions 
parameterized with values in Table 1 used 
in Mie theory (left) 
•AERONET retrievals (right) 
•α ~ a2 - a1  

 ≥ 2, dominated by fine aerosols 
 ≤ 1, dominated by coarse aerosols 
 intermediate values represent range 
   of bimodal distributions 

 

Spectral Curvature from Mie Theory & AERONET 

[Schuster et al., J. Geophys. Res., 111, D07207, doi:10.1029/2005JD006328, 2006] 

dependence of bimodal lognormal aerosol size distributions
by once again calculating the extinction of spherical aerosols
at seven wavelengths (via equations (3) and (4)), this time
determining the empirical coefficients a0, a1, and a2 of
equation (7) through polynomial regression. We tested
bimodal size distributions with all permutations of mode
sizes, widths, concentrations, and refractive indices shown in
Table 1 (although we always assumed the same refractive
index for both the fine and coarse modes). The parameters in
Table 1 are based upon the range of AERONET climatolo-
gies of Dubovik et al. [2002]. Our results for this plethora of
distributions are shown as the small points Figure 6. The
circles correspond to the bimodal parameters used to calcu-
late the grid of Figure 5 (bold values in Table 1), with the size
of the circles corresponding to the fine mode median radii.
The color of the points and the circles indicate the volume
fraction of aerosols in the bimodal distribution with radii less
than 0.6 mm, Vfine/Vtotal. The black lines approximate isolines
of constant Cfine/Ctotal.
[22] We first comment on the color scheme shown in

Figure 6, which is coded to represent the volume fraction of

aerosols with radii less than 0.6 mm. Note that Vfine/Vtotal is
not necessarily equivalent to Cfine/Ctotal; Vfine/Vtotal is the
volume fraction of aerosols in the size distribution with r <
0.6 mm, and Cfine/Ctotal is defined by equation (3). One
difference between these two definitions is that the fine
and coarse mode aerosol sizes described by equation (3) can
overlap, whereas the volume fractions Vfine and Vtotal cannot
overlap in size because of the hard cutoff at r = 0.6 mm.
We chose this nomenclature for the color code because
real atmospheric aerosols are not necessarily constrained
by equation (3), and r = 0.6 mm is the fine or coarse mode
separation radius recommended by AERONET (http://
aeronet.gsfc.nasa.gov). Also note that the color transitions
(i.e., from blue to green to orange, etc.) in Figure 6 are
roughly parallel to the black lines. This is because all lines
of constant Vfine/Vtotal or Cfine/Ctotal calculated from the
parameters in Table 1 have the same general shape. Hence
conclusions about the size distributions represented by the
circles in Figure 6 can be generalized to all size distribu-
tions in Table 1.
[23] Next, we point the reader to the monomodal size

distributions in Figure 6 (red circles to the right, with
Cfine/Ctotal = 1). In this case, we see that the curvature is
always negative (a2 < 0) and that it decreases as particle
size increases; we found this to be true for all cases with
Cfine/Ctotal = 1 in Table 1. Positive curvature requires the
presence of enough coarse mode aerosols to reduce the
wavelength dependence of aerosol extinction at the longer
wavelengths (recall Figure 3). However, note that negative
curvature can be achieved even with the presence of a
significant coarse mode component, as evidence by the
blue points below the a2 = 0 line.
[24] Also note that the absolute value of the coefficient a1

decreases with increasing particle size for the fine mono-

Table 1. Bimodal Lognormal Size Distribution Parameters Used
to Calculate the Points in Figure 6a

Parameter Values

Rfine, mm 0.06, 0.09, 0.12, 0.15, 0.18, 0.21, 0.24, 0.27, 0.30
sfine 0.38, 0.5
Rcrs, mm 1.9, 2.2, 2.7, 3.2, 3.7
scrs 0.75, 1.0
mr 1.34, 1.37, 1.4, 1.43, 1.47, 1.5, 1.54
mi 0.003
Cfine/Ctotal 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0

aValues in bold are also used to calculate the circles in Figures 5, 6, 7, 9,
and 10.

Figure 6. Volume fraction of fine mode aerosols as a function of the coefficients a1 and a2 in equation (7)
for 13,860 bimodal aerosol size distributions parameterized with the values in Table 1. The circles
correspond to the bold values in Table 1 and are sized relative to the fine mode radius. The black squares
correspond to the two size distributions with a = 2 used in Figure 3. The dashed lines closely approximate
lines of constant a.
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vides at least some information about the volume fraction of
aerosols in the fine mode, but little or no information about
the fine mode effective radius. For instance, the top plot of
Figure 8 indicates Angstrom exponents greater than 2
correspond to fine mode volume fractions greater than about
0.5, Angstrom exponents less than 1 correspond to fine
mode volume fractions less than about 0.5, and that inter-
mediate values for a correspond to fine volume fractions of
0.2–0.85. This is consistent with conventional wisdom that
size distributions with large Angstrom exponents are dom-
inated by fine mode particle sizes. However, the bottom plot
of Figure 8 indicates no relationship between the Angstrom
exponent and the fine mode effective radius.
[33] The color scheme of Figure 8 indicates that including

