
Dejian Fu1, Susan Kulawik1,2, Kazuyuki Miyazaki1, Kevin Bowman1, John Worden1,
Annmarie Eldering1, Nathaniel Livesey1, Joao Teixeira1, Fredrick Irion1, Robert Herman1,
Gregory Osterman1, Xiong Liu3, Pieternel Levelt4,5, Anne Thompson6, and Ming Luo1,
with thanks to KORUS-AQ, TES, AIRS, OMI, and CrIS teams
1 NASA Jet Propulsion Laboratory, California Institute of Technology, USA
2 NASA Ames Research Center, USA
3 Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts, USA 
4 Royal Netherlands Meteorological Institute, De Bilt, 3731 GA, the Netherlands 
5 University of Technology Delft, Delft, 2628 CN, the Netherlands 
6  NASA Goddard Space Flight Center, Greenbelt, Maryland, USA

© 2019. All rights reserved.

Suomi NPP

Retrievals of tropospheric ozone profiles from the 
synergism of AIRS and OMI: methodology and validation

Sentinel-5P
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Towards an Air Quality  Constellation

How does the constellation improve knowledge of global air quality? 
• GEO sounders (GEO-CAPE, TEMPO, Sentinel-4, GEMS) will provide an unprecedented 

number of composition observations at high spatial-temporal resolution.
• LEO sounders (IASI, CrIS, S5p) provide the global picture and thread the GEO 

observations together. 
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The Synergic Observations

Joint LW/SW or ultra-high spectral resolution measurements distinguish upper/lower 
troposphere.  

Ø TIR observations are sensitive to the free-tropospheric trace gases.
Ø UV-Vis-NIR observations are sensitive to the column abundances of trace gases.
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MUlti-SpEctra, MUlti-SpEcies, MUlti-SEnsors (MUSES) Retrieval Algorithm 



Connecting Remote Sensing to Assimilation

JPL MUSES algorithm delivers retrieved trace gas concentration profiles +
observation operators needed for trend analysis, climate model evaluation,
and data assimilation.
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Combined AIRS Single Footprint to OMI Measurements

This work combines AIRS single footprint 
L1B radiances to OMI measured 
radiances for retrieving O3 profiles.

OMI

AIRS



Data Processing of Joint AIRS/OMI O3 Retrievals 

Configured in two modes: global survey (GS) and regional mapping (RE).

GS – Provides profiles with a spatial sampling similar to TES global survey

• 2006 – 2009, 2016, 2018, processed for all months

• 2010 – 2017, processed for some months specified by the user community

• Forward Processing: Oct, 2017 to Present

• Reanalysis Processing: 2005 to 2017 (10x spatial coverage, completion expected in 2019)

RE – Processes all available measurements for flight campaigns

• KORUS-AQ, Apr – Jun 2016

• ORACLES, Aug, Sept 2016

• POSIDON, Sept, Oct 2016

• Mexico City, Oct 2013

• CrIS CO and O3 over CONUS for the FIREX-AQ campaign.

L2 data access:

• Data products have been saved in Hierarchical Data Format, a common format used in the

NASA Earth Observation System level 2 products

• Data products access + validation report & IDL Reader via following link:

https://tes.jpl.nasa.gov/multi-instrument-products/airs-omi

Welcome/thanks community help on scientific applications and performance
evaluation/characteristics this decade long data for future algorithm optimization.

https://tes.jpl.nasa.gov/multi-instrument-products/airs-omi


Joint AIRS+OMI O3 vs. TES Global Survey Mode

Fu et al., “Retrievals of tropospheric ozone profiles from the synergism of AIRS and OMI: 
methodology and validation”, AMT, 11, 5587-5605, 2018.

Ø The correlation coefficients of joint AIRS+OMI vs. TES ozone data: 0.71 - 0.92 for all months.

Ø The characteristics of the joint AIRS+OMI retrievals, in terms of vertical sensitivity and 
estimated uncertainty characteristics, are equivalent to those of TES data. 

Joint 
AIRS/OMI

TES version 
6.0

A priori
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Figure S5: Global maps of monthly averaged ozone (O3) volume mixing ratio (VMR) with a unit of ppb. The A-Train 
measurements in May 2006 were used in creating these global maps. Comparison of Joint AIRS+OMI (top row, A), TES (middle 
row, B), and a priori (bottom row C) ozone VMR for the pressure level of 316, 510 and 750 hPa  (columns left, middle, right), 
respectively. All data have been gridded to 2.5° ´ 2.5° cells. 5 



Comparisons to WOUDC Ozonesondes

8

Coincident criteria
Ø Passed retrieval quality check
Ø Distance < 300 km; Time diff. < 4 hours
Ø Day Time
Ø Cloud optical depth < 2.0
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Eq. (7) indicates that the error covariance matrix is not biased by the a priori "<, and the biases of O3 retrievals relative to 

ozonesondes are due to the errors of the sonde measurements +?, the random spectral noise +Ä, the interfereing parameters in 

retrieval state vector +w?, the remaining radiometric calibration errors +Bp, or sonde-satellite temporal/spatial samplings +KK. 

