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ABSTRACT 

A synergistic combination of space based sensors for 
vertical and column integrated measurements of aerosol 
parameters is providing opportunities for a detailed and 
systematic analysis of vertical structure and 
characteristics of dust storms from sources to sinks. As 
an integral part of Afternoon-train (A-train), the column 
measurement of aerosols by MODIS Aqua is followed 
by vertical as well as column integrated measurements 
of aerosols by CALIPSO within 1-2 minutes (during 
daytime overpass). The vertical profiles as well as 
column integrated values of aerosols from Aqua (level-
2, 10 km grid, collection 5.1) have been derived along 
the CALIOP (onboard CALIPSO platform) line of path 
for the best achievable spatial collocation for 
correlation and sensitivity analysis. The night-time 
CALIOP derived column integrated AOD and day-time 
deep blue AOD from Aqua (for the dust storm event on 
February 5, 2009) show good correlation (R2 = 0.88), 
while dark target AOD data from Aqua show poor or 
no-correlation over the land region (Sahara desert). The 
Aqua dark target AOD (land and ocean) product shows 
moderate correlation (R2 = 0.48) with CALIOP column 
integrated AOD over the ocean. The low correlation 
over the sea could be partially attributed to the temporal 
difference between night-time CALIOP and day-time 
MODIS measurements. The CALIPSO derived 
parameters (AOD and Backscatter) are sensitive to 
varying concentration of aerosols in the dust storm (25-
35⁰N, AOD ranges 0.1-0.9, and IAB ranges 0.010 to 
0.019 sr) and clouds (IAB ranges > 0.02 – 0.1 sr). The 
fine, mixed and coarse aerosols (derived from MODIS) 
show distinct relationship and range of sensitivity to 
CALIPSO derived parameters (Column AOD532nm and 
IAB at 532nm). 

1. INTRODUCTION 

A major winter-time dust storm affected the 
Mediterranean region during February 5, 2009 
(Kaskaoutis et al., 2012). Cloud-Aerosol Lidar and 

Infrared Pathfinder Satellite Observation (CALIPSO) 
nighttime overpass detected the vertical structure of this 
dust storm around the coast of Libya with footprint  
passing through Niger, Libya, Mediterranean Sea, and 
Europe (Figure 1a). The spatial extent of the dust storm 
is measured by daytime overpass of Moderate-
resolution Imaging Spectroradiometer (MODIS) aqua. 
The nighttime CALIPSO derived column AOD and 
column integrated attenuated backscatter (IAB) show 
peaks around the coast of Libya (Figure 1b, c). The 
detailed observations for this dust storm as obtained 
from MODIS Aqua, CALIPSO daytime and night-time 
vertical profiles, Ozone Monitoring Instrument (OMI) 
Aura, and dust model DREAM are covered in 
Kaskaoutis et al., 2012. In this study, we have analyzed 
the correlation and sensitivity of MODIS and Cloud-
Aerosol Lidar with Orthogonal Polarisation (CALIOP) 
derived aerosol parameters along the line of pass of 
CALIPSO during a major dust storm. The performance 
of deep blue and dark target AOD over the land (Sahara 
desert) and ocean (Mediterranean Sea) is analyzed in 
conjunction with CALIOP derived column integrated 
AOD. The range of sensitivity of MODIS and CALIOP 
derived parameters to fine, mixed, and coarse aerosols 
have been discussed.  

2. DATA USED 

We have used MODIS Aqua retrievals for both dark 
target (DT) and the deep blue (DB) algorithm during a 
rare wintertime dust storm over Sahara and 
Mediterranean Sea on February 5, 2009. We have also 
obtained CALIOP derived aerosol parameters (column 
as well as vertical structure) values for the early 
morning hours (00:57 to 01:03 local time) of the same 
day. The MODIS aerosol parameters (level-2, 10 km 
spatial resolution, collection 5.1) have been derived 
along the CALIPSO line of path for the best achievable 
spatial collocation. The uncertainty of MODIS aerosol 
observations (both deep blue and dark target algorithm) 
have been documented by several researchers (Remer et 
al. 2005, Prasad and Singh, 2007; Levy et al., 2007; 



Hsu et a
provides 

 

(a)

(b)
Figure 1. 
over the M
nm) is sho
AOD (10 
nighttime 
morning h
is visible b
values, are

al., 2006). Th
vertical struct

(a) A major wi
Mediterranean r
own along the l

km grid) spat
CALIOP overp

hours (00:57 to 0
between ~25-36
e visible betwee

he  CALIOP o
ture of the at

intertime dust s
region on Febru
line of path of 
tial distribution
pass derived co
01:03 localtime
6º N latitude ov

en ~39-47º N lat

onboard CAL
tmospheric ae

storm around th
uary 5, 2009. T
CALIOP (thick

n over Sahara a
olumn AOD532 
e) on the same d
ver the coast of
titude over Euro

LIPSO 
rosols 

and
Rog

(c)
he coast of Liby

The vertical prof
k black line run
and Mediterran
and column int
day. (c) A colum
f Libya and Me
ope. 

