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Importance of aerosol vertical distribution

• Monitoring surface air quality from space
• Aerosol direct and indirect effects on climate
• Aerosol effects on atmospheric chemistry & gas retrievals
• Long-range transport and biosphere-atmosphere interactions
• Air quality & climate forecast 
• …



Large uncertainty in aerosol vertical profile (1)

Kipling et al., 2016;
ACP. AeroCOM-II 

Annual and global mean 
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Large uncertainty in aerosol vertical profile (2)

Annual- and zonal-mean 
mass-weighted mean 
pressure level (vertical 
center of mass in 
pressure coordinates) 
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Shin et al., 2018. 

Annual-mean PBLH difference

Modeled PBLH itself is elusive in some ways
Definition of PBLH; PBL scheme; …  

PBLH diurnal amplitude

• No observation data for evaluation of global PBLH
• Three re-analysis datasets are used as the baseline
• Inconsistent diurnal variation and definition of PBLH among different models



Different techniques for sensing AVD from space

Active
-Lidar such as CALIOP and CATS

Passive
• Limb/ occultation : SAGE, OMPS
• Stereo photogrammetry : ATSR, MISR
• UV, Deep Blue + Polarization : OMI, TROPOMI, POLDER/PARASOL
• Oxygen absorption spectroscopy: POLDER and MERIS, OMI, TROPOMI, 

SCIAMACHY; EPIC/DSCOVR, GEMS
• Infrared: dust and smoke, MODIS, VIIRS, AIRS…

Active + Passive: OMI/OMPS, MODIS/VIIRS, and CALIOP

Diurnal variation
Global converge



Elastic backscatter lidar technique
(532 nm, polar-orbiting at 700 km ABS) 

𝑃 𝑟 = 𝐸!
𝑐𝐴
2𝑟"

3
8𝜋

𝛽# 𝑟 +
𝑝$(𝜋, 𝑟)
4𝜋

𝛽$ 𝑟 𝑒%" ∫!
" '# ($ )($ +𝑀 𝑟 + 𝑏

Pros
• Details: profiling of aerosol backscattering
• Simplicity: assumption of one unknown, lidar ratio, to derive extinction
• Maturity: demonstrated by CALIPSO and CATS mission already
• Robust: to answer if aerosol layer is above PBLH (mixing layer height)
• All time: day and night

Cons
• Narrow: very limited spatial converge; 0.2% of global surface area in 16 days
• Attenuation:  lose the signal for moderate-to-thick aerosol layer or low AOD loading
• Less accurate in daytime

M. sca. bkgrd.



Multiple-wavelength lidar with depolarization

More Pros
• Particle shape:

• non-spherical vs. spherical
• More constraints:

• particle size
• More in-depth penetration:

• possible to probe columnar AOD up 
to 5 at 1062 nm at night

There are more advanced and complex ones
such as HSRL that directly measures aerosol 
attenuation and backscatter. 

Rajapakshe et al., 2017



Limb/Occultation Technique

Occultation 

limb 

Not in scale

Pros
• Upper troposphere and low 

stratosphere (UTLS)
• Relatively accurate for 

occultation technique

Cons
• Data is very sparse for 

occultation technique
• Uncertainty gets larger at lower 

altitude
• No information for lower 

troposphere
• Need to assume particle 

properties for limb technique
• Earth curvature effect



Stereo photogrammetry

Pros
• Simplicity; 1 band & >2 angles
• No need of a priori on particle 

properties; pure geometry
• Accurate (depending on pixel 

resolution and georeferencing 
accuracy)

• Air motion vector (AMV) is retrieved 
as a by-product

Cons
• Uncertainty subject to the wind-

induced parallax displacement, 
especially in direction along the track 

• Requires texturally rich features. (not 
for well-mixed plumes )

• Not for optically moderate or thin 
plumes that are transparent to reflect 
surface features 

Xu et al., 2018 



MISR-based smoke plume height

Kahn et al., 2007

Peterson et al., 2014



MISR-based analysis of  dust plume motion and dust plume 
height at the dust source region Yu et al., 2019 



GEO + GEO

Carr et al. (2020)

• Minimize the error otherwise possibly in the 
LEO in the along-track direction

• Has the potential in high temporal frequency
• Other ‘cons’ remain 



UV, Deep Blue

Torres et al., 1998

380 nm

Pros
• Rayleigh scattering can be computed 

accurately
• Less uncertainty in low boundary 

conditions
• Sensitive to absorption and height

Cons
• Not for non-absorbing aerosols
• Need a priori of aerosol absorption 

and AOD.