spectral curvature in our analysis may enhance our knowl-
edge about the volume fraction and effective radius of fine
mode aerosols at intermediate values of the Angstrom
exponent (1 ] a ] 2), which we discuss here. Suppose a
value of a = 1.5 was calculated from multiwavelength
AOTs, which we have already noted corresponds to a fine
mode volume fraction range of 0.2–0.85. Paying attention
to the color scheme in the top plot of Figure 8, we see that
the negative curvatures favor high fine volume fractions and
positive curvatures favor low fine volume fractions at this
intermediate value for a. Our analysis of Figure 8 at a = 1.5
indicates that a2 ] !0.3 (blue squares) corresponds to fine
mode volume fractions greater than 0.4. Similarly, a2 ^ 0.3
(red squares) corresponds to fine mode volume fractions less
than 0.65. Likewise, the largest fine mode effective radii
require large negative curvatures (bottom plot of Figure 8),
consistent with our theoretical discussion of section 5.
Hence the presence of curvature can be used to improve
our assessment of aerosol size distributions at intermediate
Angstrom exponents. Note that the curvature adds no new
information for a ] 1 and a ^ 2.
[34] We plot the same AERONET data in Figure 9, this

time mimicking the format of Figure 6. The data indicate
that the coefficient a1 and the curvature a2 tend to decrease

as the fraction of particles in the fine mode increases,
consistent with our theoretical plot of Figure 6. This is
consistent with Eck et al. [1999, 2001b] and Kaufman
[1993], who found that the fine mode dominates when the
curvature is negative, and that the coarse mode contributes
significantly when positive curvature is present. Nonethe-
less, the data also indicate that negative curvatures are
possible for size distributions dominated by coarse mode
particles (i.e., blue points below the a2 = 0 line) and positive
curvatures are possible for size distributions dominated by
fine mode particles (red points above the a2 = 0 line).
[35] In satellite remote sensing, the retrieval of the

Angstrom exponent is based upon a single pair of wave-
lengths [Nakajima and Higurashi, 1998; Higurashi and
Nakajima, 1999; Deuzé et al., 2000; Ignatov and Stowe,
2002; Jeong et al., 2005]. Conclusions about the size
distribution in such cases must consider the retrieval wave-
lengths, as different wavelength pairs will provide different
information about the aerosol size distribution. This is
demonstrated in Figure 10, where we have plotted the
Angstrom exponents of two-wavelength pairs for synthetic
bimodal lognormal distributions and for AERONET data.
Here, the AERONET data is once again obtained from
almucantar retrievals at 53 AERONET sites, and the circles
are calculated from equations (3) and (4) using the bold
bimodal parameters of Table 1. The Angstrom exponents for
each axis were calculated using only two wavelengths in
equation (6).
[36] Note that the Angstrom exponent from the AERO-

NET data set is rarely linear, as evidenced by the small
fraction of data on the 1:1 line in Figure 10. The top plot
indicates that negative curvature (a2 < 0) favors larger
fractions of fine mode aerosols, but fine mode volume
fractions greater than 0.5 are not required for negative
curvature. Likewise, the bottom plot of Figure 10 indicates
that positive curvature (a2 > 0) favors smaller fine mode
radii, but this is not always the case. Separation of colors for
AERONET data would indicate that one could obtain fine

Figure 9. Same as Figure 6, except that the small points indicate the fine volume fractions obtained
from AERONET retrievals.
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dependence of bimodal lognormal aerosol size distributions
by once again calculating the extinction of spherical aerosols
at seven wavelengths (via equations (3) and (4)), this time
determining the empirical coefficients a0, a1, and a2 of
equation (7) through polynomial regression. We tested
bimodal size distributions with all permutations of mode
sizes, widths, concentrations, and refractive indices shown in
Table 1 (although we always assumed the same refractive
index for both the fine and coarse modes). The parameters in
Table 1 are based upon the range of AERONET climatolo-
gies of Dubovik et al. [2002]. Our results for this plethora of
distributions are shown as the small points Figure 6. The
circles correspond to the bimodal parameters used to calcu-
late the grid of Figure 5 (bold values in Table 1), with the size
of the circles corresponding to the fine mode median radii.
The color of the points and the circles indicate the volume
fraction of aerosols in the bimodal distribution with radii less
than 0.6 mm, Vfine/Vtotal. The black lines approximate isolines
of constant Cfine/Ctotal.
[22] We first comment on the color scheme shown in