d clouds (Che
gers et al., 201

ya was observe
file of the atmo
nning N-S). (b)
nean regions on
tegrated attenua
mn AOD and IA
editerranean. T

en et al., 20
10).  

ed by MODIS A
osphere (total a
 The backgroun
n 5 February 2
ated backscatter
AB values indic
he clouds, disti

10, Prasad e

Aqua and CALI
attenuated backs
nd is Aqua-MO
2009. The vert
r (IAB) values 
cates that a maj
inguished by ve

t al., 2011, 

 

 
IOP overpass 
scatter at 532 

ODIS Level 2 
tical bars are 
for the early 
or dust storm 
ery high IAB 



Figure 2. (
MODIS A
derived fro
along the C
measurem
CI) for line

(a)
Figure 3.
AOD532nm

between C
show corr

C
A

L
IP

S
O

 A
tt

en
u

a
te

d
 B

ac
ks

ca
tt

er
 5

3
2n

m

0.

0.

0.

0.

0.

0.

0.

(a,b,c) The corr
Aqua (DB AOD 
om CALIPSO (
CALIPSO line o
ents from MOD
ear fit (solid red

. (a) The obser

m and attenuate
CALIPSO AO
responding IA

CALIPS

FFFFFFF

F

FFFFFFFFFFFFFFFF FFFFFF

F
F

F
FFFFFFF FFFF FFF

F

FF
F

F

F
FF

F

F

F

FFF

F
F

F

F

F
F

F

FFF
FFFFFFFFFFFFFFFFFFFFF FF
F
FFF FFFFFF FFFFFFFFFFFFFFFF FFFFFFFFFFFFFFFFFFFFFFF

F
F
F
F

F

FF

F

F

F

FF
F
F

FF
FF
F
F
F
F

F

FFFFFFFFFFFFFFFFFFFFFFFF

F
F

F

F

0.0 0.1
.00

.01

.02

.03

.04

.05

.06

relation between
and DT AOD L
532nm) during 
of path (separat

DIS over the lan
d line). 

rved relationsh
ed backscatter

OD532nm and M
AB range. 

SO_AOD (532n

CC CCCC CCC CCC CCC C
CCCC CCCCCCC C CFFFFFFFFFFF

F
FFFFFFF

F F
FF

F
F

0.2 0.3 0.4

Ca
db
y =
r =
r2 =

Ca
db
y =
r =
r2 =

Ca
db
y =
r =
p =

C

F

n column integr
Land_and_Ocea
day-time with M

tely over land an
nd and ocean (R

hip (range) an
r (at 532nm) fo

MODIS derived

m) over Land

CC C CC CC C CCCCC CCC CC CC CCC CCC CCC C CC CCC CCC C CC CC CCCCC

4 0.5 0.6 0

ase 1: Coarse aeros
b-angs-land: <= 0.1 
= 0.0121 + 0.0086*x
= 0.9556, p = 0.0000
= 0.9132

ase 2: Mixed aeroso
b-angs-land: (0.1,0.8
= 0.0148 + 0.0033*x
= 0.0571, p = 0.7447
= 0.0033

ase 3:Fine aerosols 
b-angs-land: > 0.8  
= 0.0156 - 0.0075*x
= -0.0576, r2 = 0.003
= 0.4008

db-angs-land: <=
db-angs-land: (0
db-angs-land: > 

rated AOD deriv
an, day-time). (d
MODIS Aqua (
nd ocean). The 
emmer et al., 20

(b)
nd sensitivity b
for coarse, mix
d small mode A

F

0.7 0.8

sols (C)

x; 
0;

ols (M)
8)
x;  
7;

(F)

;
33

= 0.1
0.1,0.8)
0.8

M
O

D
IS

 R
at

io
 o

f 
sm

al
l m

o
d

e 
A

O
D

 5
50

n
m

ved from CALI
d,e,f) The corre
(DB AOD and D
black dotted lin
005). The red d

between CALI
xed and fine ae
AOD550nm. Th

CALIPSO_AO
0.0 0.1 0.2

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
CIA_Bksc_5
CIA_Bksc_5
CIA_Bksc_5
CIA_Bksc_5

