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Start	  with	  Atmospheric	  Op5cal	  
Depth	  

Two	  basic	  measurement	  
methods	  
1)	  Sunphotometers	  (handheld	  
or	  autonomous):	  2	  degree	  field	  
of	  view	  around	  sun	  (which	  
subtends	  0.5	  degree	  full	  angle).	  
Most	  popular	  handheld	  now	  
with	  our	  crowd,	  Microtops…you	  
have	  seen	  already.	  
	  

	  	  
http://aeronet.gsfc.nasa.gov/new_web/maritime_aerosol_network.html 



Atmospheric	  Op5cal	  depth	  

•  Another	  method:	  Shadowband	  radiometer	  
Shadowband rotates and either 
provides a total downwelling 
irradiance Es (no shadow) or the 
diffuse irradiance, Eds.  Direct solar 
irradiance, Ed, is roughly the 
difference: 
 
Ed = (Es-Eds)/cos(solar zenith)  

J. Michalsky and J. Berndt. "Automated 
Multifilter Rotating Shadow-band 
Radiometer: an Instrument for Optical 
Depth and Radiation Measurements." 
Applied Optics, Vol.33, No.22. pp 
5118-5125. 



Either	  way	  

Either	  need	  Eo	  in	  terms	  of	  instrument	  units	  or	  
have	  a	  stable	  day	  and	  take	  measurements	  with	  
varying	  m	  and	  slope	  is	  –τ.	  
	  
Eo	  is	  the	  extraterrestrial	  solar	  irradiance	  in	  
instrument	  units.	  

Ed = Eo exp(−mτ )
or
ln(Ed ) = ln(Eo )−τm
or

τ = − 1
m
ln Ed

Eo
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Calculate	  Air	  mass	  from	  solar	  
ephemeris	  program	  (or	  tables)	  

given	  date,	  5me,	  loca5on	  
•  m	  =	  1.0	  /	  [	  cos(Z)	  +	  0.50572	  *	  (96.07995	  -‐	  Z)^-‐1.6364]	   	  	  
•  Or	  m	  =	  1/cos(z)	  	  NOTE	  z	  is	  solar	  zenith	  angle	  in	  degrees	  
Only	  ma^ers	  above	  70	  degrees	  differenece	  is	  due	  to	  earth	  
curvature	  
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Solar zenith angle (degrees)

 1/cos(λ)
 Fancy equation



What	  should	  you	  expect	  for	  Op5cal	  
depth	  

τ total = τ R +τ g +τ a
τR is rayleigh (molecular scattering) optical depth 
τg is absorption by molecular gases (ozone, water vapor, 
etc). 
τa is aerosol optical depth (scattering and absorption….). 
 
 
For aerosol information choose spectral region where 
most gas absorption is avoided. 
water vapor, choose good water vapor absorption band…
ozone, choose good ozone absorption band…. 



Rayleigh	  Op5cal	  depth	  

•  Falls	  off	  as	  λ-‐4	  
Full blown equation, from Bodhaine et al. 1999, supposed to be accurate in the 
visible to within 0.02%...... 

τ R = 0.0021520
1.0455996 − 341.29061λ−2 − 0.90230850λ 2

1+ 0.0027059889λ−2 − 85.968563λ 2

⎛
⎝⎜

⎞
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At sea level, 45 deg latitude, 1013.25 mb  Scale by pressure on that day 
 
For microtops 
Wavelength  τR 
380   0.446 
440   0.243 
500   0.143 
675   0.042 
870   0.015 
 



Rayleigh	  Op5cal	  Depth	  
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Ozone	  

•  In	  UV	  very	  strong,	  to	  measure	  ozone,	  
differen5al	  UV	  bands	  are	  used	  (300,	  305.5,	  
312.5	  nm)	  

•  In	  visible	  s5ll	  evident.	  	  Ozone	  varies	  over	  the	  
globe,	  so	  need	  to	  get	  column	  ozone	  value	  at	  
measurement	  site	  from	  climatology	  or	  from	  
some	  other	  source	  (TOMS,	  etc.).	  Typically	  
reported	  in	  Dobson	  Units	  which	  are	  milli	  atm-‐
cm.	  	  	  Get	  ozone	  op5cal	  depth	  by	  mul5plying	  
ozone	  absorp5on	  coefficient	  by	  DU/1000	  