Figure 6, which is coded to represent the volume fraction of

aerosols with radii less than 0.6 mm. Note that Vfine/Vtotal is
not necessarily equivalent to Cfine/Ctotal; Vfine/Vtotal is the
volume fraction of aerosols in the size distribution with r <
0.6 mm, and Cfine/Ctotal is defined by equation (3). One
difference between these two definitions is that the fine
and coarse mode aerosol sizes described by equation (3) can
overlap, whereas the volume fractions Vfine and Vtotal cannot
overlap in size because of the hard cutoff at r = 0.6 mm.
We chose this nomenclature for the color code because
real atmospheric aerosols are not necessarily constrained
by equation (3), and r = 0.6 mm is the fine or coarse mode
separation radius recommended by AERONET (http://
aeronet.gsfc.nasa.gov). Also note that the color transitions
(i.e., from blue to green to orange, etc.) in Figure 6 are
roughly parallel to the black lines. This is because all lines
of constant Vfine/Vtotal or Cfine/Ctotal calculated from the
parameters in Table 1 have the same general shape. Hence
conclusions about the size distributions represented by the
circles in Figure 6 can be generalized to all size distribu-
tions in Table 1.
[23] Next, we point the reader to the monomodal size

distributions in Figure 6 (red circles to the right, with
Cfine/Ctotal = 1). In this case, we see that the curvature is
always negative (a2 < 0) and that it decreases as particle
size increases; we found this to be true for all cases with
Cfine/Ctotal = 1 in Table 1. Positive curvature requires the
presence of enough coarse mode aerosols to reduce the
wavelength dependence of aerosol extinction at the longer
wavelengths (recall Figure 3). However, note that negative
curvature can be achieved even with the presence of a
significant coarse mode component, as evidence by the
blue points below the a2 = 0 line.
[24] Also note that the absolute value of the coefficient a1

decreases with increasing particle size for the fine mono-

Table 1. Bimodal Lognormal Size Distribution Parameters Used
to Calculate the Points in Figure 6a

Parameter Values

Rfine, mm 0.06, 0.09, 0.12, 0.15, 0.18, 0.21, 0.24, 0.27, 0.30
sfine 0.38, 0.5
Rcrs, mm 1.9, 2.2, 2.7, 3.2, 3.7
scrs 0.75, 1.0
mr 1.34, 1.37, 1.4, 1.43, 1.47, 1.5, 1.54
mi 0.003
Cfine/Ctotal 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0

aValues in bold are also used to calculate the circles in Figures 5, 6, 7, 9,
and 10.

Figure 6. Volume fraction of fine mode aerosols as a function of the coefficients a1 and a2 in equation (7)
for 13,860 bimodal aerosol size distributions parameterized with the values in Table 1. The circles
correspond to the bold values in Table 1 and are sized relative to the fine mode radius. The black squares
correspond to the two size distributions with a = 2 used in Figure 3. The dashed lines closely approximate
lines of constant a.
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•Small points from 53 AERONET 
sites 
•Circles from Table 1 parameters 
 
•α from wavelength pairs rarely 
fall on 1:1 line 

 -i.e., spectral curvature is 
  typical 

 
•α from longer wavelength pairs 
more sensitive to fine mode 
volume fraction (top) 
 
•α from shorter wavelength pairs 
more sensitive to fine mode 
effective radius (bottom) 

Spectral Curvature from Mie Theory & AERONET 

[Schuster et al., J. Geophys. Res., 111, D07207, doi:10.1029/2005JD006328, 2006] 
volume fraction and effective radius from this type of plot,
but there is considerable intermingling of colors, making
detailed conclusions about the size distribution nebulous.
[37] This is illustrated more clearly in Figure 11, where

we present the same AERONET data once again. Figure 11a
indicates that calculating the Angstrom exponent on the
basis of the 0.38 and 0.44 mm wavelengths will tell us very
little about the fine mode volume fraction of aerosols, as
evidenced by the large amount of scatter and the small slope
of the linear regression. This is because both of these
wavelengths are less sensitive to coarse mode aerosols than
the 0.5 mm wavelength shown in Figure 1. This lack of
sensitivity to the coarse mode increases the sensitivity of
these wavelengths to changes in the fine mode effective
radius, as shown in Figure 11b. Conversely, the Angstrom
exponents based upon the 0.67 and 0.87 mmwavelengths are
indeed sensitive to the fine mode volume fraction (albeit
with much scatter), as shown by the slope in Figure 11c, and
have nearly no sensitivity to the fine mode effective radius
(Figure 11d). This wavelength sensitivity of a is consistent
with the work of others [Eck et al., 2001b; O’Neill et al.,
2001a; Reid et al., 1999].

