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The breakdown of the 1-D radiative transfer assumption for 
horizontally heterogeneous clouds leads to systematic 
errors in the retrieval of τ and re!

These systematic errors co-vary with the underlying cloud 
heterogeneity and sun-view geometry!

If systematic errors are not quantified under a wide range 
of conditions, then we cannot decouple true space-time 
variability found in nature from artificial space-time 
variability introduced through the breakdown of the 1-D 
radiative transfer assumption.!
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Field campaigns used in evaluating VIS/NIR cloud optical 
depths and effective radii for warm marine clouds…!
!
APEX, ASTEX, COSAT, FIRE, SOCEX II, VOCALS, WENPEX!



Field campaigns used in evaluating VIS/NIR cloud optical 
depths and effective radii for warm marine clouds…!
!
APEX, ASTEX, COSAT, FIRE, SOCEX II, VOCALS, WENPEX!

from single-scattering off of cloud top inhomogeneities [e.g.,
Zuidema and Evans, 1998] as well as true spatial variability
can be enough to explain the mean difference. In fact, the
mean 5 km ! 5 km spatial standard deviation in t was 2.2, a
magnitude larger than the mean difference between the CDP
and MODIS t.
[22] The correspondence between the MODIS (2.1 mm)

and in situ cloud top re (Figure 6b) was good (r = 0.98), but
MODIS re were systematically higher by 15%–20% of the in
situ re (mean bias of 2.08 mm). Although systematic under-
counting by the 2D-C probe could explain the offset, the
relatively small mean contribution of the larger (2D-C)
droplets to the total effective radius (1.2 micron), argued
against this explanation. Additionally, the small in situ re
50 s standard deviation (equivalent to 5 km flight) was
0.84 mm, and the 5 km ! 5 km MODIS mean standard
deviation in re was 0.83 mm, with a reported MODIS error
fluctuating between 6 and 12% (Cloud_Effective_Radius_
Uncertainty product). All of these values were smaller than
the mean MODIS/in situ difference.
[23] As an additional test of the MODIS re bias signifi-

cance, we highlighted in Figure 6 the samples with absolute
t differences less than 2 (gray circles). The subset high-
lighted in Figure 6a should indicate those samples with the
most accurate in situ t. The positive bias of the MODIS re
was still apparent for theses samples, suggesting a robust-
ness of the MODIS re positive offset. In addition, if the mean
difference between the in situ and MODIS cloud optical
thickness were completely attributed to the probe droplet
sizing, this could still only account for 30% of the bias
between the MODIS and in situ re’s.

3.2. The 1.6, 2.1, and 3.7 mm Wavelength-Dependent
Effective Radius
[24] Theoretical expectations of the wavelength dependent

magnitude of MODIS re [Platnick, 2000] were also investi-
gated. As mentioned in the introduction, the distinctive
photon vertical penetration for the three near infrared
MODIS wavelengths implied that re MODIS1.6 be more rep-
resentative of cloud properties deeper into the cloud,
whereas re MODIS3.7 would correspond to effective radii near
the cloud top. In other words, for nonprecipitating

adiabatically distributed cloud, re MODIS3.7 > re MODIS2.1 >
re MODIS1.6. This ordering would not impacted by the inho-
mogenous mixing that appears to characterize the impact of
cloud top entrainment upon the cases within our data sample
(Figure 5b). In contrast, for precipitating clouds with larger
water content and re near the cloud base, re MODIS1.6 >
re MODIS3.7.
[25] We compared the three MODIS re retrievals to eval-

uate if their differences could be physically explained by
features of the in situ vertical profiles (Figure 7a). In gen-
eral, re MODIS2.1 tended to be larger than re MODIS3.7 and
re MODIS1.6 (Figure 7a). The positive difference between
re MODIS2.1 and re MODIS1.6 was consistent with the vertical
structure of an adiabatically distributed, nonprecipitating
cloud. In contrast, the positive differences between re MODIS2.1
and re MODIS3.7 were counterintuitive, as the in situ vertical
profiles did not show a decrease of re near the cloud top
(Figure 5b). Furthermore, the MODIS re interdifferences did
not correspond well with drizzle (crosses in Figure 7a indi-
cate 2D-C LWPs > 5 g/m2). In addition, a positive bias
between the different MODIS re and the in situ re remains
regardless of the re selected in the comparison (Figure 7b).