Ozone	  climatology,	  Ziemke	  et	  al.	  2011	  (need	  to	  add	  
tropospheric	  ozone,	  around	  40DU,	  in	  paper)…MLS	  is	  

Microwave	  Limb	  Sounder	  
Table 3. Global stratospheric column ozone zonal mean monthly mean climatology (in Dobson 
Units) derived from MLS integrated ozone 
profiles at 5 latitude resolution. 
Latitudes Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
85 N–90 N 311 350 352 340 324 297 269 253 243 246 267 279 
75 N–80 N 319 363 363 359 330 301 272 254 248 254 275 287 
65 N–70 N 330 359 359 355 332 304 280 269 262 265 280 299 
55 N–60 N 332 355 354 347 329 307 291 277 270 270 282 309 
50 N–55 N 329 349 348 340 325 306 290 276 267 267 279 308 
45 N–50 N 321 338 338 331 318 299 280 269 262 260 273 302 
40 N–45 N 307 320 324 318 304 286 266 259 254 252 265 289 
35 N–40 N 284 292 300 298 286 271 256 252 248 243 252 269 
30 N–35 N 257 262 272 275 269 259 251 248 244 237 237 247 
25 N–30 N 234 238 248 255 256 252 248 246 242 234 229 230 
20 N–25 N 221 224 234 242 246 246 245 244 240 232 224 219 
15 N–20 N 215 218 227 235 240 242 244 245 241 232 223 215 
10 N–15 N 214 216 224 232 237 240 244 245 242 232 223 214 
5 N–10 N 215 217 223 230 234 237 240 242 240 231 224 216 
0–5 N 219 221 226 231 232 233 236 238 237 229 225 219 
NOTE: I TRUNCATED TABLE>>>>HAS SOUTHERN HEMISPHERE ALSO 



Ozone	  (308	  DU,	  es5mate	  for	  our	  
cruise)	  

•  Wavelength 	  absorp5on	  coeff. 	  tauO3	  
	  380 	   	  0 	   	   	   	  0.000	  
	  440 	   	  0.0021 	   	   	  0.001	  
	  500 	   	  0.0320 	   	   	  0.010	  
	  675 	   	  0.0401 	   	   	  0.012	  
	  870 	   	  0.0013 	   	   	  0.000	  

308 DU from Ziemke et al. 2011, absorption coefficients from doe-sc-arm-
tr-129.pdf  and  Gorshelev et al. 2014 (associated tables) 



Ozone	  and	  Rayleigh	  
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Your	  data	  
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Expect	  aerosol	  to	  follow	  angstrom	  law,	  with	  angstrom	  coeff.	  
around	  1.	  (lower	  omen	  for	  mari5me	  atmosphere	  and	  larger	  in	  

polluted	  atmospheres…omen	  follows	  different	  angstrom	  
exponent	  over	  different	  ranges…so	  need	  to	  specify	  (Below	  is	  

380-‐870	  nm).	  
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For	  completeness,	  NO2	  

•  Shaw,	  1976..discusses	  in	  respect	  to	  op5cal	  
depth	  

•  Peak	  at	  390	  nm,	  falls	  off	  to	  half	  this	  value	  at	  
325	  nm	  and	  480	  nm	  

•  Shaw	  es5mated	  the	  op5cal	  depth	  could	  vary	  
between	  0.008	  and	  0.087	  at	  390	  nm	  for	  values	  
of	  NO2	  of	  5	  x	  10-‐3	  to	  0.4	  atm-‐cm	  (note	  0.4	  atm-‐
cm	  =	  400	  DU,	  5	  x	  10-‐3	  is	  5	  DU.	  