8. Real Versus Synthetic Data

[38] Note that the color transitions for the AERONET
data in Figure 9 are not nearly as clean as the transitions for
the synthetic data of Figure 6, which we explain in this

section. Measured AOTs were used to calculate the coeffi-
cients (a1, a2) in Figure 9, so this is our benchmark.
Nonetheless, measurement noise exists in Figure 9 that is
not considered in the synthetic calculations of Figure 6. Sun
photometry measurements of AOT are typically accurate to
0.02 or better for newly calibrated field instruments [Holben
et al., 1998], and this uncertainty alters the Angstrom
exponent a by 0.03–0.04; we can expect similar variability
in a1. This variability in a1 (and a2) manifests itself as an
intermingling of colors in Figure 9, as does any errors
associated with the AERONET size distributions retrievals.
The data in Figure 6, on the other hand, are somewhat
idealistic because these noise issues are not taken into
consideration. We chose a single imaginary refractive index
for the computations of Figure 6, which reduces the compu-
tational noise associated with the discussion of section 5.
[39] We also chose to use c2 iteration to infer aerosol

absorption for Figure 6, which gives a spectrally smooth
and plausible refractive index for an internal mixture of
ammonium sulfate, water, and black carbon. We note that
using c2 iteration of the refractive index with AERONET
distributions (which are not necessarily lognormal) also
produces an idealistic scenario similar to Figure 6 (not
shown), so the shape of the size distributions is not a source
of noise. We also note that we can reproduce measured
AOTs to within 0.03 using the AERONET size distributions
and AERONET refractive indices at the four almucantar
wavelengths, so our Mie computations are correct.

Figure 10. (top) Fine mode volume fraction and (bottom) fine mode effective radius as a function of
two-wavelength Angstrom exponents. Small points are Sun photometry data from 53 AERONET sites.
Circles are synthetic lognormals with the bold values in Table 1, with sizes proportional to the fine mode
median radius. Shorter-wavelength Angstrom exponents are more sensitive to fine mode particle size than
longer-wavelength Angstrom exponents; longer-wavelength Angstrom exponents are more sensitive to
fine volume fraction than shorter-wavelength Angstrom exponents.
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Overview 

•  Part 1: KORUS – OC 
•  Part 2: Spectral Representation of Aerosols 
•  Part 3: In Situ Spectral Measurements 

–  Extinction with SpEx 
–  Total Absorption with Integrating Sphere 
–  Soluble Absorption with Liquid Waveguide Capillary Cell 

•  Part 4: KORUS-OC Observations 
•  Part 5: What’s Next�

	



SpEx Aerosol Extinction Spectra, 300-700 nm 
•  Spectral Aerosol Extinction (SpEx) instrument 

–  39.4 m optical path 
–  17 l internal volume 
–  Flow rate ~ 70 lpm 
–  Flush time 90 s 
–  Integration time ~20-50 ms 
–  Sample time 30 s 
–  Intensity spectra every 2 min 
–  Extinction spectra every 4 min 
–  Ext = - ln (I/I0) / L 

Xe Lamp 

Spectrometer 
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–  Extinction spectra every 4 min 
–  Ext = - ln (I/I0) / L 

Xe Lamp 

Spectrometer 

60x10
3

50

40

30

20

10

In
te

ns
ity

 (c
ou

nt
s)

1000800600400200
Wavelength (nm)



Gas-phase Laboratory Tests 

•No evidence of O3 production 
nor NO2 loss in light beam of 
optical cell with 80 lpm flow 
 
•No loss of NO2 through the 
filter in the reference inlet line 
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SpEx PSL Spectra & Mie Theory 

SPEX MEASURED  
AEROSOL SPECTRA 
AGREE WELL WITH  
MIE THEORY 
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Normalized Mean Spectra 
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•Peak extinction decreases with  
particle size 
 
•Spectral shape depends on  
particle composition, as well as, 
size 



Normalized Mean Spectra: PM1 Dust 
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wavelength dependence 
•Pigments influence spectral shape 



Normalized Mean Spectra: scaled to 700 nm 
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•Uncoated soot compared to: 
BC surrogates: 

 Fullerene soot 
 Aquadag 

BrC surrogate: 
 Cinnamaldehyde 

 
•UV extinction of uncoated soot 
found in range between BC & 
BrC 
 
•Little variability among soot & 
BC samples from 500-700 nm 
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SpEx Comparison to Neph+TAP Extinction 450nm 
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Neph+TAP Exts. fit to SpEx: 450, 532, & 632nm 



Total Aerosol Absorption Spectra 300-700 nm	

•  Glass fiber filters (GFF) 
–   (3 hr daytime; 12 hr night) 

•  Placed in center of integrating sphere 
–  (Labsphere DRA-CA-30 ) 
attached to dual beam spectrometer  
     (Cary 100 Bio UV-Visible  