No routine product yet; case demonstration so far.
Often AOD are retrieved from MODIS/VIIRS and then 
used as inputs for SSA and Height retrieval. 



UV, Deep Blue + Polarization

Zeng et al., 2008

Pros
• Less sensitivity to aerosol absorption
• For all types of aerosols
• Surface reflectance is low
• Rayleigh scattering can be computed 

accurately

Cons
• Need good constraints of AOD and 

particle size (and to some degree 
shape)

• Complexity

Research product exists via GRASP 
POLDER/PARASOL; but the product has not 
been assessed with real data.



Oxygen absorption spectroscopy

I1> I2

Aerosol plume

I1I0

O2

O2

Aerosol plume

I2I0

O2

O2



O2-O2 477 nm

Oxygen absorption bands vs. surface reflectance spectra

O2 B-band has moderate absorption, stronger than O2-O2 at 477 nm and 
weaker than O2 A. O2 B-band also has very low surface reflectance, 
comparable if not lower than blue bands, due to Chlorophyll-a absorption.

Blue band



Retrieval of diurnal variation AOD from EPIC’s 
O2 A and B bands

•AOD field clearly 
indicates mass 
continuity; high 
close to the 
source, and low 
in downwind. 

•ALH shows no 
relationship with 
AOD

•ALH varies 1 – 5 
km.

DSCOVR



Implication to surface PM2.5 Air Quality Assessment

(c)

(d)

(g)

(h)

Location later affected 
by high AOD and 
descending layer of 
smoke

High surface PM2.5

Location later affected 
by high AOD and 
lofted layer of smoke

Low surface PM2.5

08/25 08/262017

ALH

AOD
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Validation with MODIS and CALIOP data

Figure 4. Validation of EPIC retrieved aerosol layer height (ALH, black curve) with CALIOP 
profile of 532-nm extinction coefficient. Panel a and b are for CALIPSO overpass on April 17 
and 18, respectively. The corresponding sub-orbital tracks are indicated in Figure 3b. Cloud 
layers are indicated by gray color. The red curve depicts CALIOP extinction weighted ALH 
calculated by Eq. (XXX). 

a

b

EPIC: 2016-04-18 14:41 UTC
CALIPSO: 2014-04-18 15:02 UTC

EPIC: 2016-04-18 14:59 UTC
CALIPSO: 2014-04-17 14:18 UTC

N:	397
Bias:	0.09	km

RMSE:	0.45	km
R:	0.85

Figure 5. (a) Scatterplot of EPIC retrieved 680 nm AOD versus MODIS C6 680 nm AOD, 
both aggregated into a 0.5° spatial resolution. So, each scatter indicates an AOD pair over a 
0.5°x0.5° grid. Color of scatter indicates the frequency of scatters falling within 0.025 AOD 
intervals. Also shown are one-by-one line (solid) and 0.1±10% (dashed) envelop.  (b) 
Scatterplot of EPIC retrieved aerosol layer height (ALH) versus CALIOP extinction weighted 
ALH, sampled from Figure 4 for cloud-free conditions. Also included are one-by-one line 
(solid), ±0.5km (dashed) and ±1.0km (dotted) envelops. Annotated in each panel are number 
of scatters (N), Bias, root mean squared error (RMSE), and Pearson correlation coefficient 
(R). 

