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1. Introduction
In this document, we report on the Year 1 progress to benchmark model-data comparisons of TOA flux and flux sensitivity in the infrared ozone band. Our research has three main objectives in order to address the primary science questions:
1) What is the bias in IPCC climate model predictions of present day top-of-atmosphere (TOA) flux in the 9.6m ozone band?
2) What is the impact of an ozone band TOA flux bias on present day tropospheric ozone flux sensitivity and pre-industrial to present day ozone radiative forcing estimates?
Objective 1: 
Benchmark top-of-atmosphere (TOA) flux (in W/m2) for the 9.6 m ozone band 
computed by climate model simulations against Tropospheric Emission Spectrometer 
(TES) satellite observations under clear and cloudy conditions; Examine how biases in 
TOA flux for the ozone band propagate into errors in model sensitivity to ozone 
abundance at each altitude, referred to as instantaneous radiative kernels (IRKs in 
W/m2/ppb).

Objective 2:
Investigate dependence of spatial-temporal variability of TOA 9.6 m (985 to 1080 cm-1)ozone band flux and IRKs on physical climate variables such as cloud properties, surface and atmospheric temperature, and water vapor for both models and satellite data from 
TES and IASI (Infrared Atmospheric Sounding Interferometer); Attribute model – 
satellite TOA flux and IRK differences to dependence on atmospheric state.

Objective 3:
Develop new TES data products that will facilitate comparisons of TOA 9.6 m ozone band flux and IRKs to evaluate bias in climate model estimates of tropospheric ozone radiative forcing for the models participating in the Chemistry-Climate Model Initiative (CCMI). Participate in designing the comparison activities for the Coupled Model Intercomparison (CMIP6).

2. Progress Report for Year 1
2.1	Comparisons of TES ozone band flux to model flux estimates
The first exercise in these comparisons was to generate model results for the IR ozone band TOA flux using TES retrieved atmospheres for clear-sky ocean cases. The TES surface and atmospheric profiles are posted at: ftp://acd.ucar.edu/user/hmw/TES/O3_Flux_Benchmark/MEDIT_OCEAN_CF/
CAM-RRTMG status:
TOA flux comparisons for TES retrieved atmospheres (clear sky) were completed (Figure 1). TES flux values were computed for 985-1080 cm-1, while RRTMG uses 980-1080 cm-1. The “rrtmg-corrected” points account for this frequency range difference with a simple Planck function radiance based on the surface temperature retrieved by TES.
Future versions of TES data will output flux on a finer grid to accommodate comparisons with climate models. Remaining scatter in the comparison is not due to TES measurement noise (~0.1% for integrated flux). A possible explanation in the scatter (after the correction for frequency range differences) is the treatment of water vapor in RRTMG (Iacono et al., 2008) as compared to LBLRTM (which is used in TES forward model calculations, including anisotropy), but this needs to be investigated.
[image: ]
[bookmark: _GoBack]Figure 1. Comparison of O3 band TOA flux for CAM-RRTMG and TES, with atmospheres specified from TES retrievals. TES flux is computed for 985-1080 cm-1, while RRTMG uses 980-1080 cm-1. The “rrtmg-corrected” (x) points account for this frequency range difference with a simple Planck function radiance based on the surface temperature retrieved by TES.
CAM4-RT status:
Simulations for single column atmosphere cases are working for CAM (as demonstrated with CAM-RRTMG). A. Conley (NCAR) is working on code to extract the TOA flux for CAM4-RT for the IR ozone bands. 
GISS-RT status:
Calculations were set up, but no funding received for co-I D. Shindell (Duke Univ.) in FY14; still waiting for FY15 funding to proceed with TES comparisons. 

2.2 	Algorithm specifications for revised and new TES research products
New algorithms for the computation of TES flux and IRK products were specified in TES Algorithm Design File Memo (DFM) #868, Oct. 21, 2014. This JPL internal memorandum (available on request) describes the approach for computing the angular integration for both flux and flux Jacobians using 5-angle Gaussian Quadrature. This replaces the approach using a single off-nadir angle for 2 reasons:
a) The single angle approximation has errors ~3% (Worden et al., 2011), which are now unacceptable given the fidelity needed for comparisons with climate models. 
b) The original calculation of IRKs neglected the partial derivative of anisotropy with respect to ozone abundance. Stamatia Doniki, who is working with IASI data for her PhD at Université Libre de Bruxelles (ULB), has shown that this can produce errors in IRK as high as 30%. (see Sec. 2.3).
To avoid these sources of error, we have decided to use a direct integration for both flux and flux derivatives with radiances and Jacobians computed at 5 nadir angles in order to apply accurate 5-pt. Gaussian integration as demonstrated by Stamatia Doniki et al., in prep. 
TES DFM #868 also specifies new flux and IRK products in order to compare with climate model flux output and attribute changes in ozone radiative forcing due to changes in temperature, water vapor and clouds. These new products are flux values for 970-1120 cm-1 and IRK profiles for 981-1080 cm-1 reported every 3 cm-1 and additional IRKs for T, H2O, Tsur, CloudEffOD (CEOD) and CloudTopPressure (CTP) calculated from their Jacobians in the 980-1080 cm-1 ozone band. The flux values reported on small (3 cm-1) frequency intervals will allow us to compare TES flux values to model output with variable ozone band ranges shown in Table 1.
Table 1. Band ranges for radiative transfer (RT) models in climate models used in initial comparisons to TES and IASI TOA flux.
	Climate RT Model
	Institution
	Ozone bands
(cm-1)
	References

