
EXECUTIVE SUMMARY

1. INTRODUCTION

Aura, the third of the large Earth Observing System (EOS) observatories, was launched July 15, 2004 into an ascending-node 705-km sun-synchronous polar orbit with a 98◦ inclination and an equator-crossing time of 13:45(15 min. The design life is five years with an operational goal of six years. Starting a few weeks after launch Aura instruments have measured a suite of chemical constituents at high vertical and horizontal resolution throughout the atmosphere (Fig. 1) to address three principal science questions: 

· Is the ozone layer changing as expected? 

· What are the processes that control tropospheric pollutants? 

· What are the roles of upper tropospheric aerosols, water vapor, and ozone in climate change? 

These questions are directly related to the first research objective in the NASA strategic plan: Understand and improve predictive capability for changes in the stratospheric ozone layer, climate forcing and air quality associated with changes in atmospheric composition. Aura also fulfills fulfill Congressional Mandate and Clean Air Act requirements (1975, 1990) for NASA to monitor the state of the stratospheric ozone layer and atmospheric chlorine.  Aura measurements, when combined with measurements from field campaigns, other satellite measurements, and ground-based instrument data, provide unprecedented insights into the chemical and dynamical processes associated with our atmosphere. Besides this introduction, the science section is divided into the following subsections: (2) Status of Aura instruments and core products; (3) Scientific Accomplishments during the Aura Primary Mission Phase (July 2004 to present); (4) Extended Mission and Implementation; (5) Joint Products; (6) Applications (7) Technical/Budget.  The proposal includes four required appendices (A Mission Data Product Inventory; B Mission budget; C Acronym list; D Cited references an optional appendix E containing engineering data and also an appendix A1 which describes the ROSES proposals that produce core products for the Ozone Monitoring Instrument. 

2. STATUS OF INSTRUMENTS AND CORE PRODUCTS

An overview of each instrument and its status follows.  Details are in the technical section (section 6).
Figure 2.1 shows the coverage of Aura measurements with the ripples indicating the vertical resolution. 
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Figure 2.1 Schematic of measurements from the Aura instruments. 

2.1 Microwave Limb Sounder (MLS)


MLS observes microwave emission to remotely sense stratospheric temperature and constituents in the upper troposphere and stratosphere. MLS also measures cirrus ice content and upper tropospheric water vapor in the presence of tropical cirrus. MLS products, their useful range, accuracy and vertical resolution are shown in Table 2.1.1 along with their validation papers. MLS has performed well since launch. However one of the measurement bands (13) is currently turned on only sparingly due to degradation of the electronics and a desire to conserve lifetime. Further information concerning the health of MLS is given in the Section 6. 
Table 2.1.1 MLS Core Product Information (for version 2 data)

	Product
	    Useful Range
      
	        Estimated Accuracy 
	Vert.  Res. (km)
	Validation papers

	Temperature


	   0.001-315 hPa
	     ± 2 K  for 316-3 hPa

     ± 5 K  for 2-0.001 hPa 
	  3-6

  7-15
	Schwartz et al. [2008]

	Geopot. Hght
	   0.001-315 hPa
	     < 150 m  for p > 0.01 hPa
	 
	Schwartz et al. [2008]

	        O3 
	Strat & above

    0.02-100 hPa    

UT: 100-215 hPa
	     20-35 % for p < 0.2 hPa

     3-10 % for 0.2-100 hPa    

         ~ 20 ppbv + 5-20 % 
	   4 -6 
       3     

       3  
	Froidevaux et al. [2008]

Jiang et al. [2007]

Livesey et al. [2008]

	       CO 
	    0.002-100 hPa

UT:  150-215 hPa

      
	                   10-50% 

150 hPa: 30 ppbv + 30%

215 hPa: 40 ppbv +100% (high) 
	    4-5

    3-9 
	Pumphrey et al. [2007]

Livesey et al. [2008]



	      H2O


	0.002-0.1 hPa

    0.2-70 hPa 

UT/LS: 80-315 hPa
	                     8-35 %

                      4-9 % 
                      7-25 % 
	 12-16 

   3-7 

 1.5-3.5 
	Lambert et al. [2007]

Read et al. [2007]

	   Rel. Humid.
	UT/LS: 80-315 hPa
	                    20-35 %
	    4-6  
	Read et al. [2007]

	       N2O
	       1-100 hPa
	                      9-25 %
	   4-6
	Lambert et al. [2007]

	      HNO3 
	       3-215 hPa
	                   ~10-30 %
	  3.5-5
	Santee et al. [2007]

	       HCl
	      0.15-20 hPa
       30-100 hPa
	                       5-10 %                10-> 100 % a   (0.2-0.4 ppbv)
	    3-6
	Froidevaux et al. [2008]

	       ClO
	      1-100 hPa
	10-20%; negative bias of 0.1-0.4 ppbv  for p > 40 hPa
	  3-4.5
	Santee et al. [2008]

	     HOCl
	        2-10 hPa
	30-100 % for zonal mean
	       6
	Livesey et al. [2007]

	      BrO
	        3-10 hPa
	20 % (for zonal mean)
	    5-6
	Kovalenko et al. [2007]

	      OH
	    0.003-30 hPa
	15%  
	   2.5-5
	Pickett et al. [2008]

	      HO2
	     0.03-20 hPa
	 20% (for zonal mean) 
	   5-16
	Pickett et al. [2008]

	      HCN
	       0.1-10 hPa
	50% (for zonal mean)
	  10-12
	Pumphrey et al. [2006]

	cloud ice   water content 
	     80-215 hPa
	100% for (IWC < 50 mg/m3)
	       4
	Wu et al. [2008]


2.2 Ozone Monitoring Instrument (OMI) 

The Netherlands’s Agency for Aerospace Programs (NIVR), in collaboration with the Finnish Meteorological Institute (FMI), contributed OMI to the Aura mission. OMI continues the total O3 record begun by the Total Ozone Mapping Spectrometer (TOMS) in 1979.  OMI measures other atmospheric parameters related to composition and climate listed in Table 2.2.1 [Levelt et al., 2006]. 
OMI employs hyperspectral imaging in to observe solar backscatter radiation in the visible and ultraviolet. The Earth is viewed in 740 wavelength bands from 270-500 nm with a spectral resolution of ~0.5 nm. The nadir pixel size for the longer UV (> 310 nm) and visible wavelengths is ~12 km x 24 km, the smallest of any similar space-borne instrument. The swath is large enough to provide global coverage in one day. OMI main data products are shown in Table 2.2.1. OMI has been radiometrically stable as evidenced by the throughput changes (measured counts per unit radiance) over the past ~5 years which are of the order of few percent. However, there have been changes outside the instrument that affect the quality of OMI products. Although these changes are not considered life limiting, correcting for them will require a sustained effort throughout the mission lifetime, as discussed in Section 5. More information on the condition of OMI is provided in Section 6. 
Table 2.2.1 OMI Product Information (Core and ROSES products)

	Product
	Estimated Accuracy/Precision*
	      Validation papers 

	Radiance
	3%
	Dobber et al. [2008]

	Total column O3
	1.5%
	Kroon et al. [2008a,b]; McPeters et al. [2008]

	O3 profile
	10%
	 -

	Tropospheric

column O3
	5-13 DU 1(
low bias 1-7 DU
	Schoeberl et al. [2008]

	Surface UVB
	10%
	Tanskanen et al. [2006,2007]

	Cloud pressure 

(optical centroid)
	50 hPa
	Sneep et al. [2008]; Vasilkov et al. [2008]

	Aerosol optical

extinction thickness
	larger of 20% or 0.1

(cloud contamination)
	Curier et al. [2008]; Torres et al. [2007]

	Aerosol SSA
	0.05
	Torres et al. [2007]

	SO2 column
	anthrop.: 1-2DU 1(
volcanic: 0.5 DU 1( 
biases: +/- 0.5 DU
	Krotkov et al. [2006;2008]; Yang et al. [2007]

	NO2 column
	20% total column

50% trop. column
	Boersma et al. [2008a,b; Bucsela et al. [2008]; Celarier et al.[2008]

	HCHO column
	25-100% 1(
	 

	BrO column
	25-100% 1(
	

	OClO slant column
	25-100% 1(
	


2.3 Tropospheric Emission Spectrometer (TES) 

TES is a high-resolution infrared-imaging Fourier transform spectrometer with spectral coverage of 3.2-15.4 µm at a spectral resolution of 0.1 cm-1, thus offering line-width-limited discrimination of essentially a wide range of radiatively active molecular species in the Earth’s lower atmosphere.  The higher spectral resolution of TES compared to, for example, AIRS, allows the extraction of more tropospheric information on target trace gases.  The main TES data are shown in Table 2.3.1 [Beer, 2006; Beer et al., 2001]. TES is primarily nadir viewing, but can also observe the atmosphere in limb mode. In the nadir mode, TES has a spatial resolution of 0.53 x 5.3 km, but combines radiance spectra operationally to a swath size of 5.3 x 8.5 km. TES provides day-night coverage and makes contiguous global measurements for 16 orbits (termed a global survey) every other day, alternating with opportunities for special observations.
TES shows signs of aging but is in overall good health. There have been no hardware or software anomalies posing an immediate danger to the instrument. The TES Interferometer Control Subsystem (ICS) has been a performance risk item since pre-launch. Periods of increased current draw in May 2005 and June 2006 led to modifications of TES operations in order to preserve instrument life, including elimination of the limb mode from routine operations after May 2005. The condition of the ICS is discussed in  Section 6. Engineering data is available in Appendix E. With the present operational modifications in place, presuming all other systems continue nominal operations, TES should continue operations at least until 2011. 
Table 2.3.1 TES Core Product Information 

	Product
	Useful Range
	Estimated Precision & Accuracy *
	Vert. Res.
	Validation papers

	Level 1B Radiances
	N/A
	290-295 K: Bias <0.3K and ( <0.3K.

265-270K: Bias <0.5 K, and ( ~0.5K
	N/A
	Shephard et al. [2007]

	Temp.
	10-1000 hPa
	bias <0.6 K in lower trop, <0.5 K in upper trop and strat.; RMS 1.5 K in lower trop,

1 K in upper trop. and strat.
	1 km in lower trop;

~3km above & limb
	Herman et al. [2009] (in prep) 

	O3 


	10-1000 hPa (nadir)

10-300 hPa (limb) 
	Nadir: 3-10 ppb high bias in trop.; 7-16 ppb upper limit 

Limb: Low bias of 10-15% in lower strat 

High bias of 15-35% in upper strat. 

15-30% RMS in strat.
	4-6 km nadir

13-3 km limb
	Worden et al. [2007];

Nassar et al. [2008]; Richards et al. [2008]; Osterman et al. [2008]; others in prep.