N:	2039
Bias:	0.001

RMSE:	0.149
R:	0.60
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N:	397
Bias:	0.09	km

RMSE:	0.45	km
R:	0.85

Figure 5. (a) Scatterplot of EPIC retrieved 680 nm AOD versus MODIS C6 680 nm AOD, 
both aggregated into a 0.5° spatial resolution. So, each scatter indicates an AOD pair over a 
0.5°x0.5° grid. Color of scatter indicates the frequency of scatters falling within 0.025 AOD 
intervals. Also shown are one-by-one line (solid) and 0.1±10% (dashed) envelop.  (b) 
Scatterplot of EPIC retrieved aerosol layer height (ALH) versus CALIOP extinction weighted 
ALH, sampled from Figure 4 for cloud-free conditions. Also included are one-by-one line 
(solid), ±0.5km (dashed) and ±1.0km (dotted) envelops. Annotated in each panel are number 
of scatters (N), Bias, root mean squared error (RMSE), and Pearson correlation coefficient 
(R). 

N:	2039
Bias:	0.001

RMSE:	0.149
R:	0.60
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2019-07-09 Smoke in Alaska(a) (b) (c) (d)

2018-08-10 Smoke in Canada and US

2019-07-28 Smoke in Siberia

(e) (f) (g)
(h)

(i) (j) (k) (l)

(m) (n) (o)
(p)

2018-11-10 US Camp Fire smoke

(q) (r) (s)

(t)

2020-09-09 Smoke in Western US

2020-06-18 Dust in North Atlantic Ocean(u) (v) (w)

(x)

Enabled by TROPOMI

VIIRS 
classifies 
as cloud

VIIRS This study KNMI CALIOP overlaid with 
AOCH retrievals

Chen et al., 2021, RSE, In review.
Don’t cite or quote

KNMI

This study

Algorithms using channels similar as EPIC.



More demonstration

2019-07-09 Smoke in Alaska(a) (b) (c) (d)

2018-08-10 Smoke in Canada and US

2019-07-28 Smoke in Siberia

(e) (f) (g)
(h)

(i) (j) (k) (l)

(m) (n) (o)
(p)

2018-11-10 US Camp Fire smoke

(q) (r) (s)

(t)

2020-09-09 Smoke in Western US

2020-06-18 Dust in North Atlantic Ocean(u) (v) (w)

(x)

VIIRS This study KNMI CALIOP

Chen et al., 2021, RSE, In review. Don’t cite or quote



Validation 
(a) (b) (c)

• TROPOMI operational ALH product based on O2 A-band has 1.5 km low bias 
(Nanda et al., 2020)

• This study using O2 A- and B-bands has mean bias of nearly zero in AOCH. 



Oxygen absorption spectroscopy
Pros

• Surface reflectance is low in O2 B and O2-O2
• Has sensitivity in low, middle and upper troposphere.
• Work well for from source to downwind region
• Sensitive to both scattering and absorption aerosols
• Aerosol optical properties have less uncertainties (as 

compared to that in UV)
• Simplicity and robustness (the ratio between 

absorption and continuum bands can be well attributed 
to the aerosol height)

• Less sensitivity to aerosol absorption

Cons
• Subject to the shape of aerosol profile, but that is true 

for all passive techniques
• Subject to the surface reflectance (with a note that in 

O2 B-band, the reflectance is low).

Xu et al., 2019



Infrared Techniques

Pros
• Works both at day and night
• Good temporal converge (from GEO)

Cons
• Subject to the uncertainties in temperature 

profile and surface temperature
• Subject to water vapor and gas absorption
• Best for dust particles (and to some degree, 

thick smoke particles at the source region)
• Subject to the uncertainties of aerosol 

absorption that is not well constrained in the 
infrared spectrum, and particle size

Xu et al., 2018



Thoughts for future directions

>15 yrs

GEO



GEO constellation for atmospheric composition

Operational ALH retrieval 
from O2 A-band

Operational ALH from O2-
O2 band 

Operational ALH from O2 A-band

Daytime only,  need time-varying 
lidar measurements to validate

2022
2023

2021



Geostationary and Extended Orbits (GEO-XO)

https://www.nesdis.noaa.gov/GEO-XO Now in formulation



Requirements & recommendations of a SmallSat Mission

• A pathfinder to A-CCP -> emergent
• Fill in the data gap of aerosol vertical profile 

with unprecedented spatial coverage à
combine active and passive techniques

• Time-varying measurements to sample the 
diurnal cycle in the vertical to complement 
the horizonal observation from GEO -> 
inclined LEO

• Low risk and low cost -> excellent heritage
• Near real time for societal benefits -> data 

latency < 6 hours

Synthetic data based on newly developed (smaller and 
enhanced) lidar in GSFC; Courtesy: J. Yorks

Enhanced Lidar developed in GSFC

do we wait before A-CCP in 2028 (or later)? 