	CAM4-RT  (band)
	NCAR
	1000-1120
	Lamarque et al., JGR, 2008
Conley et al., GMD, 2013

	CAM-RRTMG
(correlated-k)
	NCAR/AER
	980-1080
	Iacono et al., JGR, 2008

	GISS-RT (band)
	GISS/Duke Univ.
	970-1010, 
1010-1070
	Schmidt et al., J. Clim. 2006
Shindell et al., ACP, 2013



2.3    	Comparison of TES and IASI IRKs and LWRE (long-wave radiative effect) 
To compute the flux from a spectral radiance L(), (where we neglect azimuthal dependence) we can either compute the full angle integration:
[image: ]	Equation  1.

or we can approximate this integration with an estimated anisotropy R():
[image: ]Equation  2.

with flux sensitivity (IRKs) given by:Equation  3.

[image: ]
and tropospheric long-wave radiative effect (LWRE) given by:
[image: ]Equation  4.

The above formulation, using a single off-nadir angle to estimate anisotropy (1-pt. Gaussian integration), was applied to the initial TES flux and IRK products. Figure 1 shows a comparison of TES and IASI TOA ozone band LWRE (for total column ozone) for a single day where the IASI LWRE values were computed using full angle integration of the Jacobians while the TES LWRE values were computed from IRKs that used Eq. 3. Figure 3 shows a comparison of these approaches for IASI data. Although we expect differences in TES and IASI LWRE due to different measurement times (9:30 LST for IASI and 13:30 LST for TES) and other non-coincidence issues, we expect the bulk of the observed bias in Fig. 2 is due to the angular integration approach. Once TES data are available with the more accurate 5-angle Gaussian integration for both flux and IRK, we will repeat this comparison with IASI data.  
[image: ]Figure 2. TOA ozone band LWRE (-W/m2) from TES and IASI data for 15 July, 2009. IASI within ± 0.5° lat/lon, < 6 hours of TES. IASI LWRE computed with 5-angle Gaussian quadrature integration of Jacobians while TES used a single angle calculation to approximate anisotropy. IASI is ~11% more negative (higher magnitude for LWRE).
 


[image: ]
Figure 3. Ozone band LWRE (with positive sign convention) computed from IASI data taken 15 Apr. 2011 (day-only). The top panels show the results when LWRE is computed using 5-angle Gaussian quadrature integration of Jacobians; the middle panels show the approach using an estimate of anisotropy and the bottom panels show the differences. Left panels show total column LWRE while right panels show the tropospheric column LWRE. Note that the obvious unphysical dependence on viewing angle (i.e., higher LWRE values for off-nadir angles from 30° to 50°) for the anisotropy case (middle panels) would not be detected with the sampling density and viewing angles of TES. 





2.4	Presentation/publication of results
Initial results from this project were presented at:
· Aura Science Team Meeting, September 2014, College Park, MD (oral), Worden et al.
· EUMETSAT Conference, September 2014, Geneva, (poster), Doniki et al.
· AGU Fall Meeting, December 2014, San Francisco, CA (poster), Worden et al.

3. Plans for Year 2
· Apply new algorithms described in TES DFM# 868 for computing TES flux and ozone IRKs as well as IRKs for the other relevant atmospheric parameters. 
· Continue work to extract ozone band radiance, flux and IRKs from CAM4-RT, CAM-RRTMG and GISS. We will have CCMI CAM/Chem runs for 2006 to compare with TES. 
· Compare TES and IASI LWRE with new TES products.
· Compare model values with TES and IASI clear-sky cases. Prepare manuscript.
· Compare model values with TES cloudy cases. (Steve Massie is investigating angular integration in the presence of clouds, i.e., non-plane parallel assumptions)
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