  Spectrophotometer ) 



approximate the absorption spectra of organic-dominated non-
algal particulate matter. Phytoplankton spectra in EXPT1 are
represented by samples of single species cultures, THAL and
PELA. These species have different pigment composition
and cell size which result in differences in the shape of absorp-
tion spectra. For the two phytoplankton-derived detrital sam-
ples, DETT and DETD, the absorption spectra are actually
different from a typical exponential-like featureless spectrum
of organic detritus. The DETT and DETD spectra show
distinct blue and red maxima associated with algal pigments,
but the position of the peaks is shifted somewhat to shorter
wavelengths compared with the position observed for healthy
phytoplankton cells. This shift is characteristic of degraded pig-
ments. Another feature of pigment degradation is a nearly two-
fold decrease in the magnitude of the red maximum, which is
evident by comparing the results for DETT and THAL, both
representing the culture of T. weissflogii. This decrease is con-
sistent with a ratio of the molar-specific absorption coefficients
of degraded pigments and chlorophyll-a, which is 0.56 in the
red spectral band in the acetone solvent [62].

Significant differences are also observed in the spectral shape
of ODs!λ" among the three natural seawater samples examined
in EXPT1. The MBAY sample from Mission Bay is most likely
dominated by organic detritus with a relatively small contribu-
tion of phytoplankton as indicated by featureless increase of
absorption with decreasing wavelength throughout most of the
visible spectrum into the UV and a relatively small absorption
maximum associated with chlorophyll-a in the red. The near-
shore samples, IBP1 and SIO1, appear to have a higher pro-
portion of phytoplankton because the absorption maximum
in the blue is clearly noticeable.

The absorption spectra also differ greatly among the samples
examined in EXPT2. In addition to PHYT, two samples of
natural seawater, REDT and SIO2, show well-pronounced
phytoplankton absorption maxima in the blue and red spectral
bands. In contrast, the ARCT sample derived from sea ice
shows a featureless spectrum with a decrease in absorption
magnitude with increasing wavelength. The IBP2 and OCEA
samples are characterized by intermediate shapes of absorption
spectra, indicating a relatively large contribution of nonalgal par-
ticles and lower contribution of phytoplankton. Interestingly,
these two samples and also the ARCT and SIO2 samples show
significant absorption in the NIR spectral region. This suggests

the presence of certain types of nonalgal, most likely minero-
genic, particles that have high efficiency of absorption in the
NIR. In contrast, the phytoplankton sample (PHYT) and the
REDT sample representing the bloom of dinoflagellate
Lingulodinium polyedrum have essentially no or undetectable
absorption in the NIR.

The patterns and differences in the absorption spectra
among the samples of EXPT2 are consistent with data charac-
terizing the composition of particulate matter in the samples
(Table 3). The examined samples cover a broad range of
POC/SPM from 0.04 to 0.44, which reflects large differences
in the proportion of organic and mineral particles. As expected,
whereas the PHYT and REDT samples are characterized by
the highest values of POC/SPM indicating the dominance
of organic material, more specifically phytoplankton in these
two cases, the mineral-dominated ARCT sample has the lowest
POC/SPM. The IBP1, SIO2, and OCEA samples are inter-
mediate with a mixed, more balanced organic/inorganic com-
position of particulate matter, although SIO2 and OCEA have
clearly a higher fraction of organics than IBP2. The range of
Chla/SPM and POC/Chla ratios is also very large and spans
more than one order of magnitude, and even more considering
that the ARCT sample has undetectable levels of Chla
(Table 3).

In addition to large variation in particle composition, the
samples also differ significantly in terms of particle size distri-
bution (Fig. 3). For example, the red-tide sample REDT shows
a distinct maximum between 30 and 40 μm associated with a
high abundance of large cells of the bloom forming species of
Lingulodinium polyedrum. This sample has also the largest con-
tribution of small submicrometer particles. As a result of these
distinct features associated with both very small and large par-
ticles, the REDT has the lowest value for the median diameter,
D50

v # 0.95 μm, and the highest value for the 90th percentile
diameter, D90

v # 31.5 μm, as derived from the particle volume
size distribution (Table 3). The OCEA and IBP2 samples also
show substantial abundance of submicrometer particles.
However, the IBP2 additionally has the largest proportion of
particles within the size range from a few micrometers to about
15 μm, so this sample has the second largest value of D90

v #
10.2 μm (Table 3). The size distribution of PHYT shows fea-
tures associated with the mix of phytoplankton species in the
sample. Two peaks within the size range from approximately 1
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Fig. 2. Example spectra of optical density for particle suspensions, ODs , measured inside an integrating sphere for the two sets of experiments:
(a) EXPT1; (b) EXPT2. Descriptions of sample names for individual spectra are provided in Tables 1 and 2.
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to 2 μm are associated with Nannochloropsis. The presence of
these two peaks was also observed in the culture of
Nannochloropsis before the mixed sample was prepared. The
PHYT sample also shows distinct features in the size ranges
of 5–5.5 μm and 8–9 μm, which are associated with T. pseu-
donana and P. cruentum, respectively. A small feature of
C. vulgaris between approximately 2.5 and 3 μm, although
much less pronounced compared with the features of the
three other species, can also be seen in the size distribution
of PHYT. Because PHYT has the lowest contribution of

relatively large particles above 10 μm, this sample has the lowest
value of D90

v ! 6.25 μm among the examined samples
(Table 3).