Payloads

• An elastic (Mie) backscatter lidar
– Measure both backscatter and depolarization at 532 nm and 1064 nm 

(heritage from CALIOP and CATS)
– Enhanced SNR due to inclined LEO (altitude of ~450 km)

• A multi-angle view imager with a minimum of 3 bands and 3 angles  
– Three angles (forward, backward and nadir) for stereo-height mapping
– Three wavelengths (blue, 670 nm and 688 nm O2 B-band) for plume 

height mapping

• Synergistic use of GEO data
– Enhance retrieval of stereo height (to minimize the uncertainties from 

impact of along-the-track motion)



Four techniques together to provide unprecedented 
characterization of aerosol vertical distribution

• Accuracy: lidar data can help correct localized bias in imager-based height data
• Spatially: imager-based AOCH and stereo height data help expand lidar data 
• Temporally: time varying, around-the-clock measurements 

• Multiple-angle + O2 B-band further helps the retrieval in the downwind region.
Chen et al., 2021, in review.



Co-benefits 
• Cirrus cloud optical properties and forcing
• Characterization of low-level cloud heights
• Surface PM2.5 and air quality studies 

(complementary to MAIA and GEO 
constellation for atmospheric chemistry)

• Upper Troposphere and Lower 
Stratosphere (UTLS) studies

• Climate studies for smoke and dust 
injections and long-range transport 

• Operational short-term forecast of aerosol 
transport 

• Boundary layer research
• …

Lee et al.,
2019

Y. Yorks



(a)

(b)

(c)

(d)

(e)

PM2.5 (µg/m3 )
O2AB

O2A

TROPOMI

VIIRS

Demonstration for societal benefits
• Air quality forecast is needed by the state/local communities to make advisories/decisions for 

mitigating public exposure to air pollution.
• Aerosol layer height is one of the most needed information air quality mangers wants (based 

on HAQST group discussion on air quality forecast in smoke conditions).  



Improvement on prediction and analysis

(a) (b)

(c) (d)

false alarm!
MERRA-2 

MERRA-2 Corrected by AOCH

• While the measurements of AOCH at fire source region helps, equally and perhaps even 
more important is the AOCH at the downwind, where the smoke has a far reaching effect.

• This underscores the importance to combine multiple-angle and O2 absorption band to 
achieve spatial converge and use lidar for details, bias correction, and information at night.



Diurnal variations

EPIC-based, dust AOCH at each hour
Multi-yr mean of 2015-2019 in May - Oct

MERRA-2

MERRA-2 clearly has deficiency to 
describe the diurnal variation of dust 
layer height seen by EPIC

Lu et al., in prep.



Summary & Outlook
• A brief review is given on the satellite remote sensing of aerosol vertical 

distribution 
• A SmallSat mission is emergently needed to measure the diurnal variation of 

aerosol vertical distribution with unpresented spatial coverage and NRT capability
– Avoiding data gap in Program of Record of aerosol vertical profiles
– Serving as a pathfinder for future A–CPP and other mission(s)
– Enhancing the GEO constellation for atmospheric composition 
– Providing complementary information to MAIA, PACE and JPSS 

• Recommendations
– Inclined LEO orbit, elastic lidar + multiple-angle view imager (with blue and O2 

B-band as a mimimum)
– Field campaigns, surface network, and modeling should be part of the mission
– GEMS (Asia) and TROPOMI (Europe) have operational product of aerosol 

height product. As a community, we need to act now!



Thank you. 