	CO


	100-1000 hPa
	5-10% global averaged low bias; 15-20% RMS 
	6 km nadir
	Luo et al., 2007a,b; 

Lopez et al., 2008

	H2O
	200-100 hPa
	Nadir: Lower troposphere (moist): Bias: <5%, ( ~20 %; Upper trop. dry bias: ~15%, (~40%
	2-4 km nadir
3 km limb
	Shephard et al., 2008

	HDO
	200-1000 hPa
	HDO/H2O biased 5% high; expected precision: 1.5%
	6 km 
	Worden et al., 2006

	CH4
	100-700 hPa 
	3-4% high bias; 1-2% 1(
	8-9 km 
	Payne et al., 2008

	HNO3
	10-200 hPa
	30% RMS
	4 km
	Coffey et al., 2008

	Sea Surf. Temp.
	N/A
	0.15-0.3K low bias (night) ;0.2-0.4K low bias (day); 0.5-0.8 K 1( 
	N/A
	Lampel, in prep

	Cloud-top Pres.
	N/A
	30-200 hPa 1(, bias 50 hPa
	N/A
	Eldering et al., 2008

	Cloud eff. (
	20-900 hPa
	limited sens. at optical depths less than 0.2
	N/A
	Eldering et al., 2008


2.4 High Resolution Dynamics Limb Sounder (HIRDLS) 

HIRDLS is a limb-scanning infrared filter radiometer with 21 channels between 6 and 17 mm designed to obtain profiles with 1 km vertical resolution of temperature, 10 atmospheric species important for ozone chemistry and Earth’s radiative balance, as well as cloud types, cloud top heights, and aerosol extinction.  HIRDLS, described by Gille and Barnett [1992] and Gille et al. [1994; 1996; 2003] is a joint development with the U.K., funded by the National Environment Research Council (NERC). 

HIRDLS capabilities were compromised at launch when a piece of plastic film in the instrument came loose and blocked much of the aperture, allowing only a partial view at an azimuth angle of 47° from the orbit plane on the side away from the sun.  The blockage precludes observations at multiple longitudes between orbit tracks, and limits geographical coverage to 65° S to 82° N.  The obstruction necessitated substantial development of algorithms to remove effects due to the blockage and recover the atmospheric radiances.  This unanticipated algorithm developmental effort delayed data delivery.  Gille et al. [2008] describe an interim set of algorithms that allow species with larger radiometric signals to be recovered. Further efforts will be needed to improve the accuracy of the correction algorithms to allow recover of species with smaller signals. 

The first set of data (V003), including temperature, O3, HNO3 and cloud top pressure was released in October 2007.   Subsequent improvements led to V004 and additional constituents CFCl3, CF2Cl2, and cloud and aerosol extinction.  V004 was released in August 2008 and is now available from the Goddard DISC.  These data sets are described in Table 2.4.1. Validation papers used V003 data.   A discussion of V004 data and the updated validation results are contained in the HIRDLS Data Quality Document that is available from the DISC, or from the HIRDLS web site http://www.eos.ucar.edu/hirdls/.
Table 2.4.1 HIRDLS Core Product Information
	Product
	Useful Range
	Estimated Accuracy *
	Vertical Res.
	Validation papers

	Temperature


	1-400 hPa
	± 0.5 K (cf sondes) 400-10 hPa

± 1 K (cf ECMWF) (to 1hPa)
	 1 km
	Gille et al. [2008]

	O3 


	1-260 hPa a
	1 – 10% (5-200hPa)

5 – 20% (200-260hPa)
	1 km 
	Nardi et al. [2008]

	HNO3 
	10-161 hPab
	10-15%
	1 km c
	Kinnison et al. [2008]

	CFCl3
	26.1-287.3 hPa
	~30% (for zonal mean)
	1-1.2 km 
	In preparation 

	CF2Cl2
	10.0-287.3 hPa
	~30% (for zonal mean)
	1-1.2 km 
	In preparation

	Cloud top pressure
	10-422 hPa
	± 20%
	1 km
	Massie et al. [2007]

	Cloud Extinction d
	20-215 hPa
	Use extinction between 10-5-10-2 km-1. Precision in 0-100% range.
	1 km
	In preparation


a. In the tropics there is a high bias of ~50% at 70 hPa  and  a high bias >150% at 100 hPa.

b. Depends on latitude.

c. Varies with latitude and altitude.

d. Use extinction in a qualitative manner.
HIRDLS is not currently collecting science data due to a chopper in the optical beam that began operating erratically at the beginning of 2008 and stopped on March 17, 2008.  All other sub-systems are nominal.  The team is continuing to work through a plan to restart the chopper as described in the technical section.
3.0 AURA PRIME MISSION ACCOMPLISHMENTS

The following sections summarize many of Aura’s scientific achievements. We emphasize those achievements that are directly related to the pre-launch Aura goals. We also include results of investigations that demonstrate the broader scope of scientific inquiry realized after launch. A complete listing of Aura publications is found (web link).  Table 3.1 shows the relationship between the Aura science questions and the instrument measurements and highlights the multi-instrument synergy for addressing the questions.
Table 3.1 Linkage between Aura instrument measurements and science questions
	Science Questions
	Instrument
	Measurement

	Is the ozone layer changing as expected?
	MLS
	O3, HNO3, N2O, H2O, ClO, HCl, CO

OH, HO2, HOCl, BrO, Temperature

	
	HIRDLS
	O3, HNO3, H2O, CH4, CFC11, CFC12, Volcanic aerosols, Stratospheric Clouds, Temperature

	
	OMI
	Column Ozone, O3 Profile

	What are the processes that control tropospheric pollution?
	MLS
	CO, O3, Temperature

	
	OMI
	NO2, SO2, HCOH, Column O3, Aerosols

	
	TES
	CO, O3, HDO, Temperature

	What are the roles of upper tropospheric aerosols, water vapor, and ozone in climate change? 


	MLS
	Cloud Ice, H2O, O3, Temperature

	
	HIRDLS
	O3, H2O, Volcanic aerosols, Cloud height, Cirrus

	
	OMI
	Aerosols, Cloud pressure

	
	TES
	O3, H2O, HDO, CH4, Temperature, Cloud pressure


3.1 Is the ozone layer changing as expected?

Aura measurements and analysis (described in the publications below) have given us new insights into the photochemical processes behind the development of the Antarctic ozone hole as well as factors that limit this phenomenon. For example, Aura measurements have been able to immediately address the issue of new chlorine dimer photolysis rates and their implication for our understanding of ozone hole chemistry. 

Complementary data from OMI, MLS and HIRDLS are being used to address issues concerning photochemical and dynamical processes that influence the ozone layer. Aura data are also being used to evaluate chemistry and transport in general circulation models with on-line chemistry. Applications to model development and evaluation are discussed in section 3.5.

Congressional Mandate and Clean Air Act requirements (1975, 1990) state that NASA is to monitor the state of the stratospheric ozone layer and atmospheric chlorine.   OMI measurements of column ozone combined with MLS and HIRDLS ozone profile measurements along with MLS HCl measurements has allowed us to fulfill this requirement (Fig. 2).  The OMI column ozone measurements allow us to extend the total (column) O3 record initiated by Nimbus 7 TOMS in 1978. Total O3 is obtained from OMI using the TOMS Version 8 algorithm [Bhartia and Wellemeyer, 2002] and is included in the climate data record (CDR).  OMI data have been used to show the reversal in the long-term downward total O3 trend. The OMI data provide additional information from a stable orbit, adding confidence to the record. The merged O3 CDR, including SBUV, TOMS and OMI data, was used in analysis of total O3 changes reported in WMO [2006] (Figure 3.1.1).
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Figure 3.1.1. 60oS-60oN total column O3 merged TOMS/SBUV/OMI data set.
International treaties now ban production of manmade chlorofluorcarbons (CFCs). CFCs are the primary source of stratospheric chlorine and HCl is the primary chlorine reservoir in the upper stratosphere. Measurements of thus HCl provide a quantitative assessment of total atmospheric chlorine.  HCl measurements from MLS link to the stratospheric measurements of HCl by HALOE aboard UARS begun in 1991.  The HALOE measurements were terminated after about one year of overlap with Aura MLS so we now have a good combined record of stratospheric chlorine. Near the stratopause MLS HCl has begun to decrease in accord with expectations based on ground-based measurements of source gases [Lary et al., 2007; Froidevaux et al., 2006; Lary and Aulov, 2008]. Although the primary MLS band used to measure HCl has deteriorated, periodic observations of upper-stratospheric HCl trends continue as described, and measurements of HCl in an adjacent band provide information concerning the HCl morphology and chlorine partitioning in the lower and middle stratosphere (Fig. 3.1.2)
Aura has revealed important new details about Antarctic O3 hole including the timing of the transformation of trace gases HNO3, HCl and ClO as the vortex temperature declines and the dramatic re-appearance of HCl once all the ozone is depleted. [Santee et al., 2005; Manney et al., 2005].  The northern winter stratospheric vortex is far more seasonally variable and more subject to injections of air from lower latitudes [Schoeberl et al., 2006a; Leblanc et al., 2006].  Nonetheless with the excellent north polar coverage provided by Aura, we have been able to quantify chemical O3 loss [Singleton et al., 2007; Manney et al., 2006a; El Amraoui et al., 2008; Rösevall et al., 2008; Jackson and Orsolini, 2008].  

Key to initiating polar ozone loss is the formation of polar stratospheric clouds (PSCs).  These clouds form in the cold winter stratosphere and are composed of HNO3 hydrates and water vapor.  Chemical reactions on PSCs convert HCl and ClONO2 into Cl2 and HNO3 which begins catalytic ozone destruction. HIRDLS observations of the distribution of northern hemisphere PSCs complement measurements made by CALIPSO.  MLS and HIRDLS observations of the changes in HNO3 and H2O during the formation have been used to investigate dehydration through sedimentation of PSC particles within the polar vortex [Jiménez et al., 2006].  The denitrification of the vortex (HNO3 removal) is a key process which allows the ozone catalytic cycle to take place.  Unless HNO3 is removed, it can photolyze and the NO2 will combine with chlorine forming ClONO2 halting the catalytic cycle. 

Most recently Pope et al. [] recomputed the chlorine dimer (Cl2O2) photolysis rate arriving at a lower number than previous laboratory measurements.  Figure Fig. 3.1.2 compares observations, a simulation using standard values for photolysis of Cl2O2 and a simulation using Pope et al. values.  It is clear from the figure that the Pope rates cannot account for the amount of ClO observed by MLS. This is a key result showing how the observations can be used to directly address laboratory measurements. 
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Figure 3.1.2 HCl abundance near 55 km 1985 - present. The Aura MLS band 13 HCl observations (red dots) are more reliable for trend studies than the continuous band 14 HCl record (red crosses) as discussed in the technical section. Also shown model predictions using a mean age value of 5.5 years and spectrum widths  of 0 years (blue) 2 years (black) and 4 years (orange).