Fourteenth ARM Science Team Meeting Proceedings, Albuquerque, New Mexico, March 22-26, 2004 
 

Total Content of NO2 in the Atmosphere 
 
From the review of the literary data over total content of NO2 and its concentrations in the atmosphere, 
the preliminary regional types with different NO2 column (QNO2) have been determined and presented in 
Table 1, 1 DU = 2.7 × 1016 molecules/cm2.  The NO2 optical depths at 380 nm as well as NO2 radiative 
forcing for summer (Sum.) and winter (Wint.) conditions by atmosphere air mass mA = 2 are also shown 
in the table.  The NO2 forcing FNO2 was calculated using the online tool developed at KURCHATOV 
INSTITUTE and available for remote users from the site:  www1.imp.kiae.ru/csif  
 

Table 1.  Types of Regions in Dependence on Column NO2 

# Region type Description and Examples 
QNO2, 
DU 

τNO2 
(380 nm) 

FNO2,W/m2 

Sum. Wint. 
1 Oceanic and 

Remote - 
continental 

Without own sources, no any NO2 
advection due to transfer within 
troposphere (East Pacific; Northern 
Caucasia; Oklahoma, the US) 

0.1 ÷ 
0.4 

0.002 ÷ 
0.007 

0.5 ÷ 
1.9 

0.7 ÷ 
2.6 

2 Continental Without own anthropogenic sources, 
some NO2 advection from remote 
industrial areas; (Northern Europe; some 
parts of Russia) 

0.4 ÷ 
0.8 

0.007 ÷ 
0.014 

1.9 ÷ 
3.8 

2.6 ÷ 
5.2 

3 Suburban Without own powerful anthropogenic 
sources of NO2, but a site is nearby the 
air plume of city or big industrial area 
(Northern part of West Siberia, nearby 
Norilsk steel mill) 

0.8 ÷ 
3.0 

0.014 ÷ 
0.051 

3.8 ÷ 
13.4 

5.2 ÷ 
18.5 

4 Urban There are own powerful sources of NO2 
(Moscow; Hamilton) 

1 ÷ 
15 

0.017 ÷ 
0.253 

4.7 ÷ 
58.7 

6.5 ÷ 
78.6 

 
Different Components of AERONET Data Errors 
 
It is necessary to verify the possibility of detecting actual values of NO2 column, measured with Cimel 
instrument, against the background of instrumental and methodical errors.  There are different kinds of 
errors in Cimel measurements and their processing.  The most of them were considered in well-known 
publications of AERONET group (e.g., Holben et al. 1998:  Remote Sensing Environ. 66, 1, 1-16).  
Below we give their brief characteristics from the point of view of NO2 retrieval: 
 
The Cimel measurements errors ∆m = 0.002 ÷ 0.009 (corresponding root-mean-square error 
σr ≈ 0.001 ÷ 0.003) due to the instrumental noise and the atmospheric instability. 
 
Residual calibration errors ∆cal = 0.01 ÷ 0.02 after second calibration, strong correlation between 
channels; in fact, possible small residual constant errors for measurements during the day ÷ month 
intervals. 

2 

More recent data (derived from AERONET data) From Rublev et al 2014. 



Ex5nc5on	  in	  the	  atmosphere	  

AOD occurred below 2–3 km. The temperature structure
seemed to vary, with strong inversions often occurring between
1 and 1.5 km. These temperature inversions were typically
associated with the top of the aerosol layer. Relative humidity
was generally above 80% throughout the aerosol layer.

Since the surface chemistry and back trajectories all indi-
cated that this was a maritime atmosphere, there is no indica-
tion that there were drastic changes in aerosol composition in
the aerosol layer. With the RH limited between 80 and 100%,
Ackermann’s [1998] model for Sa for a maritime atmosphere
indicates that the value should be approximately 25 sr, with RH
effects only indicating a range from 23–27 sr. Thus our assump-
tion of a constant Sa is a reasonable approximation in this
region. We found that the Sa average for this region was 32 !
6 sr, which is near the values derived by Ackermann. Doherty et
al. [1999] found Sa to be 21.1 ! 3.7 sr for a maritime aerosol
using a direct measurement technique; however, this measure-
ment was at a lower RH ("40%). Sasano and Browell [1989]
reported an Sa of 30 sr for a maritime aerosol (at 600 nm). As
discussed elsewhere [Voss et al., this issue], the AOD was low
in this region (around 0.09 ! 0.02) with a low angstrom expo-
nent (0.27 ! 0.27). The angstrom exponent ! is related to the
spectral variation of the AOD [AOD(") # AOD("o)"$!]. A
low angstrom exponent indicates a size distribution weighted
toward large particles [van de Hulst, 1981], and the low value of
Sa also indicates a dominance of large particles [Doherty et al.,
1999].