The highly diverse nature of samples is further supported by
the variability in the optical properties presented in Fig. 4 and
Table 3. The spectral slope (γ) of the particle scattering coef-
ficient, bp"λ#, is steepest for the SIO2 sample (γ ! −1.03)
[Fig. 4(a)]. Steepening of the slope of bp"λ# spectrum is typi-
cally caused by an increasing proportion of small-sized particles
[63]. The particle-size distribution was not measured for the

Table 3. Indicators of Particle Composition, Size, and Optical Characteristics for the Samples Used in EXPT2a

Indicator Units ARCT PHYT REDT SIO2 OCEA IBP2

Composition POC/SPM dim 0.04 0.44 0.37 0.20 0.23 0.12
Chla/SPM dim n/d 7.3 × 10−3 1.6 × 10−3 2.3 × 10−3 2.7 × 10−4 9.3 × 10−4
POC/Chla dim n/d 61 235 88 860 127

Size D50
v μm 2.19 1.72 0.95 n/d 1.19 2.51

D10
v μm 0.84 0.94 0.73 n/d 0.74 0.79

D90
v μm 7.35 6.25 31.5 n/d 6.40 10.2

Optical ωop"440# dim 0.96 0.83 0.90 0.87 0.87 0.92
ωop"660# dim 0.98 0.88 0.95 0.94 0.96 0.96

γ dim −0.59 −0.89 −0.25 −1.03 −0.78 −0.80
aFor natural seawater samples (REDT, SIO2, OCEA, IBP2), the compositional indicators represent the original sample before concentration. Size and optical

indicators all pertain to the concentrated sample used for experiments. D50
v represents the median particle diameter derived from the particle volume

distribution over the size range 0.7–120 μm, with values for the 10th and 90th percentile also reported. ωop is the value of the particle single-scattering albedo
at the two indicated light wavelengths. The spectral dependence of the particle scattering coefficient, γ, is calculated over the wavelength interval 300–850 nm.
“n/d” refers to not determined, and “dim” to dimensionless.
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Fig. 3. Particle size distributions measured on the concentrated samples used in EXPT2: (a) density functions of particle number concentration,
FN ; (b) density functions of particle volume concentration, FV , as a function of equivalent spherical diameter D.
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Total Absorption: GFF Comparison to TAP	
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Total Absorption: GFF Comparison to TAP	

Absorption Coefficient calculated from 
measured Absorbance via: 

 ap=(2.303*(abs)*(pi*r2)/V)/β; 
 
Empirical β correction factors: 
βRenolds = 3.0927*abs-.0877 

βReutger = 6.475*abs2-6.474*abs+4.765 
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Total Absorption: GFF Comparison to TAP	

Absorption Coefficient calculated from 
measured Absorbance via: 

 ap=(2.303*(abs)*(pi*r2)/V)/β; 
 
Empirical β correction factors: 
βRenolds = 3.0927*abs-.0877 

βReutger = 6.475*abs2-6.474*abs+4.765 
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Water- & Methanol-soluble Aerosol Absorption 
Spectra 300-700 nm	

•  Telfon Fluoropore filters – cut in half 
–   (3 hr daytime; 12 hr night) 

•  Filter halves extracted in  
–  18 MΩ deionized water (DIW) or 
–  Spectrographic grade methanol (MeOH) 

•  Extracts filtered to remove particles, injected 
into Liquid Waveguide Capillary Cell 
(LWCC) 
–  World Precision Instruments LWCC-3100 
–  100 cm path length 

•  DIW extracts also analyzed via 
–  Dionex ICS-3000 Ion Chromatography System 
–  Aerodyne High Resolution – Time Of Flight 

Aerosol Mass Spectrometer (HR-TOF AMS) 

LWCC

WORLD PRECISION INSTRUMENTS 1

ABOUT THIS MANUAL

The following symbols are used in this guide:

This symbol indicates a CAUTION. Cautions warn against actions that can cause 
damage to equipment. Please read these carefully.

This symbol indicates a WARNING. Warnings alert you to actions that can cause 
personal injury or pose a physical threat. Please read these carefully.

NOTES and TIPS contain helpful information.

Fig. 1 LWCC available with 50, 100, 250 and 500cm pathlength

NOTE: The effective optical pathlength of the cell is given in the Quality Control 
Document provided with each instrument.