[image: image4.png]©
8V

MLS CIO

700

[
Al

600

[ee]
—

500

Approximate Altitude / km

] AN o0 < ©
~— AN ~—~ ~

Aug Sep Oct

andard mod
New rates

m

O o o o o o
S & o © o o
S K © O I K

Y / @injeiadwa | [enuslod

18
14

500

400

Jun  Jul

0.16 0.40 0.64 0.88

ppbv




Figure 3.1.3 Vortex averaged MLS ClO for the 2005 Antarctic winter/spring  (top) agrees well with a SLIMCAT simulation using the standard input to calculate ClO dimer photolysis (Standard model).  The bottom simulation uses recent Pope et al. [] laboratory results for dimer photolysis (New rates). This simulation differs markedly from MLS observations (i.e., enhanced ClO). Adapted from Santee et al. [2008a].

Extra polar ozone depletion, although less dramatic, has more of an environmental impact than polar ozone depletion.  Uncertainty still exists in explaining extra-polar ozone changes and the role of short lived chlorine compounds in the chlorine budget as well as the importance of bromine. Livesey et al. [2006] use MLS BrO measurements to estimate a contribution (3 pptv) from very short-lived halogenated species to the uncertain stratospheric bromine budget.  Midlatitude HOCl observations are used to estimate of the role of the HOCl catalytic cycle in ozone loss and to interpret data from balloon-borne instruments [Kovalenko et al., 2007].   MLS data are also used to characterize regions of O3-poor air that are common in Aleutian and Australian anticyclones during N. Hemisphere winter and S. Hemisphere spring.  These regions are produced by a combination of chemical and dynamical processes [Harvey et al., 2008].  

The role of the hydroxyl radical chemical processes that control upper stratospheric upper stratospheric ozone has been controversial since the 1990’s when MARSI measurements produced OH profiles at odds with stratospheric models.  One of the goals of the MLS THz radiometer was to make upper stratosphere improved OH measurements the stratosphere and mesosphere.  Within the first year of launch, MLS OH and HO2 data were found to be consistent with models and laboratory photochemical reactions used therein, refuting the existence of the so-called ‘‘HOx dilemma'' [Pickett et al., 2006a; Canty et al., 2006].   
MLS OH data have also revealed details about O3 and OH formation and their link to solar activity Variations in MLS stratospheric O3 and temperature in the lower stratospheric tropics and at high latitudes in winter follow the 27-day variations in solar UV radiation [Ruzmaikin et al., 2007]. Pickett et al. [2006b] confirm a nighttime layer of OH near 82 km in the mesosphere, previously observed by ground-based lidar MLS observes an increase in mesospheric OH during solar proton events (SPEs). 
Due to the problems at launch, HIRDLS delivered validated data to the scientific community much later than other Aura instruments. Even so, the high vertical resolution of HIRDLS data provide exciting new insights into transport processes within the stratosphere. Nardi et al. [2008] demonstrated that layered features observed by HIRDLS agree with observations from ozonesondes (Fig 3.1.4) and these layers also exist in the HNO3 observations  [Kinnison et al. ,2008]. Olsen et al. [2008] showed that these layers are coherent and can be followed from the tropics to middle and high latitudes. The NASA Global Model Initiative (GMI) 3D CTM produces structures similar to those observed by HIRDLS validating their generation by the model. Yudin et al. [2009] used HIRDLS data and model simulations to show that these laminae occur most frequently during March-April in the Northern Hemisphere, but are much less frequent in the Southern Hemisphere. 
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Figure 3.1.4 a) Comparison between an ozonesonde and the closest eight coincident HIRDLS, indicates the vertical features captured by HIRDLS. b) Curtain plot of O3 partial pressure along a scan track through the location of the sounding [Nardi et al., 2009].

Although Aura does not measure winds directly, observations of long-lived tracers and temperature also provide information about transport processes in the upper atmosphere.  Manney et al. [2008a; 2008b ] used O3, temperature and N2O measurements to characterize the evolution of the stratopause and stratospheric vortex during major sudden warmings.  Feng et al. [2007] detect slow equatorial Kelvin waves in temperature and O3.  Manney et al. [2006b] describe an unusual event during which a region of high values of a long-lived tracer is drawn into the Aleutian anticyclone at the end of the 2005 northern winter.  Because of the timing of this event, the region of high values persisted for months following the transition to the summer circulation.
The overall chemical transport circulation of the upper stratosphere and lower is driven, in part by breaking gravity waves which are parameterized in models.  However, Aura MLS and HIRDLS measurements give us the first real clue about the magnitude of these momentum fluxes [Wu and Eckermann, 2008; Alexander et al., 2008; Wright  et al.,2009] 
3.2 What are the processes that control tropospheric pollutants?

Until the launch of Aura, there has been no consistent global assessment of air quality.  Aura is unique in that it can measure all of the EPA criteria pollutants (except lead) and even some of the volatile organics that contribute to smog.  The criteria pollutants are sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), tropospheric O3, and aerosols. OMI also retrieves information about formaldehyde (HCHO) and glyoxal (CHO-CHO), both volatile organic compounds (VOCs), and TES has demonstrated the capability to measure high concentrations of ammonia (NH3) and methanol (CH3OH). VOCs, CO, and NO2 are tropospheric O3 precursors, and NO2 and SO2 contribute to the formation of aerosols.  There are also strong linkages between these constituents and climate.  For example, the El Niño affects distributions of pollutants because it changes the pattern of biomass burning and the wind fields responsible for long range transport.   Tropospheric O3 and aerosols impact climate through their effects on the radiation budget.  These linkages are detailed further in Sect. 3.2.3. Complementary measurements from TES, MLS, and OMI and other sensors are being used to untangle the complex interaction between emissions, chemistry, physical processes, and dynamics that contribute to tropospheric composition and air quality as described below.

3.2.1 Sulfur dioxide (SO2) from OMI and TES
How much sulfur dioxide is generated naturally and how much is generated by man-made processes?  Volcanoes (both erupting and fuming) are a principal source of natural SO2, and volcanic plumes are a hazard for aviation.  Man-made generation of SO2 by smelters and coal burning power plants outside the first world countries until recently has been basically unknown.  OMI SO2 measurements have brought this murky picture into sharp focus. The OMI SO2 measurements are being used to evaluate all sources.  Comparisons of current models with OMI data suggest important biases in previous anthropogenic SO2 emission estimates [Lee et al., 2009]. For example, OMI can clearly see the SO2 being emitted from the La Oroya and Ilo copper smelters in Peru even though these produce less SO2 than the nearby volcanoes in Ecuador [Carn et al., 2007b].

Observing volcanic plumes and their evolution is an important application for aviation but allows us to test transport models. Carn et al. [2009], using daily, global OMI measurements found that some volcanic clouds tend to occupy the jet stream, suggesting an increased threat to aircraft.  The volcanic cloud from the May 2006 eruption of Soufriere Hills Montserrat, for example, was tracked by OMI for over three weeks as it drifted westward in the tropical lower stratosphere. This cloud was also detected by CALIPSO in its ‘first light’ measurements in June 2006 [Carn et al., 2007a]. Prata et al. [2007] also used TES IR and OMI UV SO2 observations to study the Soufriere Hills plume.

Sawyer et al. [2008] use OMI SO2 and ground-based DOAS measurements from Nyiragongo to show that volcanic degassing rates derived from OMI SO2 are consistent with rates from established monitoring techniques.  Clerbaux et al. [2008] retrieved SO2 vertical profiles within volcanic plumes with TES, providing information on both the quantity of gas emitted and its altitude. Elevated SO2 total columns retrieved with TES following volcanic eruptions in 2005 are in good agreement with those from OMI.. Carn et al. [2008] used OMI data to extract daily SO2 burdens and information on SO2 sources for active volcanoes in South America between 2004 and 2006, showing that OMI distinguishes SO2 from multiple emitting sources. OMI detected variations in SO2 release related to cycles of conduit sealing and degassing and is useful for monitoring daily SO2 emissions from hazardous volcanoes. Information from OMI and the Aqua AIRS can be combined to obtain the volcanic cloud altitude. 

3.2.2 Nitrogen dioxide (NO2) from OMI

Combustion processes associated with power plants, boilers and internal combustion engines all produce NO.  NO is also formed by lightning and biomass burning.  NO2 is created from the reaction of NO with ozone or other oxidizers.  NO2 has a short lifetime and is usually concentrated near its sources.  The high spatial resolution OMI NO2 data provide a new and dramatic view of the planet, allowing us to constrain emission inventories and showing us location of potential ground level ozone formation, isolated emission sites and even high automobile and truck traffic regions. For example, Wang et al. [2007] showed evidence of reductions in NO2 based on OMI data associated with traffic restrictions put in place in China. Boersma et al. [2009] found that the diurnal cycle in NO2 in OMI data over Israeli cities is weaker in winter than summer due to strongly reduced photochemistry, and Zhang et al. [2008] used OMI data to constrain emission estimates of NOx in eastern Asia, helping to explain the high ozone concentrations measured over the Pacific Ocean during the 2006 INTEX-B campaign. Boersma et al. [2008b], also attempting to constrain emission estimates, found reductions of industrial NOx emissions and increases in vehicular emissions over the U.S. and soil emissions over Mexico.  Work in progress by the OMI and TES teams  relates NO2 and VOC concentrations to ozone production. 
3.2.3 Carbon monoxide (CO) from MLS and TES

One of the most dramatic discoveries emerging from the MLS data is the high concentration of CO localized over the Tibetian plateau during summer.  High surface CO concentrations are apparently being drawn up through the cyclonic monsoon circulation emerging in the anti-cyclonic circulation in the lower stratosphere [Filipiak et al., 2005; Li et al., 2005a]. This massive rapid uplift appears to short circuit the normal slower uplift characteristic of the tropical upper tropospheric layer [Fu et al. ,2005; Park et al., 2007; James et al., 2008] where variations in MLS CO in the upper troposphere are due more to the seasonal variation in convective transport rather than in surface CO emissions [Jiang et al., 2007]
Upper tropospheric and lower stratospheric measurements of CO from MLS complement the tropospheric information obtained from TES. (Fig. 3.2.1).  Assimilated MLS CO observations have been used to diagnose transport of African pollution [Barret et al., 2008] and assimilated TES CO to investigate near real-time biomass burning estimates [Al-Saadi et al.,2008]. Jones et al. [2007] found that continental emissions in the southern hemisphere were 2-3 times higher than climatological estimates.  These high regional emissions increased free tropospheric O3 by 10-15 ppb as observed by TES over Indonesia/Australia [Bowman et al., 2008].
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Figure 3.2.1  July 1–6, 2006, average MLS CO at 215 hPa showing trans-Pacific transport of CO pollution lofted by deep convection over Asia. White arrows indicate GEOS-4 215-hPa winds. 