One final feature in this region was that initially the RH
stayed high (%60%) throughout the column below 7 km. At
25&N the structure changed, becoming dryer above 3 km. By
23.7&N the humidity was less than 10% between 3 and 6 km,
with some excursions above 10% occurring between 6 and 7
km. Since this was above the aerosol layer, there was no visible
effect on the aerosol vertical structure. A more complete pic-

ture of the vertical profile of RH through the cruise is shown
by Bates et al. [this issue].

3.4.2. Region 3: Dust (15.5!N–8!N). During the next por-
tion of the cruise we had a significant dust event that changed
the surface and vertical aerosol structure. Back trajectories at
1 km showed the aerosol source switching to the coast of
Africa, with 4 km trajectories still coming from the North
Atlantic.

A typical example of the vertical structure is shown in Figure
8 for day 24.5, 11.2&N. The radiosonde data throughout this
period indicated a strong temperature inversion at 1.5 km and
another temperature feature at 4–5 km. The RH was relatively
constant at 80–100% in the lower layer, below the 1.5 km
temperature inversion. However, at this inversion the RH de-
creased rapidly to 40% and continued to decrease to 20%. The
RH stayed constant at this level to the upper temperature
feature (4–5 km) where it seemed to decrease to near 0% RH
for a 1 km layer, after which it would increase back to 20–40%.

The lidar profile data showed two distinct layers, with a
sharp minimum in extinction between them. The lower layer
was capped by the temperature inversion at 1.5 km. The upper
layer peaked at 2 km, with a subsequent gradual decrease with
altitude. By 4 km the aerosol extinction was very low ("0.02
km$1). The peak extinction in the lower layer was approxi-
mately 0.3 km$1, while the peak extinction in the next layer
was approximately 0.1 km$1, so most of the AOD occurred in
the lower layer. During this period, 90% of the AOD occurred
below 2–3 km.

The column averaged Sa during this period was 41 ! 8 sr.
This is significantly higher than the Sa predicted by Ackermann
[1998] for desert aerosols. Ackermann’s work assumed spher-
ical particles; however, dust particles are often nonspherical
which increases Sa by decreasing the backscattering at 180&.
This value for Sa (41 ! 8 sr) agrees with earlier measurements
by Welton et al. [2000] (37 ! 9 sr), Sasano and Browell [1989]
(52 ! 10 sr), and Rosen et al. [1997] (41.6 ! 8 sr). In this
region, while the RH in each layer was relatively constant, the
RH changed significantly between the upper and lower layer
(80–100% to 40%). However, because desert aerosol responds
only weakly to RH, this change effects Sa very weakly (less
than 10% change in Sa [Ackermann, 1998]). Thus changes in

Figure 7. Radiosonde and lidar-derived profiles typical for
region 2, Northern Hemisphere clean (31&N–15.5&N). This spe-
cific case was for DOY 18.5, 27.7&N. LIDAR extinction is
shown as the fine line with no symbols. This is an average of the
nearest three profiles (each of which is a 10 min cloud-free
average) around the radiosonde launch. Relative humidity is
displayed as the dashed line marked with solid circles, while
'T/'z is displayed as the line marked with solid squares. Note
overall extinction is low and capped by the first temperature
inversion (positive 'T/'z). Error bars on the lidar extinction
combine error estimate due to calibration uncertainties with
the standard deviation of the three profiles used to make the
average.

Figure 8. Region 3: dust (15.5&N–8&N). This specific case
was for DOY 24.5, 11.2&N. Symbols and error bars are as in
Figure 7. Extinction has increased from region 2, and there is
another aerosol layer above the first temperature inversion
(positive 'T/'z).

VOSS ET AL.: LIDAR DURING AEROSOLS9920,828

To get frame of reference, extinction is the thin line, note 
units…km-1!  Low density allows sky radiance to contain 
more information (more SS, less multiple scattering). 
 