 Figure 6 and Table 4 illustrate that both joint AIRS+OMI and TES data are in good agreement with ozonesonde 

measurements across seasonal variations in the troposphere. Here, the biases of ozone from remote-sensing measurements are 5 
within 3 ppb, 2 ppb, and 5 ppb for joint AIRS+OMI at three pressure levels (316, 510, and 750 hPa, respectively), while within 

6 ppb, 4 ppb, and 3 ppb, respectively, for TES version 6 data. The biases of these satellite data show an improvement for all 

seasons when compared to a high bias of 3 to 10 ppb estimated for the TES tropospheric ozone data prior to version 6 via 

validation using ozonesonde measurements (Nassar et al., 2008; Boxe et al., 2010). Additionally, the RMS of the differences 

are 10–17 ppb, 8–11 ppb, 7–9 ppb for the tropospheric ozone of joint AIRS+OMI retrievals, while 12–22 ppb, 8–15 ppb, 7–10 
13 ppb for TES version 6 data, consistent with those reported by the existing TES validations. Overall comparisons of 

AIRS+OMI to ozonesondes yield similar biases and errors to matching comparisons between TES and sondes. 

 
Figure 6: Joint AIRS+OMI-sonde (A1–A4) and TES-sonde (B1–B4) percentage differences of measured ozone concentration for the 
four seasons (months abbreviated in parentheses) over global. Individual profiles are shown in black, and the mean and 1 sigma 15 
standard deviation range are overlaid in solid magenta (mean) and dashed magenta lines. The profiles were plotted after removing 
cloudy scenes and flagged satellite (joint AIRS+OMI and TES) data. (A1–A4) joint AIRS+OMI vs. ozonesonde; (B1–B4) TES data 
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(version 6) vs. ozonesonde; (C1–C4) WOUDC sonde location that have coincident measurements with joint AIRS+OMI (green plus 
signs) and TES (purple diamonds).  

Table 4: Comparisons between satellite remote sensing and ozone sonde in-situ measurements for 2006 at three pressure levels (316 
hPa, 510 hPa, and 750 hPa).  

Differences (Satellite – 
WOUC Sonde with 

Satellite Observation 
Operator Applied) 

 

316 hPa 
Spring Summer Fall Winter 

AIRS+OMI TES AIRS+OMI TES AIRS+OMI TES AIRS+OMI TES 
Mean (ppb) 2.8 6.1 0.7 4.2 1.1 -1.6 -2.5 2.9 
Mean (%) 1.3 8.6 2.2 6.6 2.9 3.3 -7.7 6.5 
RMS (ppb) 17.1 19.2 13.4 17.0 12.6 21.7 10.0 12.4 
RMS (%) 25.6 23.7 20.4 23.8 19.0 26.9 20.8 20.5 

510 hPa 
Spring Summer Fall Winter 

AIRS+OMI TES AIRS+OMI TES AIRS+OMI TES AIRS+OMI TES 
Mean (ppb) 1.3 3.6 -0.8 3.5 0.4 0.2 1.8 1.4 
Mean (%) 3.8 7.0 1.6 7.3 2.5 3.5 5.9 3.2 
RMS (ppb) 7.6 9.2 10.9 10.6 8.6 14.5 7.5 8.0 
RMS (%) 17.2 17.4 20.4 17.9 16.7 21.8 19.1 17.7 

750 hPa 
Spring Summer Fall Winter 

AIRS+OMI TES AIRS+OMI TES AIRS+OMI TES AIRS+OMI TES 
Mean (ppb) 2.4 1.7 -2.2 2.6 -1.2 0.3 4.6 0.3 
Mean (%) 8.0 3.4 -2.0 6.6 -1.3 1.9 14.4 0.9 
RMS (ppb) 7.6 6.9 8.6 12.5 6.3 11.2 8.5 7.8 
RMS (%) 21.1 16.2 18.8 25.3 13.2 23.9 24.8 20.0 

Number of WOUDC Sonde Sites 20 25 27 30 16 12 16 19 
Number of Satellite/Sonde Coincidences 131 197 134 171 72 60 87 128 

5 Additional products under investigation 5 

The current spatial coverage of AIRS+OMI is sufficient to extend the TES ozone record beyond 2010 when TES 

ceased the global survey mode measurements. The combined AIRS+OMI product can provide a record of tropospheric and 

total ozone spanning the full Aura satellite time periods (2005 – current). However, the daily global coverage of OMI 

measurements has been decreasing since 2009 due to the OMI row anomaly (Schenkeveld et al, 2017, Huang et al., 2017; 

Levelt et al., 2018). Looking to the future and as a way to further increase science return, we have investigated the feasibility 10 
of constructing an additional multiple decade long tropospheric ozone profile dataset using a MUSES-based multiple spectral 

approach that combines the radiance measured by the CrIS and Ozone Mapping Profiler Suite (OMPS) instruments.  This 

additional dataset has the potential to fill the spatial gaps in the joint AIRS+OMI data record since 2012.  Both the CrIS and 

OMPS instruments are on the Suomi National Polar-orbiting Partnership (NPP) satellite, which launched in October 28, 2011. 