3.2.4 Tropospheric O3 and VOCs from TES, OMI, and MLS 

Remote sensing of tropospheric O3 is difficult, because approximately 90% of the total column resides in the stratosphere.  Aura sensors have provided the most accurate estimates of tropospheric O3 outside the tropics to date. Measurements from TES are used to infer profiles of ozone in the troposphere under cloudy and clear conditions with a vertical resolution of approximately 6 km; this vertical resolution is sufficient to resolve the lower troposphere from the upper troposphere for clear sky conditions in the tropics and an average tropospheric column at polar latitudes, depending on cloud conditions. The Tropospheric O3 Residual (TOR) is the difference between the observed total column O3 and a co-located stratospheric O3 column and therefore provides an estimate of the total tropospheric column at OMI spatial resolution. Ziemke et al. [2006] applied this technique using OMI and MLS, comparing results to a simulation from a chemistry and transport model (CTM). Jing et al. [2006] showed good agreement between a similar TOR product and sonde data. Schoeberl et al. [2007] used trajectory mapping of MLS observations to produce a high horizontal resolution daily product and showed that the TOR was highly correlated with sondes tropospheric ozone columns and TES measurements. Accuracy of the Schoeberl product was further improved in cloudy pixels using OMI-derived optical centroid cloud pressures [Joiner et al., 2009a]. 

Ziemke et al. [2009] employed a cloud-slicing approach with OMI and MLS O3 and OMI cloud retrievals to derive O3 mixing ratios within the top portions of deep convective clouds and showed that tropical Pacific clouds, drawing ozone depleted air from the boundary layer, have almost no ozone in them. TOR has also been used in studies of pollution transport [Duncan et al., 2008; 2007] and seasonal and interannual variations in O3 distribution [Choi et al., 2008; Chandra et al., 2007; Ziemke et al., 2007].  Martin et al. [2007] used TOR with data from other satellite instruments to estimate the global annual budget of NOx from lightning: ~6 Tg N/yr.

The vertical information and tropospheric sensitivity provided by TES ozone measurements allow insights that can not be gained from other ozone products or other sensors with lower spectral resolution (such as AIRS or IASI).  Sauvage et al. [2007] used OMI, MLS, and in situ observations to show that the tropical lightning source of O3 is ~4-6 times greater than that from biomass burning, soils, and fossil fuels.  Logan et al. [2008] showed large differences in TES CO, O3, and H2O over Indonesia and the eastern Indian Ocean in October – December 2006 relative to 2005. These differences were due to the low rainfall and changing convection patterns due to El Niño. . Dryer air also leads to more biomass burning and higher fire emissions (marked by higher CO) in 2006. Chandra et al. [2009] also investigated the effects of El Niño using OMI and MLS data to show that the global burden of CO increased by 8-12% while the global O3 burden increased by 2-3% during the moderate 2006 El Niño event. The distributions of tropospheric constituents are correlated with the Madden Julian Oscillation as seen in MLS CO, cloud and H2O observations [Schwartz et al., 2008; Wong and Dessler, 2007]. 
TES observations are now being assimilated in a number of models.  For example, using data assimilation techniques, Parrington et al. (2008) constrained ozone predictions from GEOS-Chem and AM2-Chem during the summer of 2006 with TES observations. These models under-predicted mid-tropospheric ozone by as much as 40% and were corrected to within 5% of independent ozone-sonde measurements after assimilating the TES satellite measurements.
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Figure 3.2.2 Vertical distribution of TES ozone over the Atlantic corresponding to January 22-25, 2005 TES special observations.  Zonal average from -30°E to 10°E includes 416 ozone profiles.
TES revealed different vertical distributions for tropospheric O3  south and north of the ITCZ over the tropical Atlantic Ocean during the North African biomass-burning season [Jourdain et al., 2007 (Fig. 3.2.2).  Liu et al. [2009] used O3 and CO profiles from TES, along with the GEOS-CHEM model, to show that the Asian monsoon lofts and transports O3 and its precursors to the Middle East, impacting the O3 distribution in this region. This analysis also used TES water vapor isotope measurements to identify the moisture transport characteristics of the summertime monsoons, as air parcels from Africa and Asia have different water isotopic signatures.   Verma et al. [2009], using TES O3 and CO along with OMI aerosol optical depth and NO2, found enhanced O3 levels near and away from Siberian forest fires when sunlight and NOx are available. 
Zhaneg et al. [2006; 2008] exploit the vertically resolved O3 and CO measurements from TES to identify the influence of polluted continents on downwind air quality, and the later study concluded that Asian pollution enhanced surface ozone concentrations by 5–7 ppbv over western North America in spring 2006.  Millet et al. [2008] used OMI HCHO to show that emissions from the dominant isoprene source regions are overestimated (by as much as 70%) in the standard emission inventories, an important result for air quality since isoprene is a precursor of ground-level O3 and fine particulate matter (PM).  Duncan et al. [2009] found that drought, surface O3, and temperature contribute to the variability in isoprene emissions and thus variability in HCHO columns measured by OMI in the southeast US for 2005-2007. 

3.3 What are the roles of upper tropospheric aerosols, cirrus clouds, water vapor, and ozone in climate change?

Trace gases and aerosols contribute to the radiative budget of the atmosphere.  Aerosols also modify clouds through the indirect and semi-direct effects.  Aura instruments provide unique measurements of trace gases and aerosols that compliment other measurements being made in the A-Train. 

3.3.1 Clouds, H2O, and aerosols 

The role of thin (sub-visible) tropical cirrus in the radiative transfer budget of the planet has always been controversial. HIRDLS, MLS, OMI and other A-train sensors provide complementary information about these clouds. HIRDLS measures thin clouds in the upper troposphere and stratosphere that play an important role in the tropics, impacting the radiative balance and the amount of water vapor entering the stratosphere. MLS measures water vapor and trace gases in the presence of aerosol and all but the thickest clouds and can make measurements of the ice water content of thick clouds.  A comprehensive climatology for occurrence of thin clouds from HIRDLS and back-scatter measurements from CALIPSO reveals detailed spatial-temporal structure of upper tropospheric clouds and water vapor and serves as a test of the cloud distributions and statistics of climate models (Fig. 3.3.1).
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Figure 3.3.1 HIRDLS (top) and CALIPSO (middle) cloud frequency of occurrence at 161 hPa and 13 km altitude during April 2007 and MLS RHI (bottom) at 177 hPa.  
MLS measures upper tropospheric water vapor in the presence of clouds, providing critical new information on climate feedbacks in the tropics. Su et al. [2006a,2008] quantified the relationship between MLS/AIRS cloud observations and SST, showing that upper tropospheric clouds generally have a positive climate warming feedback, refuting the ‘iris hypothesis' of Lindzen et al. [2001].

They also reported a sharp increase in MLS observations of upper tropospheric H2O and cloud ice, indicative of deep convection, for sea surface temperatures (SST) greater than 300K. This upper tropospheric moistening can account for ~65% of the previously-reported ‘super greenhouse effect'.   
The unanticipated measurement of HDO by TES has given us a completely new perspective on the hydrological cycle.  The relative distribution of H2O to HDO  is sensitive to evaporation and condensation processes because HDO preferentially condenses relative to H2O. TES measurements of H2O and its isotopes [Worden et al., 2006; Worden et al., 2007]; these observations have been used to estimate the relative contributions of advection, convection, evaporation (source) and condensation (sink) strengths over tropical continents [Brown et al., 2008].  Even paleo-records ice core show the imprint of preferential condensation of HDO [ Noone, 2008]. TES measurements of the isotopic composition of water are now being used to estimate evaporation and precipitation strengths to understand how climate variations will affect precipitation patterns as part of a ROSES investigation.

OMI-derived aerosol extinction optical thickness (AOT) and single-scattering albedo (SSA) of aerosols over arid land masses have comparable or better quality [Torres et al., 2007; Ahn et al., 2008] than multi-spectral/angle satellite visible/near IR retrievals. Although superior to heritage instruments, the typical pixel size of OMI (~1000 km2) is still too coarse for accurate retrieval of AOT outside arid areas because of cloud contamination. However, aerosol absorption optical thickness (AAOT) can be estimated accurately even when a pixel is contaminated with clouds, snow, or ice.  Fig. 3.3.2 shows large changes in the AAOT over S. America during the biomass burning season that are consistent with MODIS fire count data and likely due to changes in land use [Torres et al., 2009]. 
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Figure 3.3.2. OMI-retrieved aerosol absorption optical depth at 388 nm for September 2007 (left) is much less than September 2008 (right). 

3.3.2 Chemistry and Climate 

By design, Aura instruments stress the troposphere and lower stratosphere.  Interactions between the troposphere and stratosphere are important to the stratospheric O3 layer through changes in stratospheric humidity and dynamics and to climate through changes in stratospheric O3, radiative and dynamical influences of the stratosphere on the lower atmosphere, and transport of stratospheric air into the troposphere. Most transport of air from the troposphere to the stratosphere takes place in the tropics. The radiative balance of the atmosphere depends on the distributions of constituents like O3 and H2O and, through the constituent distributions, is coupled to the photochemical and transport processes that control them. 

Tropical Composition

The tropical tropopause layer (TTL) is the region between 15km and 18 km where air is dehydrated it ascends into the stratosphere.  The air emerging from the TTL into the lower stratosphere ascends slowly producing anomaly that move away from the tropopause.  This is called the “tape recorder”. Read et al. [2008] show the complete vertical extent of the water vapor ‘tape recorder’ and its relationship to overshooting convection to produce the observed signature.  MLS data show tape recorder signatures in CO [Schoeberl et al., 2006b] and HCN [Pumphrey et al., 2008] as shown in Figure 3.3.3.  Seasonal changes in upwelling and convective outflow both contribute to the seasonal cycle in O3 and CO [Randel et al.,2007].  Schoeberl et al. [2008a] quantifed the influence of both the Quasi-biennial Oscillation (QBO) and Brewer-Dobson circulation (BDC) on the abundance of a range of trace gases in the TTL and tropical lower stratosphere. Schoeberl et al.[2008b] was able to estimate the vertical velocity in the lower stratosphere using the tape recorder signal showing it was consistent with radiative transfer estimates.  Climate models show that this upwelling should slowly accelerate, and it remains to be seen if we can extract such subtle signals from the MLS observations.
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Figure 3.3.3 Timeseries for the departure of daily averaged MLS tropical profiles of H2O, CO and HCN from the time mean profile exhibit the ‘tape recorder’ signature.  Annual variations in the ‘cold point’ (~100 hPa) temperature control the amount of H2O entering the tropical stratosphere, and alternating bands of wet and dry air slowly ascend.   The seasonal cycle in pollution drives the annual variation in CO.   The CO signature falls off with altitude due to chemical loss. The HCN signature extends to higher altitude than that of CO because HCN has a longer lifetime but appears to exhibit a two-year rather than a one-year cycle.  A longer record is required to characterize this signature.