From Voss et al. JGR 2001 



Methods	  to	  measure	  ex5nc5on	  

•  Long	  pathlength	  (between	  mountains,	  etc)	  
beam	  transmissometers.	  

•  Lidars	  :Light	  Detec5on	  and	  Ranging…sort	  of	  
like	  Radars….	  



 

Lidar signal attenuated 
by aerosols and gas going 
up 
 
Lidar signal travels up at 
speed of light  
(3 nsec/meter) 
 

Light backscattered by 
Aerosols and molecules 

Lidar signal attenuated 
by aerosols and gas going 
down 
 
Lidar signal travels up at 
speed of light 
(3 nsec/meter) 
 

Lidar signal proportional to 
backscattering/attenuation 
Takes 2*(3 nsec)*altitude (in meters) 

LIDAR Signal is convolved extinction and  
Backscattering. 

25m resolution  
Is 0.15 usec for  
Transmit and 
 receive 



Lidars	  are	  hot	  topic…from	  SABOR,	  High	  Resolu5on	  
Spectral	  Lidar	  (HRSL)	  



Aerosol	  Absorp5on….really	  hard	  to	  measure	  
(think	  about	  value	  of	  ex5nc5on)	  

•  Techniques:	  
•  Capture	  aerosols	  on	  filters	  using	  high	  volume	  
(filter	  all	  day)	  and	  measure	  reflectance,	  or	  
transmi^ance	  through	  filter….	  

•  Measure	  direct/diffuse	  sky	  irradiance	  and	  
calculate	  missing	  part	  in	  diffuse…..	  

•  Ring	  lasers	  (absorbing	  cavity	  inside	  laser)	  
•  Photoacous5cs	  
Lots	  of	  variability	  between	  techniques……really	  a	  
rela5ve	  mess	  



AERONET	  (Brent	  Holben,	  GSFC/NASA)	  

From  
Aeronet.gsfc.nasa.gov 
 
Note….not all stations are active 



Based	  on	  CIMEL	  sunphotometers	  

•  Standard:
1020-‐870-‐675-‐440-‐936-‐500-‐
340-‐380	  nm	  channels	  

•  Measures	  direct	  solar	  
irradiance	  and	  	  almucantor	  
and	  principal	  plane	  sky	  
radiance	  



Measurement	  frequency	  

•  Direct	  solar	  irradiance	  at	  0.25	  AM	  intervals	  at	  
large	  solar	  zenith	  angles,	  and	  15	  minute	  
intervals	  at	  small	  solar	  zenith	  angles	  (high	  sun)	  
with	  the	  8	  wavelengths	  (to	  get	  spectral	  
aerosol	  op5cal	  depth)	  

•  Principal	  plane	  and	  almucantor	  measurements	  
at	  440,	  670,	  870	  and	  1020	  nm	  at	  air	  mass	  
4,3,2,1.7	  in	  morning	  and	  amernoon.	  



Sky	  radiance	  inversions	  

•  Does	  simultaneous	  inversion	  using	  AOD(4	  λ)	  
and	  sky	  radiance	  along	  almucantor	  at	  all	  4	  λ.	  

•  If	  solar	  zenith	  angle	  is	  60	  deg,	  max	  sca^ering	  
angle	  is	  120	  deg.	  

	  
Dubovik	  and	  King	  (2000)	  
Retrieves,	  m	  (1.33<n<1.6,	  0.0005<k<0.5)	  
0.05<r<15	  um,	  22	  sizes	  of	  dV/dln(r),	  Δln(r)	  
constant	  



Es5mated	  inversion	  acuarcy	  
(version	  1)	  9800 DUBOVIK ET AL.: ACCURACY OF RETRIEVED AEROSOL PROPERTIES 

Table 4. Errors in the Size Distribution, Complex 
Refractive Index, and Single-Scattering Albedo 