The spectral characteristics of the CrIS instrument (Han et al., 2013; Strow et al., 2013) are similar to the AIRS instrument, 15 
and those for OMPS (Flynn et al., 2006, 2014; Kramarova et al., 2014; Pan et al., 2017) are similar to the OMI instrument. 

Hence, as expected, joint CrIS+OMPS retrievals present characteristics (Figure 7) similar to the joint AIRS+OMI retrievals 

(Fu et al., 2017).  
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AIRS/OMI tropospheric ozone assimilation and chemical
reanalysis during the NASA KORUS-AQ aircraft campaign



Assimilated Global Ozone Fields

• Joint AIRS/OMI ozone profiles have been assimilated into CHASER system (Miyazaki et al., 
JGR, 124, 387–413, 2019). 

• CHASER system assimilated the OMI (NO2), GOME-2 (NO2) MLS (HNO3 and O3), MOPITT 
(CO) for KORUS-AQ ,recently assimilated AIRS/OMI ozone profile data

10



AIRS/OMI applications for chemical reanalysis

Ozone at 510 hPa during NASA KORUS-AQ

• Miyazaki et al., “Evaluation of a multi-constituent chemical reanalysis during KORUS-AQ: Role 
of dynamics and emissions”, JGR, 124, 387–413, 2019. 

• Based on DC-8 comparisons, we confirmed that combining precursors’ emission optimization 

and direct ozone assimilation from AIRS/OMI is an effective method to obtain sufficient 

corrections on the entire tropospheric ozone profiles for any meteorological condition. 

AIRS/OMI data was successfully assimilated.

Obs (AIRS/OMI) Model 
- Obs

Reanalysis 
- Obs

Reanalysis + AIRS/OMI 
- Obs



AIRS/OMI applications for chemical reanalysis

AIRS/OMI Model Reanalysis

Annual mean 
ozone 

at 700 hPa

• AIRS/OMI data are available for multiple full years (2006, 2016, 2018)

• Good agreements with ozone reanalysis assimilated multi-constituent satellites 

• Provide additional constraints on decadal global ozone reanalysis

2006

2016

2018



Towards CrIS/TROPOMI Synergies

Integration of these two sensors should enhance the near surface layer sensitivity. 

• CrIS CO is being processed through the MUSES-SDPS for the ongoing FIREX-AQ

campaign.

• CrIS vs. TROPOMI, good qualitative agreement on May 30th, 2019.

CrIS @ 500 hPa TROPOMI
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High Resolution Near Surface CO Data via Combining 
CrIS/TROPOMI Measurements

• In October 13, 2017, ESA Sentinel 5 Precursor (S5P) launched successfully, forming a satellite 
constellation with Suomi-NPP satellite.

• It provides an unique opportunity to extend and improve the MOPITT joint TIR/NIR CO data, via 
combining CrIS/TROPOMI measurements [Fu et al., AMT, 2016]

• XCO maps: near surface partial column averaged VMR [surface to ~750 hPa]

True XCO        Joint CrIS/TROPOMI          CrIS                   TROPOMI 
XCO (ppb)

△[XCO]



Summary

• MUSES retrieval algorithm combines radiances measured from long wavelength (TES,
AIRS, CrIS) and short wavelength (OMI, OMPS, TROPOMI) space sensors to retrieve the
vertical concentration profiles of primary gaseous pollutants including O3 and CO.
• Joint AIRS/OMI and CrIS/OMPS retrieved O3 profiles can distinguish the abundances in the upper

troposphere from the lower troposphere (Fu et al., AMT, 2018).
• Joint CrIS/TROPOMI would help in extending the MOPITT CO profile data (Fu et al., AMT, 2016).

• The observation operators of joint AIRS/OMI data products enable data assimilation,
e.g., “CHASER-DA”, demonstrating the significant impacts on ozone distributions
(Miyazaki et al., JGR, 2019).

• The O3 and CO data products from MUSES algorithm could help in the quantitative
attribution of anthropogenic emissions and natural influences of pollutants.

• AIRS/OMI and multispectral products will continue through NASA Tropospheric Ozone
Trends Science program. With the MUSES Science Data Processing System (MUSES-
SDPS), the sampling will increase 10x relative to TES GS starting in FY21.

• Towards CrIS/TROPOMI synergies for CO profiling

Thank you!