Radiative effects of Tropospheric O3
Tropospheric O3 absorbs sunlight and infrared radiation and is therefore an important climate gas. According to IPCC [2008], ozone is the third most important greenhouse gas.  The greenhouse contribution from ozone is also the most uncertain due to uncertainty in the horizontal and vertical ozone distribution.  Until Aura measurements, estimates of the greenhouse contribution of ozone were only from models.  Worden et al. [2008] calculated the instantaneous clear-sky greenhouse contribution from upper tropospheric O3 from TES thermal radiances as shown in Fig. 3.3.4.  The globally averaged estimate from these clear-sky values is consistent with that used in the most recent IPCC; however, the observed horizontal and vertical distributions were found to be significantly different.  Joiner et al. [2009a] computed both the long- and short-wave seasonal radiative effect of tropospheric O3 in all-sky conditions using TOR and cloud data from OMI and MODIS. These results can identify problematic regions in climate models that provide radiative forcing estimates for IPCC assessments.
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Figure 3.3.4 Annual average clear-sky OLR reduction estimated from TES upper tropospheric (200-500 hPa) O3.  Measurement uncertainties correspond to ~1 color bar gradation.

3.4 A-Train Science

Aura was initially positioned in orbit ~15 minutes behind Aqua.  This was the minimum separation possible because the antennas at Svalbard could not downlink the satellite X-Band transmissions within 15 minutes.  Upgrades at Svalbard made near-simultaneous downlink of Aura and Aqua data possible. The Project Science Office recommended reducing the time gap between Aqua and Aura, also improving the coincidence between MLS and CloudSat measurements.  NASA HQ approved this change in position and Aura is now positioned ~7 minutes behind Aqua.  The move was completed in 2008.

MLS measurements of Ice Water Content (IWC) complement those from CloudSat and CALIPSO. CloudSat is sensitive to thick larger-particle clouds, CALIPSO is sensitive to aerosols and thin clouds. MLS’s 640GHz and 2.5THz radiometers are sensitive to upper tropospheric cirrus that are generally too tenuous to be observed by CloudSat but too opaque to be fully penetrated by the CALIPSO lidar [Wu et al., 2008b]. Thus, the three instruments are highly complementary. MLS obtains cloud particle habit (shape/alignment) information through observations at different polarizations [Davis et al.,2005]. Kahn et al. [2007] performed a detailed comparison of MLS, AIRS and CALIPSO observations of cloud properties, a step towards building a comprehensive 3-D picture of upper tropospheric cloud structure. Work (funded through a ROSES proposal) is ongoing to combine OMI optical cloud centroid pressures with IR cloud-top pressure from MODIS to detect multi-layered/phase clouds and identify optically thick clouds over snow/ice [Joiner et al., 2009b].

One of the really unique use of the Aura MLS data has been to assess the impact of aerosols on cloud structures using CO as a proxy for aerosols. The close correlation of high CO amounts (TES and AIRS) and aerosols from biomass burning (MODIS and MISR) allow us to use CO as a proxy for an aerosol rich air mass.  Then examining clouds with high levels of CO allows us to categorize clouds as “Polluted” or “Clean”  - that is clouds that have been contaminated with aerosols or not.  Jiang et al. [2008], using MLS CO as a proxy for pollution aerosol in cloudy regions, show an association among polluted clouds, smaller MODIS particle sizes and weaker TRMM precipitation compared with ‘clean' clouds (Fig. 3.3.5).   This is a key result showing the role of aerosols in cloud formation and evolution. 
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Figure 3.3.5  The relationship between the MODIS cloud effect particle size and MLS cloud ice water content differs for clean and polluted clouds.  MLS CO is less than 120 ppbv for ‘clean’ clouds and greater than 240 ppbv for polluted clouds.   The error bars indicate confidence in the mean.  Adapted from Jiang et al. [2009].

3.5 Relevance to Modeling and Prediction
Improving the predictive capability for changes in the ozone layer, climate forcing and air quality is an element of NASA’s strategic plan, thus use of Aura data for model development and evaluation is key to the success of the Aura mission.  MLS daily global observations of cloud ice water content (IWC) profiles, the first of such kind before the launch of CloudSat, are being used to explore the causes for disagreements of as high as factors of 20 among IWC estimates from state-of-the-art climate models. Comparisons with MLS observations [Li et al., 2005b] have guided model improvements.  Subsequent studies [Li et al., 2007] showed that a low bias in IWC increases when the ECMWF model is run in forecast mode. Su et al. [2006a, 2006b] studied the relationships between MLS H2O, MLS cloud ice, and SST, comparing them to relationships predicted by 15 climate models and showing model/data differences are as large as 400%. These studies point to the inadequacy of the cloud physics parameterization in many of the models being used for climate prediction.  High clouds, like cirrus, have a net positive global warming effect and the failure of the models to predict the IWC in the tropical upper troposphere is a serious concern.  However the new data from MLS and CloudSat allow modelers to focus on this process and correct the cloud parameterizations. 
Stratospheric assessment models must be able to make quantitative assessments of polar ozone depletion as described in Section 3.1. For polar ozone depletion, parameterizing the formation of polar stratospheric clouds is crucial since the total area of cloud surface area is proportional to the ozone depletion Rex et al. []. PSC’s are optically thin but are detectable by HIRDLS [e.g., Massie et al., 1998] and CALIPSO.  Because the PSCs are formed by condensation of HNO3 and H2O and because the chemical transformations affect HCl and ClO, MLS constituent measurements are central to model evaluation of polar processes. Pitts et al. [2007] compare estimates of PSC areal coverage during the 2006 Antarctic winter from CALIPSO with temperature-based proxies of PSC formation derived using MLS profiles of HNO3 and H2O.  Santee et al. [2008a] investigated variability in lower stratosphere chlorine partitioning using MLS data with ClONO2 from the ACE-FTS and showed that the SLIMCAT 3D CTM overestimated the magnitude, spatial extent, and duration of chlorine activation, in part because of the equilibrium scheme used to parameterize PSCs. 
Aura measurements of lower stratospheric constituents are being used to evaluate simulated transport and mixing in various models used to assess stratospheric ozone depletion. For example, HIRDLS frequently observes thin layers of O3 and HNO3 in the northern middle latitude lower stratosphere during winter and spring; these layers require 1-2 km vertical resolution. Models that cannot reproduce the formation of these layers have inadequate transport processes because these layers contributes to variability in the lower stratospheric ozone [Douglass et al., 2008; Gille et al., 2008].

4.0 THE AURA EXTENDED MISSION SCIENCE GOALS 
Continuation of the Aura mission supports the study of Earth’s atmosphere and contributes specifically to the NASA research objective to ‘Understand and improve predictive capability for changes in the ozone layer, climate forcing, and air quality associated with changes in atmospheric composition.’ Aura achievements during the primary mission phase have been substantial (as indicated above).  The overall goal for Aura’s continued mission is to continue the long term record of stratospheric trace gases and measure constituent variations under an increasing variety of natural and man-made conditions which allows us to better separate these processes. For example, we are already seeing changes in tropospheric trace gases associated with the global economic downturn. An extended observation record, encompassing additional natural and man-made changes in climate conditions, air quality emissions and the solar cycle, will strengthen the observational and theoretical foundation of Earth system understanding and improve predictive capability of models. 
MLS, OMI and TES are all presently operational and will contribute to the extended mission by continued measurements, algorithm improvements, retrieval of additional species and analysis as discussed in more detail below.  In the event that the HIRDLS chopper does not restart, the HIRDLS contribution to the Aura extended mission will be limited to algorithm development to improvement of present retrievals in order to recover additional species. In the event of a chopper restart, HIRDLS will contribute more substantially as detailed in Section 5.4. 

4.1 Is the O3 layer changing as expected? 
Atmospheric abundances of ozone depleting substances are declining, although ‘recovery’ in stratospheric ozone (including the Antarctic ozone hole) is not expected for decades.  Monitoring the changing stratospheric chemistry is a key goal of the Aura mission and a Congressional mandate for NASA.  Currently only two satellite instruments can measure stratospheric chlorine (HCl), the most important chlorine reservoir: MLS on Aura and ACE on the Canadian SciSat satellite.  SciSat was a three year mission launched in 2003 and is already in extended operations. Only Aura’s MLS has the resources to make ongoing measurements of stratospheric chlorine into the next decade – a chlorine record begun by UARS (1991).  It is also important to note that only MLS, ACE, MIPAS (on ENVISAT, launched in 2002) provide the additional trace gases needed to assess stratospheric chemistry. ENVISAT is also in extended mission operations. Continued Aura measurements will lengthen the trend quality data set for total O3 (OMI) and also lengthen the records for other constituents such as HCl and H2O that are important to O3 (MLS).  Continued observations from both MLS and OMI also expand the data base of global tracer profiles (e.g., N2O and, in many circumstances, H2O) needed to quantify northern hemisphere variability. Accounting for variability makes it possible to remove ‘dynamic contribution’ to O3 trends, making the changes derived for chlorine changes more reliable and will contribute to nascent efforts to detect and quantify change in the stratospheric overturning circulation that is predicted by current models [Butchart et al., 2006]. Continuing the column ozone data record will lengthen the stratospheric observations begun by the TOMS series (1979..).
4.2 What are the processes that control tropospheric pollutants?

The overall goal of the extended Aura mission pollution measurements is to characterize the changes in production of both short- and long-lived gases, aerosols, and their long-range transport under a variety of climatic and economic conditions. A continued record of pollution gases is critical because emission changes related to climate (e.g., biomass burning frequency and intensity, temperature driven soil and vegetation emission), and emission changes from anthropogenic sources (e.g., related to population growth, economic growth and shrinkage, environmental regulation) have the same dynamic variability.  For example, the mild El Niño of 2006, produced significant increases in VOCs, CO, and NO2 (observed with TES and OMI) as a result of intense fires and degraded air quality throughout the tropical Pacific region. Tropospheric O3 was affected by increases in these precursors as well as changes in the distribution lightning generated NOx [Logan et al., 2008; Chandra et al., 2009]. Extended global observations of such processes and evaluations of chemical-transport over a wide range of conditions will allow for improved separation of local and long-range effects on air quality. This will enable better prediction of the potential [image: image1.png]Approximate altitude / km
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global and regional impacts of emissions increases in a changing climate.
[image: image22.jpg]OMI tropospheric NO, OMI annual trend data 2007-2005 USA
-120 ~100 -80

40

30

20

NO, tropospheric column density [10'® molec./cm?]