Water- 
Soluble Dust 

Biomass 
Burning 

dV/d In r(r,), % 
0.1 p.m < r < 7 p.m 15 
r < 0.1 p.m and r > 7 /•m 15-100 

ra(440 ) -< 0.2 0.05 
ra(440) > 0.2 0.025 
r•(440) -> 0.5 

r•(440) -< 0.2 80-100% 
r•(440) > 0.2 50% 
r•(440) -> 0.5 

Oo(X) 
ra(440 ) -< 0.2 0.05-0.07 
ra(440) > 0.2 0.03 
r•(440) >- 0.5 

35 25 
35-100 25-100 

0.04 0.04 

5O% 3O% 

0.03 0.03 

Errors should be expected in the retrievals from the combination of 
spectral optical depth (440, 670, 870, and 1020 nm) and angular dis- 
tribution of sky radiance in the solar almucantar (440, 670, 870, and 
1020 nm; solar zenith angle of 60 ø) in the presence of the following 
instrumental offsets: in optical thickness, At(X) - ___0.01; in sky radi- 
ancesI(©; X), [A•(©; •)/I(©; •)] 100% - +__5%; in azimuth angle 
pointing, Aqb = 0.5ø; and in the a priori estimates of ground reflectance 
A(X), 00% = +_50%. 

and the errors caused by the maximum offsets in angular point- 
ing (Ark -- 1 ø) for desert dust. These errors are excluded from 
this summary of the sensitivity tests because these errors are 
very high, and we expect to detect such situations from residual 
analysis (see section 3.4) and then exclude them from the 
AERONET-reported retrieval results. Also, we tested in detail 
only the situation with solar zenith angle equal to 60 ø , but we 
do not expect that dramatic differences will occur for the 
500-70 ø solar zenith angle range. 

3.3. Approximations in Forward Modeling and Selecting 
of Radiances 

3.3.1. Approximations in forward modeling. The as- 
sumption of aerosol particles as homogeneous spheres is the 
strongest model restriction in the inversion procedure (Dubo- 
vik and King, submitted manuscript, 1999). Both assumptions 
of particle homogeneity and sphericity may not be valid. For 
example, in certain meteorological conditions the tropospheric 
aerosols present may be the result of different air mass inter- 
actions. Such aerosols may then be composed of a mixture of 
particles of different kinds. For example, dust or biomass- 
burning aerosols can be mixed with background water-soluble 
aerosol. Two different mechanisms of aerosol mixing can be 
expected: particles of different kinds interact or they do not 
interact. Correspondingly, in the case of noninteracting parti- 
cles the particles of different kinds simply coexist, and no 
particles with new characteristics are formed. In this situation, 
particles of different sizes may have different values of the 
refractive indices. We will consider such a case as externally 
mixed particles. In the case of interacting particles, new kinds 
of particles with new optical characteristics can be formed. For 
example, small nonsoluble particles can be coated by water- 
soluble particles. As a result, after a certain period of aging, the 
mixed aerosol will consist of nonhomogeneous (internally 
mixed) particles, and special consideration is required [Acker- 
man and Toon, 1981]. For example, in the case of biomass- 

burning aerosol the aerosol particles are expected to contain 
strongly absorbing impurities of soot rather than being homo- 
geneous dielectric particles. 

The shape of the particles becomes a critical issue for dus- 
tlike tropospheric aerosol, which consist of predominantly non- 
spherical particles [Koepke and Hess, 1988; Kaufman, 1993; 
Mishchenko et al., 1997]. This is why Mie scattering theory may 
not be appropriate for retrieval of desert dust optical proper- 
ties. 

Vertical variability of the atmosphere may also cause some 
errors in the retrieval results because inversions are imple- 
mented without accounting for detailed structure of the atmo- 
sphere. However, comparison of downward radiance simulated 
with and without accounting for vertical structure shows that 
the effect of these errors is modest in most simulations. Almost 

no effects of vertical structure can be observed for sky radi- 
ances in the solar almucantar. The radiances in the solar al- 

mucantar are the result of scattering and absorption by atmo- 
spheric layers viewed with similar geometry (zenith angle of 
observation is the same for all sky-measured radiances and 
equal to the solar zenith angle) and therefore not sensitive to 
the variations of vertical structure of atmospheric aerosol. This 
is why measurements in the solar almucantar are selected in 
the AERONET measurement protocol as the basic data for 
columnar aerosol retrieval. 