IPSO (532nm) d
lation between 
DT AOD Land_
ne show expecte
otted line show

IPSO derived 
erosols. (b) Th
e fine, mixed,

OD (532nm) over L
0.3 0.4 0.5

: (0.01,0.013)
: (0.013,0.016) 
: (0.016,0.019) 
: > 0.019

during night-tim
column integra

_and_Ocean, da
ed range of erro

w predicted inter

column integr
he observed re
 and coarse ae

Land

Case 1: 
CIA_Bksc_5
y = 0.2639 -
r = -0.7024,
r2 = 0.4934

Case 2: 
CIA_Bksc_5
y = 0.0841 +
r = 0.7703, 
r2 = 0.5934

Case 3:
CIA_Bksc_5
y = 0.1041 +
r = 0.8464, 
r2 = 0.7163

Case 4:
CIA_Bksc_5
y = 0.4077 -
r = -0.7449,
r2 = 0.5549

0.6 0.7

 
me with 
ted AOD 

ay-time) 
or in the AOD 
rval (at 95% 

 
rated 
elationship 
erosols 

5: (0.01,0.013)
- 1.2907*x
 p = 0.0000 

5: (0.013,0.016) 
+ 0.6325*x  
p = 0.0000

5: (0.016,0.019)  
+ 0.7541*x
p = 0.0000

5: > 0.019
- 2.539*x
 p = 0.00001 



3. SUMMARY AND CONCLUSIONS 

3.1 Column AOD and Attenuated Backscatter: 

The dust storm was observed by nighttime CALIPSO 
overpass over the Sahara desert (Libya) and the 
Mediterranean Sea. The column AOD at 532 nm from 
CALIPSO, along the line of overpass, increases 
gradually from <0.1 (clean atmosphere) and ranges 
between 0.1-0.9 over dust storm region. Similarly, the 
integrated attenuated backscatter (IAB) show a gradual 
increase from ~0.011s and ranges between 0.011 – 
0.019 s over the region of dust storm. The peak of AOD 
is at the center region of the dust storm, at 
approximately 30⁰N (coast of Libya, Figure 1) which 
coincides with the peak of column IAB at 532nm. 
Figure 1c clearly shows that the nighttime column IAB 
is sensitive to the concentration of dust in the 
atmosphere and thus follows the AOD closely from 
non-dust (0-25 ⁰N) to dusty region (25-35 ⁰N). The 
cloudy region (39-47 ⁰N), as expected, is marked by 
strong increase in the column backscatter (range >0.02-
0.1 s) and thus distinguish cloudy regions over Europe 
from dusty regions around the coast of Libya (Figure 
1c). At the peak region (column AOD = 0.4-0.9), the 
column IAB varies between 0.014-0.019. The column 
AOD and column IAB from nighttime CALIPSO 
overpass is found to vary linearly over the dusty and 
non-dusty (cloud free) regions (Figure 1c), thus help in 
identification of dusty regions during night-time. 

3.2 Correlation between MODIS and CALIOP 
AOD 

Night-time CALIOP derived AOD532nm show good 
correlation (R2 = 0.88) with DB AOD550nm from 
MODIS Aqua over land region. However, MODIS DT 
AOD550nm show poor or no correlation (R2 = 0.0066) 
with CALIOP derived AOD532nm over bright surfaces 
(arid land). Over ocean, CALIOP derived AOD532nm 
show moderate correlation (R2 = 0.48) with DB 
AOD550nm from MODIS Aqua (Figure 2a,b,c). Due to 
noise in the CALIOP data during daytime 
measurements, the CALIOP AOD data show relatively 
poor correlation (R2 = 0.28) despite near simultaneous 
measurements with Aqua (within 1-2 minutes) (Figure 
2d). Thus, nighttime CALIOP measurements resolve 
the vertical structure of aerosols better than the daytime 
overpass. 

3.3 Sensitivity: CALIPSO column AOD and IAB 

Figure 3a shows range of CALIPSO derived AOD and 
IAB for coarse (DB Angstrom Exponent, AE ≤ 0.1), 
mixed (DB AE, 0.1-0.8) and fine aerosols (DB AE ≥ 
0.8). The fine aerosols, from non-dusty regions over 
Sahara, show low AOD values (<0.25) with wide range 
of IAB (0.005-0.06 s). The coarse aerosols (CALIOP 

AOD, 0.2-0.7) show very small range of variation of 
IAB (within 0.014-0.018 s). Figure 3b shows the range 
of variation of ratio of small mode AOD from MODIS 
Aqua and CALIPSO AOD for four groups of IAB 
values. The clustering of points, for different IAB 
ranges, demonstrates the range of sensitivity of 
CALIPSO AOD and MODIS fine mode fraction. 
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