. T
-4.0 -3.0 -2.0 -1.0 1.00 2.00 3.00 4.00





[image: image23.jpg]OMI tropospheric NO, OMI annual trend data 2007-2005 World
-160 —140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 é?oo 120 140 160

0 0¢ Oy 0S 09 O

10 20 30 40 50 60 70

o]}

-50 —40 -30 -20 -10 O
0S— O¥— 0£— 02— 01— O

160 —140 —120 —100 —80 —60 —-40 -20 O 20 40 60 80 100 120 140 160
NO, tropospheric column density [10'® molec./cm?]

T B
-40  -30 -20 -1.0 1.00 2.00 3.00 4.00




Figure 4.2.1. The annual mean difference in tropospheric NO2 column between 2007 and 2005 showing trends in the eastern United States (top) and Asia (bottom). Blue (red) shows significant decreases (increases) NO2 with time.

Significant reductions in short-lived tropospheric NO2 have been observed with OMI over the US between 2005 and 2007 as shown in Fig. 4.2.1. This is the result of increased emission controls on vehicles and power plants. At the same time, large NO2 increases were observed over southeast Asia. Witte et al. [2009] report measurable decreases in NO2 and other pollutants over Beijing during the 2008 Olympic games as a result of localized emission controls. OMI retrievals of boundary layer SO2 in the Middle East are correlated with gasoline prices as refining capacity changes [S. Carn, personal communication].   The impact of hurricanes Katrina and Rita on the oil industry and shipping lead to decreases in NO2 concentrations in the Gulf of Mexico as seen by OMI [Yoshida et al., 2009].  The high spatial resolution and sampling provided by OMI allows for significantly improved identification and quantification of such emission changes as compared with lower resolution UV/Vis instruments. The impact of the current economic crisis on pollutant emissions should be discernable by OMI (NO2, SO2, VOCs), MLS (CO) as well as TES (O3, CO) will allow us the opportunity to further baseline pollution emissions as a function of economic activity. 

[image: image16.png]Latitude, deg
38 39 40 M 42

Effective Column Mi

0 5 10 15 20 25 30 35 40
Observation Number

Terrain Height, km




Figure 4.2.2  Ammonia concentrations estimated from TES radiance residuals over Beijing one day in summer 2007.

Ammonia (NH3) and methanol (CH3OH) will be added to the suite of TES core products in the extended mission.  Fig. 4.2.2 shows an example of TES NH3 concentrations near Beijing [Beer et al., 2007].  NH3  is important to both air quality and climate as it contributes to aerosol formation.  Global NH3 concentrations are highly uncertain in part because NH3 is difficult to measure in situ. TES NH3 will contribute to the development of global, time-dependent emission constraints.  Methanol is the most abundant oxygenated hydrocarbon gas in the atmosphere [Singh et al., 1995].  Estimates of global emissions are highly uncertain with disagreement about whether the marine biosphere or plant growth are the main sources [Millet et al, 2008].  Global CH3OH measurements from TES could significantly reduce the uncertainty in the global budget and help resolve controversy about their sources and concentrations on a global scale.

4.3 What are the roles of UT aerosols, water vapor and ozone in climate change?

The upper troposphere (UT) is a critical region of the atmosphere for climate stability.  It is here where water vapor (the strongest greenhouse gas – GHG) and ozone (also a strong GHG in this region) have their largest radiative forcing.  In addition, the net radiative forcing of UT clouds is a delicate balance between short wave cooling and long wave heating.  The processes that control the budgets of UT GHGs, are many and complex. TES and MLS are unique in providing daily global upper tropospheric observations of ozone with a vertical resolution needed to better quantify these processes and their impacts.  
4.3.1 Water vapor, clouds and aerosols issues 
MLS cloud and water vapor observations have, as described above, been used to quantify cloud and water vapor feedbacks, and improve parameterizations of cloud processes in weather and climate models.  Continued observations of these processes, including their modulation by phenomena such as ENSO, will provide information needed to further validate and improve these models.  An important goal of the Aura extended mission is to capitalize on the unique scientific opportunities presented by the A-train satellites.  In particular, the Aura orbit was changed in 2008 to give better collocation between MLS and CloudSat/CALIPSO observations.  This, combined with new MLS cloud products under development (described below) and OMI cloud pressures, will enable new unified studies of cloud.  This new information, when combined with the MLS observations of CO pollution within clouds, will enable better quantification of aerosol/cloud interactions.

Cirrus clouds are extremely important to Earth’s radiation budget, especially in the tropics.  At present they are located and characterized by the measurements in HIRDLS Channel 6, at 12 mm.  Future improvements using HIRDLS Channels 13 and 19 will improve the detection and characterization of atmospheric particulates.  This information will be combined that obtained from simultaneous retrieval of temperature and water vapor to improve our models of cirrus microphysics. 

4.3.2 Changes in Stratospheric Dynamics

Model studies indicate that the stratospheric Brewer Dobson Circulation (BDC – the stratospheric cycle of upwelling in the tropics, poleward transport aloft and downwelling in polar regions) may be speeding up in response to changing climate, potentially significantly modifying the timing of ozone layer recovery.  Global atmospheric composition observations are a proven tool for diagnosing slow atmospheric motions such as the BDC [Schoeberl et al., 2008b].  Continued Aura MLS daily global measurements of long-lived tracers (e.g., N2O and H2O) from the tropopause to the mesosphere, are critical for diagnosing the BDC, its variability and evolution.  This analysis will be augmented by HIRDLS CH4 measurements that will be released in the next version of their algorithm.

The temperature and dynamics of the upper stratosphere and lower mesosphere (US/LM) are also sensitive indicators of climate change [e.g., Rind et al., 1998, Manzini et al., 2003].  An extended daily global observation record in this region from Aura will help validate the depiction of US/LM processes in climate models, improving our ability to identify and diagnose climate change ‘fingerprints’.  MLS mesospheric temperature and humidity observations also provide important information on Polar Mesospheric Clouds, one such climate change fingerprint [Morris et al., 2009].

The HIRDLS H2O product with ~1 km vertical resolution will enable more accurate quantification of the processes controlling upper tropospheric humidity especially in the tropics.  Fig. 4.3.1 shows preliminary results for HIRDLS H2O compared to MLS.  Overall there is reasonable agreement but the differences show the temporal dependence in the HIRDLS radiance correction and the need for improving the algorithm.  These improvements are being developed now and are projected to be implemented in the next algorithm release. 
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Figure 4.3.1  HIRDLS observations of the tropical water vapor tape recorder (top) and the difference between the MLS water vapor tape recorder and the HIRDLS tape recorder (bottom). 

4.3.3  Upper Tropospheric Radiative Forcing 
Quantification of the radiative forcing from tropospheric ozone is challenging because of the sensitivity of ozone to many poorly characterized processes (convection, transport, stratospheric influx, chemistry), its comparatively short lifetime, and a relative lack of observations.  Natural and anthropogenic processes contribute to upper tropospheric ozone, and separating the radiative forcing due to man-made processes from that due to natural processes is an additional challenge.   “All-sky” vertical ozone instantaneous radiative forcing (IRF) products from TES will provide a new observational constraint on the ozone greenhouse impact on climate.  This product will allow us to quantify changes in this forcing as a function of both natural and man-made conditions. TES IRF can distinguish the effects of ozone, water vapor, and clouds on outgoing longwave radiation in the ozone band. This will enable quantification of impact of vertical distribution of ozone on radiative forcing.  Comparisons with TES IRF should enable improvements in climate model representations of ozone radiative forcing. 
4.3.4 Climate impact of volcanoes 

Volcanoes not only pose significant risks to aircraft and local populations, but also have a potentially large climate impact, as emitted SO2 converts to sulfate aerosols which a long lifetime in the stratosphere. Anthropogenic SO2 similarly contributes to aerosol formation in the troposphere. The climate effects of high latitude volcanoes are highly uncertain (J. Hansen, private communication, 2009).  The 2008 Kasatochi and Okmok Alaskan eruptions were the first major high latitude events since Aura launched.  Kasatochi deposited ~1.5M-tons of SO2 into the atmosphere. The plumes spread throughout the northern hemisphere within 20 days as shown in Fig. 4.3.2.  The decay of the total volume of  SO2 with time suggests that the SO2 was quickly converted to sulfate aerosol.  Currently there is no limb instrument capable of monitoring the stratospheric sulfate layer so we can only infer the climate impact from the layer after it becomes too thin for CALIPSO to measure.  The combination of OMI and CALIPSO data are critical for monitoring the climate impact of volcanic eruptions that reach stratospheric altitudes. 
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Figure 4.3.2 SO2 plumes (on a logarithmic color scale) as observed with OMI on 12 August 2008 following the eruption of the Alaskan Kasatochi volcano.

5.0  THE AURA EXTENDED MISSION PROPOSAL AND IMPLEMENTATION PLAN

5.1  MICROWAVE LIMB SOUNDER (MLS) 
The primary function of the MLS core team is the monitoring of the health of the instrument, preparation of command loads, along with production, evaluation and validation of standard products listed in Table 2.1.1.
We propose to continue that activity and the specific activities described belowfor the extended mission. 

5.1.1 Data Products 

Figure 2.1 details the current (version 2 (V2)) MLS Level 2 products and their vertical range.  The figure also indicates where improvements are possible, notably the extension of many observations to lower altitudes, and the retrieval of additional products in the stratosphere.   All MLS products are retrieved using a standard ‘Optimal Estimation’ approach [e.g., Read et al., 2006; Livesey et al., 2006b] and are generated simultaneously by the Level 2 software.  Individual MLS science team members routinely inspect, assess and document the quality of each product. V3 algorithms, developed during the last year by the MLS team, substantially improve the MLS dataset by reducing systematic biases and anomalies in some MLS standard products.  Proposed improvements include decreasing a persistent (factor of ~2) high bias in CO, a negative bias in HNO3 (both at 215 hPa), a negative biases in lower stratospheric ClO and an anomalous oscillation in water vapor around 32 hPa.  The V3 standard O3 product is retrieved on a finer vertical grid than in V2 with surfaces spaced at ~1.4 km rather than ~2.5 (though the true resolution of the O3 profile information will be closer to ~2 km).  Improvements in knowledge of instrument calibration and spectroscopy have led to minor improvements to other products.