For papers and further exchanges, please contact via 
jun-wang-1@uiowa.edu
http://arroma.uiowa.edu

Xiaoguang Xu
UMBC

Xi Chen
U. Iowa

Xu, X., J. Wang, Y. Wang, and A. Kokhanovsky
(2018), Passive remote sensing of aerosol 
height.https://doi.org/10.1016/B978-0-12-
810437-8.00001-3

MURI
GEO-XO

mailto:jun-wang-1@uiowa.edu
http://arroma.uiowa.edu/
https://doi.org/10.1016/B978-0-12-810437-8.00001-3
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1.72±0.36

08:00
1.93±0.45

09:00
2.59±0.53

10:00
2.82±0.63

13:00
2.72±0.49
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15:00
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TROPOMI AOCH from O2 B + A band TROPOMI L2 ALH from O2 A 
band



Shin et al., 2018. 

PBLH mean from three re-analysis               PBLH diurnal amplitude

Modeled PBLH itself is elusive in some ways
Definition of PBLH; PBL scheme; …  



A rising trajectory of 
geostationary satellites for air pollution

Sate llite  measurements  of aerosol mass and transport 2581 

of aerosol S  is  derived from GOES da ta  taken a t 1300 
GMT on 31 July 1980, and compared with in s itu 
measurements . This  day was  chosen because  a  la rge  
e ffort was  made by many other experimenters  to 
measure  and analyze the  properties  of the  a ir pollution. 
The sun had been shining for 3 h over Eastern U.S. on 
this  day a t the  time of the  sa te llite  observations. A weak 
cyclone with accompanying rain was  loca ted over Lake  
Michigan. South of this  region weak anticyclonic flow, 
which is  associa ted with e levated a ir pollution, 
prevailed. 

The columnar mass  density of aerosol S  is  ca lcula ted 
by means of (11) and given in Fig. 5. The maximum 
concentrations above 0.045 gmm2 occur over the  
Atlantic Lean and West Virginia. No other es timates  
of the  columnar mass  have been published. A com- 
parison with sa te llite  es timates  of particula te  S  mass  
(Fig. 5) can be based on measurements  of sulfa te  
concentration a t the  ground on the  same day, but not 

a t the  same time, however. Three  independent 
measurements  of particula te  sulfa te  concentration a re  
given in Table 1. The sulfa te  is  assumed to be 
uniformly mixed from the  surface  to 1700 m above sea  
level, s ince an a ircraft profile  of the  dry scattering 
coefficient in this  layer near Baltimore a t 1710 GMT 
was  nearly constant (Tichler e t a l., 1981). Hence, the  
thickness  of the  aerosol layer is  assumed to have been 
1400m in Virginia where  the  ground elevation is  
300 m, and 1700 m over the  Chesapeake  Bay. The 
columnar mass  of particula te  sulfur in column 5 of 
Table 1 is  obtained by multiplying these  he ights  by the  
surface  sulfur concentration, which is  one-third the  
sulfa te  mass  of column 4. The las t column gives  the  
ra tio of sulfur masses  based on sate llite  and on surface  
measurements . The sate llite  values a re  a  factor of 1.2 to 
2.3 too la rge . The differences  between the  two se ts  of 
da ta  can be a ttributed to the  s trong spatia l and 
temporal gradients  (Fig. 5; Ferman e t a l., 1981; Tichler 

31 JULY 80 
13002 

51 I I 

97 90 80 70 64 

Fig. 5. The  columnar mass density of particula te  sulfur. The  units  a re  g m-‘. The  transport da ta  on 
Fig. 7 is  computed through the boarders  shown here. 