3.3.2. Optimum selection of radiances. The retrieval un- 
certainties caused by modeling errors can likely be reduced if 
the inverted data set will include only measurements of radi- 
ances insensitive to the approximations employed in modeling 
these radiances. For example, the differences between spheres 
and nonspherical particles are minor at forward scattering an- 
gles [West et al., 1997], and the effects of multiple scattering 
and reflection from the ground are smaller in this region than 
for higher scattering angles [Kaufman et al., 1994]. Also, in the 
aureole angular range (scattering angles smaller than 40ø), 
diffraction of light is a dominant scattering effect, which de- 
pends primarily on particle size and is independent of the 
refractive index [van de Hulst, 1957; Kaufman et al., 1994]. 
Therefore, if only sky radiances measured in the aureole are 
inverted, a good retrieval of particle sizes can be expected, 
even if assumptions on ground reflectance, particle composi- 
tion, particle shape, etc., are not completely correct. From 
another side, limiting the inverted data set to only aureole data 
may increase the instability of the solution caused by random 
errors and measurement errors due to angular pointing. Cor- 
respondingly, further error analysis is focused on investigating 
the retrieval errors associated with limiting the data set to a 
specific angular range of inverted Sun-sky radiance. That is, we 
analyze the fruitfulness of inverting the sky radiance measured 
in a limited angular range instead of inverting the full almu- 
cantar. The following three angular ranges are considered: 
scattering angles <75 ø , 43 ø , and 30 ø . This analysis will also help 
to specify the accuracy of retrievals that would be obtained for 
the situations when Sun zenith angle is relatively small (35 ø and 
smaller), and sky radiances in correspondent solar almucantars 
will not contain measurements with large-scattering angles. In 
addition, for some cases we analyze the error changes associ- 
ated with excluding the measurements of optical thickness 
from the inverted data set. 

First, we evaluate the random error effects. According to the 
general conclusions of statistical estimation, reducing the num- 
ber of measurements in the initial data set should result in a 

decrease of retrieval accuracy [cf. Edie et al., 1971]. However, 
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	  Example	  inversions	  (from	  
aeronet.gsfc.nasa.gov)….note	  
always	  use	  Level	  2.0	  if	  possible!	  



During	  Day	  



size	  



Real	  index	  of	  refrac5on	  
(remember	  accuracy	  0.05)	  



Imaginary	  index	  of	  refrac5on	  
accuracy	  50%	  



Absorp5on	  op5cal	  depth	  



Phase	  func5on	  (at	  670	  nm)	  



Single	  sca^ering	  albedo	  



Why	  do	  we	  
worry	  about	  
absorbing	  
aerosols	  for	  
Atmospheric	  
Correc5on?	  
Rayleigh	  

backsca^ering	  
propor5onal	  to	  

density.	  



How	  do	  we	  currently	  handle	  
ver5cal	  structure?	  

•  Typical…2	  layers…Rayleigh	  overlaying	  aerosols	  
(aerosols	  packed	  in	  bo^om).	  

•  There	  is	  a	  rayleigh-‐aerosol	  interac5on	  term….	  

•  But	  lots	  of	  work	  has	  shown	  that	  for	  non	  
absorbing	  aerosols	  ver5cal	  structure	  doesn’t	  
ma^er….	  

•  But	  what	  about	  absorbing	  aerosols?	  



•  For	  absorbing	  aerosols	  ma^ers	  where	  they	  
are	  rela5ve	  to	  the	  molecular	  sca^ering	  op5cal	  
depth.	  

•  How	  about	  absorbing	  gasses?	  
– Ozone	  above	  aerosols	  and	  much	  of	  molecular	  
sca^ering.	  

– NO2,	  mostly	  tropospheric….hence	  the	  problem….	  

All	  the	  techniques	  I	  know	  of	  for	  absorbing	  aerosols	  
are	  spectral	  op5miza5on	  techniques	  of	  some	  sort…
i.e.	  require	  a	  model	  ocean	  and	  models	  for	  
atmosphere.	  	  Problem	  in	  polluted	  coastal	  regions,	  or	  
dusty	  regions.	  