5.1.2 Improved cloud and cloudy-sky products 

Moving Aura closer to Aqua in the A-train aligns MLS radiometer with the CloudSat radar.  Although moderate cloud contamination of MLS radiance signals does not significantly affect Level 2 gas-phase products, the most strongly contaminated radiances can introduce biases in the V2 algorithms.  New radiative transfer algorithms that include on-line cloud scattering computations are under development.  We propose to use these algorithms when developed to allow the MLS Level 2 software to use cloud-contaminated radiances, enabling simultaneous retrievals of cloud ice and composition for all but the cloudiest ~0.1% of observations (1% in the tropics).  Incorporation of these new algorithms will be the main focus of MLS V4 development, with production of V4 data planned to commence in FY11. The MLS 2.5 THz radiometers (originally designed to measure stratospheric and mesospheric OH) are also sensitive to clouds in the upper troposphere and lower stratosphere (UT/LS) [Wu et al., 2008a].  The MLS THz telescope is now executing an updated scan, making more observations in the UT/LS to improve sampling of (and signal-to-noise for) clouds. 
As part of the MLS V4 implementation, we will apply the methods under development described above to retrievals of cloud ice water content from this new set of THz observations. The resulting new dataset, in conjunction with the MLS 640 GHz record, will fill an important gap between upper tropospheric cloud ice datasets from CloudSat (sensitive to thick anvil clouds) and CALIPSO (sensitive to tenuous cirrus clouds).  Taken together, the MLS cloud observations at multiple frequencies provide additional information on cloud particle size.  Accurate quantification of upper tropospheric cloud properties across all cloud types, particle sizes and thicknesses is essential for full understanding of upper tropospheric radiative balance. In addition, the MLS-unique ability to measure gas-phase pollution in the presence of these clouds is a crucial resource for studies of aerosol indirect effects.

5.1.3  Methyl chloride 

Retrieval of stratospheric methyl chloride (CH3Cl) is proposed for V3.  Including this in the MLS 640 GHz retrieval has been shown to reduce the negative bias in lower stratospheric ClO [Santee et al., 2008b]. Methyl chloride is the only natural source of stratospheric chlorine, and methyl chloride’s moderately long photochemical lifetime makes it a useful additional tracer of atmospheric motions.  Validation of this product will be through comparisons to expectations established by previous observations and models; specific validation flights or campaigns for these new species are not necessary. 

5.1.4  New approach for ‘noisy products’

For a small number of MLS products the signal-to-noise is such that significant averaging (e.g., monthly zonal mean) is required for useful precision. We propose as an ‘optimal tier’ activity to implement new retrievals that using a specialized retrieval algorithm that averages the ‘information content’ Livesey et al. [2006].  This approach would be applied to generate less noisy versions of BrO, HOCl and HO2. Improvements to the accuracy of MLS BrO are particularly needed, given the uncertainty in the total stratospheric bromine loading, the potential contributions of very short lived brominated species [e.g., WMO, 2006], and the importance of ozone loss processes involving bromine compounds.

5.1.5  Products supporting MLS data 

The MLS Derived Meteorological Products (DMPs) are files in the same format as MLS Level 2 data containing a variety of meteorological variables (e.g., potential vorticity, potential temperature, distance from the edge of the polar vortex, etc.) interpolated to the MLS measurement locations. DMPs are provided on both the original MLS pressure levels, and on a set of fixed potential temperature surfaces. Generation of these DMPs by the MLS team greatly simplifies the work of many scientists who would otherwise need to repeat such computations as a precursor to their own investigations. The MLS DMPs build on those already computed for solar occultation observations (e.g., ACE-FTS, HALOE, etc.) [Manney et al., 2007] as part of NASA's ACMAP program. Additional DMPs are being developed for MLS, with a particular focus on characterizing the dynamics and transport of the UT/LS region, funded by the ROSES Aura Science Team program. We propose adding these products to our normal data products distribution as part of our core activity. 

5.1.6 MLS ‘near-real-time’ products for operational applications 

Assimilation of MLS stratospheric ozone profiles in retrospective runs of state-of-the-art numerical weather prediction (NWP) models has been shown to lead to significant improvements in model representation of the stratosphere.  MLS O3 has been assimilated into NASA’s GEOS-4, as described by Stajner et al. [2008], the Navy’s NOGAPS-Alpha model [Hoppel et al., 2008], the ECMWF model [Feng et al., 2008] and the NCEP model (Craig Long, NOAA, personal communication, 2007).  As a result of these demonstrated model improvements, selected MLS products are being generated in near-real-time (NRT), and work aimed at improving their accuracy is underway. These activities are funded through NASA’s Accelerating Operational use of Research Data program, and were previously funded by the Joint Center for Satellite Data Assimilation.  Currently the NRT system uses a ‘fast’ retrieval algorithm to produce stratospheric ozone and temperature profiles; work is underway to improve the accuracy of the fast approach, enabling extension of the ozone information into the upper troposphere (shown to be important for improving forecast skill) and of the temperature into the mesosphere (a region increasingly considered by NWP models but poorly constrained by other daily global observations). Beyond this, extension of the NRT processing to additional products (such as stratospheric water) is possible and may be implemented as dictated by the needs of the operational community.  When the development effort is completed, we propose that the ongoing maintenance of the MLS NRT system will be supported by the MLS data analysis and SIPS activities.

5.1.7  Proposed V5 algorithm 

Beyond FY11 (and MLS V4), there remain many further avenues for improvement and augmentation of MLS data products. In particular, the MLS 190 GHz radiometer provides information on N2O, HCN, CH3CN and ClO in the upper troposphere to complement the stratospheric and mesospheric measurements at 640 GHz.  These data will provide new information on the impacts of upper tropospheric processes including the exchange of air between the stratosphere and troposphere.  Generally the signal-to-noise for these upper tropospheric products will be such that some form of averaging (e.g., daily zonal mean, weekly map) will be required.  However, strong enhancements in HCN and CH3CN from biomass burning have already been seen in MLS lower stratospheric observations, so should be readily observable in the upper troposphere.  As with existing MLS products, these observations can be made in the presence of all but the thickest clouds. Further additional stratospheric species are potentially measurable by MLS, and (as for CH3Cl for V3), may be added to the list of MLS ‘standard products'.

5.2  OZONE MONITORING INSTRUMENT (OMI)
The primary function of the OMI core team is to enable the generation of standard products from OMI (Table 2.2.1). With the exception of TOMS heritage products (total column O3, absorbing aerosol index, and volcanic SO2), the responsibility for OMI products belongs to OMI science team members competitively selected in 2007 through ROSES. Appendix A1 provides a listing of the funded ROSES investigations that have a component related to the maintenance, validation, and improvement of OMI products. The OMI core team activities include production of the products listed above, analysis of instrumental anomalies and development of correction for these anomalies and miscellaneous activities in support of the OMI science team and the broader Aura community such as maintenance and improvement of the UV radiative transfer code widely used by various OMI algorithms. 

5.2.1 Instrument characterization

KNMI has the prime responsibility for characterizing and calibrating OMI. A small NASA team provides support to KNMI in this effort by performing analysis of in-orbit data and by monitoring anomalies and artifacts in the data identified by the OMI standard product developers. The current NASA activity is largely focused on doing absolute radiometric calibration of the instrument as a function of wavelength and swath (cross-track) position, and in characterizing the scattered light inside the instrument that affects the shorter wavelengths of OMI (<315 nm) that are used for deriving the ozone vertical profile and boundary layer SO2 columns. Since OMI was delivered to NASA before the full (swath-angle dependent) calibration could be performed on the ground, this effort requires in-orbit calibration.

While KNMI focuses on the analysis of data from the built-in calibration devices in the OMI instrument, NASA’ OMI team is focusing on the “soft” calibration methods that were developed to characterize the SBUV and TOMS instruments. These methods include checking the internal consistency of the derived products and comparison with other sensors. For the shorter OMI wavelengths (<300 nm) that are not significantly affected by tropospheric constituents, a very promising method of characterizing the instrument is to calculate the radiances that OMI should measure by radiative transfer calculations using MLS (or HIRDLS) ozone profiles. The NASA OMI team proposed to continue this work along this line.  Already, our studies have identified several calibration and straylight related errors in OMI that are currently under investigation.

A significant effort has been undertaken by the NASA OMI team in the past year to understand and monitor the OMI row anomaly described in section 6 as well as to develop and test corrections in coordination with KNMI. This activity is expected to require significant and continued effort by the core team in the near term.

5.2.2 TOMS heritage products and Proposed Joint Retrieval of O3 and SO2
The current OMI O3/SO2 algorithm is a two-step algorithm. Total column ozone is estimated using the TOMS wavelengths. The radiance residuals are then used to calculate the SO2 column. The optimal selection of OMI wavelengths for SO2 retrievals provides about two orders of magnitude more sensitivity than TOMS.

Although the initial TOMS-like implementation has been successful, a few problems remain that can be addressed with a more advanced algorithm. The current TOMS-like algorithm flags total ozone data in presence of volcanic SO2, but does not correct it. The TOMS V8 algorithm also becomes increasingly inaccurate at large solar zenith angles (>75˚). The NASA OMI teams proposed to implement a combo algorithm for joint O3 and SO2 retrievals.  Recent studies show that an optimal estimation algorithm using a broad range of OMI wavelengths (270-320 nm) can improve both total ozone estimates and SO2 retrievals (Yang et al., 2007; 2009).  Such an algorithm can also provide an estimate of tropospheric ozone column that is comparable in quality to that obtained by combining OMI with MLS (Liu et al., 2005).  The combo algorithm allows for monitoring of smaller pollution sources than the present algorithm because systematic and random errors are reduced. The combo algorithm is also expected to provide information about the height of SO2 plumes that may be used to further improve estimates of column amounts. Unfortunately, the combo algorithm is sensitive to instrument calibration and straylight errors and is computationally intensive. Therefore, implementation requires close coordination with other OMI core team activities described above. 

5.2.3 UV Radiative Transfer Development

The OMI project supports the development of advanced UV radiative transfer codes. The Linearized Discrete-Ordinate Radiative Transfer (LIDORT) code along with a vectorized version (VLIDORT) and rotational-Raman scattering version (LIDORT-RRS) (Spurr et al., 2001; 2008; Spurr, 2002), developed partially with OMI funds, are one of two such algorithms available in the world. Dr. Spurr currently works with the OMI science team to enhance the performance of these codes so that they can be run operationally.

Calculation of radiances and air mass factors (AMFs) define using radiative transfer codes require the knowledge of surface reflectance. KNMI has recently created a unique dataset of surface reflectance using OMI that covers the 320-500 nm band [Kleipool et al., 2008]. Though this dataset accounts for seasonal and spatial variations of the surface reflectances, it does not account for bi-directional affects. We propose augmenting KNMI-developed datasets by combining that dataset with bi-directional datasets developed by the MODIS team.

5.2.4 Specialized Ancillary Datasets

Many datasets produced from the A-train and other platforms that may be useful for OMI data analysis are independently produced and archived. Such organization of data is a great hindrance to scientific data analysis. We propose to create collocated or OMI-like datasets with related parameters from on the OMI footprint or projection to enable coordinated science. Examples of some of the synergistic variables are cloud information from MODIS, AIRS, and CloudSat data, aerosol products from MODIS and CALIPSO, and GOME-2 products processed using OMI algorithms.