LWCC

4 WORLD PRECISION INSTRUMENTS

External Fiber Optic Cable Connections

Tee

0.5mm ID PEEK tubing

Liquid Waveguide

SMA Fiber Optic
Connection

SMA Fiber Optic
ConnectionLiquid Connections

(Luer Fittings)

Tee

Fig. 2 LWCC Setup Schematic

LWCC FIBER OPTIC CABLE 
50, 100, 250, 500cm SMA 905 terminated
Type II for example, WPI #FO-500-SMA1M

The light source and detector can be connected to the LWCC via two SMA-terminated 
fiber optic cables with a core diameter of 500µm. For convenience only, each LWCC 
has the fiber optic connections marked as Light In and Light Out (Fig. 1). The fiber optic 
connections are interchangeable in that either connector can be used to connect to the 
light source or to the spectrometer. Use these fiber optic connections to connect the LWCC 
to a light source and spectrometer (detector) module of your spectrophotometer system. 

Images from World Precision 
Instruments LWCC-3100 manual. 



Overview 

•  Part 1: KORUS – OC 
•  Part 2: Spectral Representation of Aerosols 
•  Part 3: In Situ Spectral Measurements 

–  Extinction with SpEx 
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Maps of Scattering, Absorption & SSA 



Linear Fit to SpEx Example 



2nd Order Polynomial Fit to SpEx Example 



Fit Residuals Comparison 



SpEx 2nd Order Polynomial Coefficients  
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4 Sets of Measured Spectra	

Measured spectra can be used to 
•Compare measured wavelength-
dependence to power law relationships 
•Calculate spectra for other quantities, 
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365nm Absorption and Extinction v. WSII	
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HR-TOF AMS Time Series	
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2 Subsets of Absorbing Oxalate  
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Methanol-Absorption @ 4 wavelengths 
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DIW-Absorption @ 4 wavelengths 
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approximate the absorption spectra of organic-dominated non-
algal particulate matter. Phytoplankton spectra in EXPT1 are
represented by samples of single species cultures, THAL and
PELA. These species have different pigment composition
and cell size which result in differences in the shape of absorp-
tion spectra. For the two phytoplankton-derived detrital sam-
ples, DETT and DETD, the absorption spectra are actually
different from a typical exponential-like featureless spectrum
of organic detritus. The DETT and DETD spectra show
distinct blue and red maxima associated with algal pigments,
but the position of the peaks is shifted somewhat to shorter
wavelengths compared with the position observed for healthy
phytoplankton cells. This shift is characteristic of degraded pig-
ments. Another feature of pigment degradation is a nearly two-
fold decrease in the magnitude of the red maximum, which is
evident by comparing the results for DETT and THAL, both
representing the culture of T. weissflogii. This decrease is con-
sistent with a ratio of the molar-specific absorption coefficients
of degraded pigments and chlorophyll-a, which is 0.56 in the
red spectral band in the acetone solvent [62].

Significant differences are also observed in the spectral shape
of ODs!λ" among the three natural seawater samples examined
in EXPT1. The MBAY sample from Mission Bay is most likely
dominated by organic detritus with a relatively small contribu-
tion of phytoplankton as indicated by featureless increase of
absorption with decreasing wavelength throughout most of the
visible spectrum into the UV and a relatively small absorption
maximum associated with chlorophyll-a in the red. The near-
shore samples, IBP1 and SIO1, appear to have a higher pro-
portion of phytoplankton because the absorption maximum
in the blue is clearly noticeable.

The absorption spectra also differ greatly among the samples
examined in EXPT2. In addition to PHYT, two samples of
natural seawater, REDT and SIO2, show well-pronounced
phytoplankton absorption maxima in the blue and red spectral
bands. In contrast, the ARCT sample derived from sea ice
shows a featureless spectrum with a decrease in absorption
magnitude with increasing wavelength. The IBP2 and OCEA
samples are characterized by intermediate shapes of absorption
spectra, indicating a relatively large contribution of nonalgal par-
ticles and lower contribution of phytoplankton. Interestingly,
these two samples and also the ARCT and SIO2 samples show
significant absorption in the NIR spectral region. This suggests

the presence of certain types of nonalgal, most likely minero-
genic, particles that have high efficiency of absorption in the
NIR. In contrast, the phytoplankton sample (PHYT) and the
REDT sample representing the bloom of dinoflagellate
Lingulodinium polyedrum have essentially no or undetectable
absorption in the NIR.

The patterns and differences in the absorption spectra
among the samples of EXPT2 are consistent with data charac-
terizing the composition of particulate matter in the samples
(Table 3). The examined samples cover a broad range of
POC/SPM from 0.04 to 0.44, which reflects large differences
in the proportion of organic and mineral particles. As expected,
whereas the PHYT and REDT samples are characterized by
the highest values of POC/SPM indicating the dominance
of organic material, more specifically phytoplankton in these
two cases, the mineral-dominated ARCT sample has the lowest
POC/SPM. The IBP1, SIO2, and OCEA samples are inter-
mediate with a mixed, more balanced organic/inorganic com-
position of particulate matter, although SIO2 and OCEA have
clearly a higher fraction of organics than IBP2. The range of
Chla/SPM and POC/Chla ratios is also very large and spans
more than one order of magnitude, and even more considering
that the ARCT sample has undetectable levels of Chla
(Table 3).