3.3. Selected Cases
[26] Three vertical profiles of LWC and re, possessing

MODIS re overestimates larger than 1.5 microns and vary-
ing amounts of precipitation are shown in Figure 8. These
cases highlighted that the MODIS overestimate occurred
regardless of details of the cloud vertical distribution. The
9 November case had little drizzle and a low LWP ("37 g
m#2, Figure 8a) with a maximum LWC near cloud top,
while the 2 November case also had little drizzle but a higher
LWP ("110 g m#2; Figure 8b), with decreased water con-
tents near the cloud top, a typical signature of evaporation
near cloud top in response to entrainment. The re profiles
near the cloud top were less affected (Figure 8b), a feature
also seen more generally in Figure 5 and consistent with
cloud top inhomogeneous mixing.
[27] The CDP LWC profile for the precipitating case

(Figure 8c, red line) also increased initially with height, then
decreased near the cloud top, while re increased monotoni-
cally. The 2D-C LWC (blue line) showed precipitation close

Figure 6. Scatterplot between MODIS and in situ observations: (a) cloud optical thickness and (b) cloud
effective radius. The vertical error bars indicate the MODIS error product, whereas the horizontal error
bars in Figure 6b denote the 50 s standard deviation of CDP re during horizontal transects. Gray circles
indicate those samples in which the absolute difference between MODIS and in situ t is less than 2.
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Field campaigns used in evaluating VIS/NIR cloud optical 
depths and effective radii for warm marine clouds…!
!
APEX, ASTEX, COSAT, FIRE, SOCEX II, VOCALS, WENPEX!

… all for marine stratiform clouds under high sun conditions!

from single-scattering off of cloud top inhomogeneities [e.g.,
Zuidema and Evans, 1998] as well as true spatial variability
can be enough to explain the mean difference. In fact, the
mean 5 km ! 5 km spatial standard deviation in t was 2.2, a
magnitude larger than the mean difference between the CDP
and MODIS t.
[22] The correspondence between the MODIS (2.1 mm)

and in situ cloud top re (Figure 6b) was good (r = 0.98), but
MODIS re were systematically higher by 15%–20% of the in
situ re (mean bias of 2.08 mm). Although systematic under-
counting by the 2D-C probe could explain the offset, the
relatively small mean contribution of the larger (2D-C)
droplets to the total effective radius (1.2 micron), argued
against this explanation. Additionally, the small in situ re
50 s standard deviation (equivalent to 5 km flight) was
0.84 mm, and the 5 km ! 5 km MODIS mean standard
deviation in re was 0.83 mm, with a reported MODIS error
fluctuating between 6 and 12% (Cloud_Effective_Radius_
Uncertainty product). All of these values were smaller than
the mean MODIS/in situ difference.
[23] As an additional test of the MODIS re bias signifi-

cance, we highlighted in Figure 6 the samples with absolute
t differences less than 2 (gray circles). The subset high-
lighted in Figure 6a should indicate those samples with the
most accurate in situ t. The positive bias of the MODIS re
was still apparent for theses samples, suggesting a robust-
ness of the MODIS re positive offset. In addition, if the mean
difference between the in situ and MODIS cloud optical
thickness were completely attributed to the probe droplet
sizing, this could still only account for 30% of the bias
between the MODIS and in situ re’s.

3.2. The 1.6, 2.1, and 3.7 mm Wavelength-Dependent
Effective Radius
[24] Theoretical expectations of the wavelength dependent

magnitude of MODIS re [Platnick, 2000] were also investi-
gated. As mentioned in the introduction, the distinctive
photon vertical penetration for the three near infrared
MODIS wavelengths implied that re MODIS1.6 be more rep-
resentative of cloud properties deeper into the cloud,
whereas re MODIS3.7 would correspond to effective radii near
the cloud top. In other words, for nonprecipitating

adiabatically distributed cloud, re MODIS3.7 > re MODIS2.1 >
re MODIS1.6. This ordering would not impacted by the inho-
mogenous mixing that appears to characterize the impact of
cloud top entrainment upon the cases within our data sample
(Figure 5b). In contrast, for precipitating clouds with larger
water content and re near the cloud base, re MODIS1.6 >
re MODIS3.7.
[25] We compared the three MODIS re retrievals to eval-

uate if their differences could be physically explained by
features of the in situ vertical profiles (Figure 7a). In gen-
eral, re MODIS2.1 tended to be larger than re MODIS3.7 and
re MODIS1.6 (Figure 7a). The positive difference between
re MODIS2.1 and re MODIS1.6 was consistent with the vertical
structure of an adiabatically distributed, nonprecipitating
cloud. In contrast, the positive differences between re MODIS2.1
and re MODIS3.7 were counterintuitive, as the in situ vertical
profiles did not show a decrease of re near the cloud top
(Figure 5b). Furthermore, the MODIS re interdifferences did
not correspond well with drizzle (crosses in Figure 7a indi-
cate 2D-C LWPs > 5 g/m2). In addition, a positive bias
between the different MODIS re and the in situ re remains
regardless of the re selected in the comparison (Figure 7b).