Table  1. Comparison of columnar masses of sulfur derived from ground-based and sate llite  observations. The  sa te llite  
observations were made a t 13OOGMT on 31 July 1980 

1 
Place  

Virginia  

2 3 4 5 6 7 8 
Latitude  Longitude Particula te  Columnar Reference Sate llite  Ratio columns 
(deg. N) (deg. W) sulfa te  mass sulfur mass sulfur mass 7 and 5 

@g m-“) (pm-*) (g m-‘) 

38.7 78.3 38 0.018 Ferman et 0.040 2.3 

Virginia  38.7 78.3 38 0.018 

Near Baltimore  39.3 76.4 24 0.014 

al. (1981) 
Stevens et 
a l. (1984) 
Tichler et 
a l. (1981) 

0.040 2.3 

0.017 1.2 

Fraser et a., 1984, AE 

GOES-2

MSG, 8/28/2002
12 channels
2 visible

6/10/2010

Lahoz et 
al., 2012

Imager à Spectrometer

GEMS 02/18/2020; 
TEMPO & Sentinel-4, 
2022/23

GOES-R
2016

Schmit et al., 
2017

Lee et al., 2010. 
RSE
6 visible
2 NIR 

Fishman et 
al., 2012 

47

GOCI

TEMPO

Kim et al., 
2020
Chance et 
al., 2019
Zoogman et 
al, 2017

Lennartson et al., 2018, ACP

GEO-XO
2030?



Impacts on dust refractive index uncertainty on the infrared spectra

 

2 

 

 

during transport. This highlights the importance and practicability to replace the generic dust LW refractive 
index values with regionally specific values in climate models. Still, the DB14 and DB17 databases only 
capture a few point locations; Observations of dust LW refractive index are critically demanded to a more 
extensive spatial coverage, a task that can be achieved only through satellite remote sensing. 

Hyperspectral LW radiances, such as those observed by IR sounders (e.g., AIRS, CrIS, and IASI), contain 
a wealth of information on mineral aerosols together with discernable information on thermal state of the 
atmosphere and surface [DeSouza-Machado et al., 2006]. In particular, IR radiance is predominately 
sensitive to large-sized particles, making it well suited to extract dust information from other aerosol types 
during both day and night time. As shown by Sokolik [2002], the presence of elevated dust layers decreases 
the brightness temperature (BT) at TOA across the IR atmospheric windows and produces a unique 
“negative slope” of BT along the wavenumber dimension around 11 µm, widening the typical ozone-
absorption-caused V-shape at the spectral region of 8–12 µm. The magnitude of these changes on BT 
importantly depends on dust loading, size, altitude and refractive index. Moreover, spectral BT measured 
in the window channels around 4 µm are more sensitive to dust optical depth then dust altitude [Pierangelo 
et al., 2004]. Those spectral signatures of dust have been utilized to retrieve dust loading, effective size, 
and radiative altitude from AIRS and IASI measurements [Pierangelo et al., 2004, 2005; DeSouza-
Machado et al., 2010; Peyridieu et al., 2010, 2013; Vandenbussche et al., 2013; Klüser et al., 2015]. While 
those studies excluded dust refractive index in their retrievals, the accuracy of their retrieved dust altitude 
and particle size was critically dependent on the appropriate selection of dust refractive index, because the 
IR radiance signals are strongly sensitive to dust absorption. 

As shown by a sensitivity experiment in Fig. 1, the disparity of BT signals responding to dust refractive 
indices of different sources can exceed 5 K around the 11-µm atmospheric window. It indicates that IR 
radiance contain importance information on dust spectral absorption, which can be potentially used to 
retrieve the spectra of dust refractive index. The AIRS on Aqua and CrIS on SNPP provide global and 
continuous observations and suit for a long-term study of dust properties. However, retrieving dust 
refractive index would be more challenging, because refractive index is a quantity of strong spectral 
variability. Nevertheless, this challenge can be well addressed with the principal component analysis (PCA) 
technique, which can effectively reduce the dimensionality of hyperspectral data by implicitly taking into 

	

	
	

Fig	1.	Sensitivity	experiment	
of	the	impact	of	dust	
refractive	index	on	TOA	BT	in	
the	LW.		(a-b)	Complex	
refractive	indices	from	Volz	
[1973]	and	BD17	(for	Niger,	
Ethiopia,	and	Taklimakan).		
(c)	UNL-VRTM	simulated	TOA	
BT	using	those	dust	refractive	
indices	as	compared	with	
those	for	a	dust-free	
(Rayleigh)	atmosphere.	(e)	BT	
difference	of	those	dusty	
atmospheres	minus	dust-free	
atmosphere.		
	