In addition to large variation in particle composition, the
samples also differ significantly in terms of particle size distri-
bution (Fig. 3). For example, the red-tide sample REDT shows
a distinct maximum between 30 and 40 μm associated with a
high abundance of large cells of the bloom forming species of
Lingulodinium polyedrum. This sample has also the largest con-
tribution of small submicrometer particles. As a result of these
distinct features associated with both very small and large par-
ticles, the REDT has the lowest value for the median diameter,
D50

v # 0.95 μm, and the highest value for the 90th percentile
diameter, D90

v # 31.5 μm, as derived from the particle volume
size distribution (Table 3). The OCEA and IBP2 samples also
show substantial abundance of submicrometer particles.
However, the IBP2 additionally has the largest proportion of
particles within the size range from a few micrometers to about
15 μm, so this sample has the second largest value of D90

v #
10.2 μm (Table 3). The size distribution of PHYT shows fea-
tures associated with the mix of phytoplankton species in the
sample. Two peaks within the size range from approximately 1
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Fig. 2. Example spectra of optical density for particle suspensions, ODs , measured inside an integrating sphere for the two sets of experiments:
(a) EXPT1; (b) EXPT2. Descriptions of sample names for individual spectra are provided in Tables 1 and 2.
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to 2 μm are associated with Nannochloropsis. The presence of
these two peaks was also observed in the culture of
Nannochloropsis before the mixed sample was prepared. The
PHYT sample also shows distinct features in the size ranges
of 5–5.5 μm and 8–9 μm, which are associated with T. pseu-
donana and P. cruentum, respectively. A small feature of
C. vulgaris between approximately 2.5 and 3 μm, although
much less pronounced compared with the features of the
three other species, can also be seen in the size distribution
of PHYT. Because PHYT has the lowest contribution of

relatively large particles above 10 μm, this sample has the lowest
value of D90

v ! 6.25 μm among the examined samples
(Table 3).

The highly diverse nature of samples is further supported by
the variability in the optical properties presented in Fig. 4 and
Table 3. The spectral slope (γ) of the particle scattering coef-
ficient, bp"λ#, is steepest for the SIO2 sample (γ ! −1.03)
[Fig. 4(a)]. Steepening of the slope of bp"λ# spectrum is typi-
cally caused by an increasing proportion of small-sized particles
[63]. The particle-size distribution was not measured for the

Table 3. Indicators of Particle Composition, Size, and Optical Characteristics for the Samples Used in EXPT2a

Indicator Units ARCT PHYT REDT SIO2 OCEA IBP2

Composition POC/SPM dim 0.04 0.44 0.37 0.20 0.23 0.12
Chla/SPM dim n/d 7.3 × 10−3 1.6 × 10−3 2.3 × 10−3 2.7 × 10−4 9.3 × 10−4
POC/Chla dim n/d 61 235 88 860 127

Size D50
v μm 2.19 1.72 0.95 n/d 1.19 2.51

D10
v μm 0.84 0.94 0.73 n/d 0.74 0.79

D90
v μm 7.35 6.25 31.5 n/d 6.40 10.2

Optical ωop"440# dim 0.96 0.83 0.90 0.87 0.87 0.92
ωop"660# dim 0.98 0.88 0.95 0.94 0.96 0.96

γ dim −0.59 −0.89 −0.25 −1.03 −0.78 −0.80
aFor natural seawater samples (REDT, SIO2, OCEA, IBP2), the compositional indicators represent the original sample before concentration. Size and optical

indicators all pertain to the concentrated sample used for experiments. D50
v represents the median particle diameter derived from the particle volume

distribution over the size range 0.7–120 μm, with values for the 10th and 90th percentile also reported. ωop is the value of the particle single-scattering albedo
at the two indicated light wavelengths. The spectral dependence of the particle scattering coefficient, γ, is calculated over the wavelength interval 300–850 nm.
“n/d” refers to not determined, and “dim” to dimensionless.
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Fig. 3. Particle size distributions measured on the concentrated samples used in EXPT2: (a) density functions of particle number concentration,
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Coastal	Ocean	Color	

Remote-sensing	reflectance	RRS	(sr-1)	from	384	spectra	(~350-800	nm,	~3	nm	resolu3on)	
12-year	cruise	data	set	ranging	from	open	ocean	to	coastal	environments	overlaid	with	
satellite	spectral	bands.		
[Lee	et	al.,	2007]	