3.3. Selected Cases
[26] Three vertical profiles of LWC and re, possessing

MODIS re overestimates larger than 1.5 microns and vary-
ing amounts of precipitation are shown in Figure 8. These
cases highlighted that the MODIS overestimate occurred
regardless of details of the cloud vertical distribution. The
9 November case had little drizzle and a low LWP ("37 g
m#2, Figure 8a) with a maximum LWC near cloud top,
while the 2 November case also had little drizzle but a higher
LWP ("110 g m#2; Figure 8b), with decreased water con-
tents near the cloud top, a typical signature of evaporation
near cloud top in response to entrainment. The re profiles
near the cloud top were less affected (Figure 8b), a feature
also seen more generally in Figure 5 and consistent with
cloud top inhomogeneous mixing.
[27] The CDP LWC profile for the precipitating case

(Figure 8c, red line) also increased initially with height, then
decreased near the cloud top, while re increased monotoni-
cally. The 2D-C LWC (blue line) showed precipitation close

Figure 6. Scatterplot between MODIS and in situ observations: (a) cloud optical thickness and (b) cloud
effective radius. The vertical error bars indicate the MODIS error product, whereas the horizontal error
bars in Figure 6b denote the 50 s standard deviation of CDP re during horizontal transects. Gray circles
indicate those samples in which the absolute difference between MODIS and in situ t is less than 2.
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Rain In Cumulus over the Ocean 
(RICO)!

!
11/24/04 - 01/24/05!

!
Antigua and Barbuda!

!
!



NCAR C-130 University of Wyoming King Air UK Met Office BAE-146 

S Band (10 cm) 
K Band (0.8 cm)  
radars 

Research Ship Seward Johnson 

Rawinsondes 

RICO Instrumentation Platforms 

Antigua Barbuda 

17 “Golden days” of 
flight data and 62 days 
of continuous coverage 
from S and K band 
radars!



MODIS!
1 km!



ASTER Cloud Mask!
   !
!
!

MODIS  Re (2.1 μm)!
!

!
!
!

MODIS  Cloud Mask!
!
!

 !
AST_L1B_00309152004140606_09282004120827.hdf!

60 km!



Terra!
mean re = 23.6 µm!

Aqua!
mean re = 20.7 µm!

16 days of aircraft ∩ MODIS!
!

C-130 FSSP-100 + 2DC probes!
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Air 1000 m!
mean re = 11.6 µm!



16 days of aircraft ∩ MODIS!
!

C-130 FSSP-100 + 2DC probes!

Terra!
mean re = 23.6 µm!

Air 100 m!
mean re = 10.8 µm!

Air 1000 m!
mean re = 11.6 µm! Terra, smooth clouds!

mean re = 17.7 µm!



Terra!
mean τ = 5.7!



Terra!
mean τ = 5.7!

Terra, smooth clouds!
mean τ = 14.4!

Sanity check: (0.04 m-1)x(500 m) = 20!



• MODIS-MISR fusion for January and July 2001 – 2008!
!
• Oceanic water clouds!
!
• Fusion done at cloud tops at ~ 1km resolution!
!
• Only fully cloudy 3 km x 3 km regions are registered in 
MODIS and MISR multiple views!

3.3 km 

MISR 1.1 km pixel 

MODIS 1-D Radiative 
Transfer Model 

re (MODIS) 

VIS, NIR 

SURFACE 

, , , , , , , ,Df Cf Bf Af An Aa Ba Ca Daτ τ τ τ τ τ τ τ τ, , , , , , , ,Df Cf Bf Af An Aa Ba Ca DaR R R R R R R R R (MISR) 

Liang et al. (2009) , Di Girolamo et al. (2010), Liang and Di Girolamo (2013) 



Liang and Di Girolamo (2013 JGR)!

Zonal mean τ vs MISR view angles!
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Zonal mean τ vs MISR view angles!70°!
back!

70°!
forward!

0°!
!

δmean
c =

τ c −τ AN
τ AN

×100%

July!

Liang and Di Girolamo (2013 JGR)!



Relative optical depth bias at a particular latitude and 
scattering angle relative to the average optical depth over 
all scattering angles at that latitude!

January!



Example of τ  1-D retrieval sensitivity to systematic error in re 
at scattering angles in the backward direction for the 
different MISR view angles.!

SZA = 54.5°!

VZA = 70°!
60°!

45.5°!

26.6°!



MODIS τ –bias vs scattering anglein January!



January!

Preliminary calculations indicate that the cloud bow dip 
can be explained with a ~ 4 to 6 µm overestimate of 
MODIS-retrieved re in the global mean!



High bias of 7 – 12 µm!
Based on Aircraft!
Marine cumuliform!
High Sun!

High bias of 4 – 6 µm!
Global mean!
Based on MISR!

Summary!

!
High bias of 1 – 2 µm!
Based on Aircraft!
Marine stratiform cloud!
High Sun!



Oreopoulos & 
Platnick (2008) 

Relative cloud albedo susceptibility to droplet 
number concentration:!

MODIS!
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• !We need to develop and implement a bias 
correction procedure for MODIS re and τ that 
depends on Hσ, sun-view geometry, etc.!

If we are to increase the scientific utility of the data…!

• !Path forward using MODIS and MISR fusion!



Thanks!!
!

ASTER 15m!