5.3  TROPOSPHERIC EMISSION SPECTROMETER
The primary function of the TES core team is the monitoring of the health of the instrument, preparation of command loads, along with production, evaluation and validation of standard products listed in Table 2.3.1.
The current version of TES data products is V4. We propose to continue those critical functions as well as improve the algorithm and develop new L2 products NH3 and CH3OH (ammonia and methanol) for V5. Both of these trace gases are ingredients that contribute to air quality. 

5.3.1  Data Products

TES provides vertical profiles of O3, CO, CH4, HDO, temperature, and water vapor that extend into the troposphere with vertical information. Figure 2.1 illustrates the TES species and vertical ranges. TES nadir ozone measurements differentiate two vertical layers in the troposphere in many conditions, a unique aspect of the TES measurements.  Figure 2.1 also indicates molecules that have been retrieved as part of ROSES-funded research activities (NH3, CH3OH). A ROSES funded proposal is underway to develop a CO2 retrieval and provide it to the science community.

The TES products are retrieved sequentially using an ‘Optimal Estimation’ approach [Rogers, 2000; Worden et al., 2004; Bowman et al., 2006]. A specific set of wavelengths is used for each species, and the interdependence is carefully accounted for. Specifically, temperature is retrieved, and then water vapor and ozone, followed by CO, and so on. Through this retrieval approach, full error characterization and sensitivity information (averaging kernels) are produced and provided for each measurement, facilitating the use of the data products in model comparisons and data assimilation.  Each new version of TES data has been subject to extensive validation analysis using aircraft, ground-based, sonde, and satellite datasets, as well as models, to characterize the bias, accuracy, and stability over time of TES data products. Routine assessment and validation analysis identify correctable deficiencies and thereby feed into algorithm maintenance activities. Validation papers are listed in Table 2.3.1. 

5.3.2 Proposed algorithm improvements
Several algorithm issues are proposed to be addressed in the next release (V5). Assessment and use of the data products has shown that the CO constraint (an input term to the optimal estimation retrieval) introduces artificial latitudinal patterns in the data (discontinuities at the boundaries of the constraint grid). In addition, the use of different a priori datasets by MOPITT and TES add additional complexity into comparisons and joint use of the data. For V5, we plan to update the constraints to reduce the discontinuities, and use an a priori dataset consistent with that used by MOPITT V4 algorithm. TES V4 CH4 has undergone more extensive validation analysis than earlier versions.  As a result we plan to improve the retrieval and reduce the bias by updating spectroscopy and the wavelength set.  V5 will account for surface properties that change over time (snow covered surfaces, vegetation).  The present TES retrieval uses a static database contributing to a higher incidence of failed retrievals in regions where the surface characteristics change over the year.
5.3.3 Proposed New TES L2 products

We propose that two mature research products, NH3 and CH3OH, will be transitioned to operational products in V5. Beer et al. [2007] show that these species can be retrieved from the residual radiances, and this was demonstrated for two sets of special observations, one over the Beijing region, another over Southern California, using a simplified optimal estimation retrieval code (Fig. 4.2.2). An investigation funded by ROSES is testing a more complete optimal estimation retrieval for a wider set of measurements. That ROSES work is specifically designed to produce support files (windows for retrievals, constraints, a priori) that are then integrated into the TES operational software to add another step to the processing. The TES standard product files are easily extendable to add one or more species. 
In FY11 and beyond, we propose to make ozone Jacobians and IRF products part of the standard output. Production of vertical ozone IRF is a direct extension of the Level 2 ozone retrieval, and is being prototyped currently with ROSES funding.  The Jacobians, i.e., sensitivity of spectrally-resolved outgoing longwave radiance to the vertical distribution of ozone will be stored and numerically integrated across the 10 micron band.  The angular dependence for radiance to flux conversion will be approximated by Gaussian interpolation assuming a plane-parallel atmosphere.  These integration and interpolation steps are currently in prototyped software. The resulting vertical ozone IRF will be easily integrated into the standard product file.  These techniques can easily be extended to water vapor radiative forcing and the radiative coupling between them.  Moreover, the same techniques can be extended to the calculation of atmospheric heating/cooling rates, which can be used to assess the dynamical impact of ozone. These products will be in chemistry/climate model comparisons between the ozone radiative forcing of TES and the AM2-Chem, GISS, CAM-Chem, and ECHAM5-MOZ models. 

5.4 HIGH RESOLUTION DYNAMICS LIMB SOUNDER 

The HIRDLS core team is monitors the health of the instrument is currently engaging in chopper restart activities. Aside from the chopper stall the instrument is healthy. We propose to continue the restart effort until roughly the end of 2009 at which point all of the engineering ideas will have been tried. The repreocessing, evaluation and validation of standard products listed in Table 2.4.1.  The current algorithm is V4. We propose to validate and release Version 5 early in FY10.  V5 will fix several small problems in the retrievals, but it is unclear whether the bigger problems with the blockage correction (described below) will be incorporated in V5.  We propose to release Version 6 late in FY 10, and V6 will incorporate major improvements in the blockage correction, and retrievals of H2O, CH4 and N2O.  The final anticipated release will be Version 7, in late FY11.  V7 will incorporate all improvements discussed below, and, we anticipate, will be the final archived data set pending chopper restart.  
5.4.1 Data Products 
The current HIRDLS data set spans the 3+ years from January 2005 to March 2008. The data set includes unique measurements of sub-visible cirrus and constituent profiles with 1 km vertical resolution as indicated in Table 2.4.1. Besides products H1-H8 discussed in Appendix A, HIRDLS was designed to measure six more species, as indicated in Figure 2.1, and an independent measure of geopotential height, based on Aura toolkit geo-referenced data refined by the HIRDLS gyros.  Preliminary versions of all of these have been retrieved, but based on initial evaluation, they are not currently accurate enough for scientific applications.  These additional products, also at 1 km vertical resolution, will make significant contributions to the Aura science goals.  We propose to extend the HIRDLS algorithm to the improvement, retrieval and validation of the profiles of H2O, CH4, NO2, clouds, and aerosols.  These products are the main thrust of the continued effort and are thought to be closer to delivery than the remaining original HIRDLS species (N2O, ClONO2 and N2O5). 
5.4.2 Specific Proposed Algorithm Improvements

5.4.2.1 L1 Algorithm Improvements

For HIRDLS the most important proposed improvements are those for the algorithms processing the data from Level 1 to Level 2 (L1->L2 or L1).  In these codes the raw measurements are converted to calibrated radiances and corrected for the effects of the blockage in the optical train.  Gille et al. [2008] describe the correction algorithms.  All but one of these corrections is now essentially complete.  The most important remaining problem is the more accurate modeling of the signal from the blockage. More accurate models of blockage radiances are required to obtain more accurate estimates of atmospheric radiances, and the recovery of species with smaller signals.  A better correction for the blockage radiances will also improve products derived from channels with larger signals.  Since the blockage affects all channels very similarly, these algorithm refinements are not product specific.  We hope to include this improved correction in V5.

The present correction approach has led to very good retrievals for channels with larger radiances. To show how the present approach has been successful and explain why a better correction is needed, it is convenient to define 10-4 W/m2sr as 1 radiance unit (RU), which is the approximate radiometric noise of the instrument.  Atmospheric radiances range from 10,000 – 200 RU.  It is estimated that the error associated with the current correction algorithm is of the order 30-50 RU.  This is a small error for constituents with large signals (i.e., signals greater than 1000 RU), and good retrievals are possible.   For species whose radiances are < 1000 RU, it is necessary to improve the accuracy and precision of the corrected radiances to 5-10 RU.  Several approaches to correct them have been identified and are now being pursued.  We propose to continue to develop these approaches to see if we can retrieve constituents with small atmospheric radiance 

5.4.2.2 L2 Retrieval Algorithm improvements

HIRDLS averaging kernels for temperature and other products show excellent characteristics, including high sensitivity to observed radiances (negligible a priori contribution) and 1 km vertical resolution down to cloud top heights. Lower altitudes are more difficult, since the effects of gradients along the line-of-sight have a larger effect, and optically thicker channels have weighting functions that peak above the tangent point, or otherwise have lower sensitivity to the tangent point. We propose to make L2 code modifications to use GEOS-5 data as the a priori for temperature, and probably O3 and H2O.  The L2 code will also be modified to implement updated a priori and forward model errors as functions of altitude.  This will lead to better products lower down, and ones that will merge smoothly with the GMAO data. 

5.4.2.3 New gas phase and improved aerosol/cloud products for V5

We propose to retrieve water vapor, CH4 and NO2 from the HIRDLS radiances.  Preliminary water vapor measurements are shown in Figure 4.3.1.  Water vapor is one of the most important atmospheric gases.  In the tropopause region it is the most powerful greenhouse gas, is a source of hydroxyl radicals, and a source of ice crystals that are also radiatively and chemically important. The utility of CH4 as an additional long lived tracer, has been mentioned in Section 4.  Similarly, the importance of measurements of stratospheric NO2 has already been noted.         

HIRDLS aerosol/cloud measurements are all based on measurements near 12 mm.  The signals in this channel are very low, and will benefit greatly from the improvements mentioned above.  An even greater benefit will flow from recovering useful signals at 8.3 mm, which will permit distinguishing sulfate aerosols from ice crystals. We propose to begin work on incorporating 8.3µm data in our aerosol retrieval algorithm.

Before release, these proposed products will be carefully evaluated to assure they are qualitatively correct, then carefully validated against correlative data, and reported in the HIRDLS Data Quality Document and in journal articles. 

Finally, beyond the V5 algorithm, HIRDLS products in the shorter wavelength region with weaker include N2O, ClONO2, N2O5 and perhaps others.  We may be able to retrieve these products as daily or weekly zonal averages, or, in the case of diurnally varying species, averages of day and night retrievals.  We propose to look at the best way to produce these averages will be investigated, to avoid placing too much weight on the a priori.

5.4.2.4 Higher vertical resolution for some trace species (Optimal budget)
The high vertical resolution of HIRDLS data (~ 1 km) is crucial for investigation of details of important atmospheric phenomena such as stratosphere-troposphere exchange and processes in the UTLS (e.g. Olsen et al., 2008, Pan et al., 2009, Gille, private communication, 2009.).  Because of the very high native resolution of HIRDLS radiances (250 m), under the optimal budget we propose that the L2 will be modified to generate retrievals with vertical resolution higher than 1 km (with a goal of 500m).  Combined with the daily near-global coverage, the very high resolution HIRDLS data will allow unprecedented insight into the important atmospheric phenomena mentioned above.

5.4.2.5 Retrievals in the presence of Polar Stratospheric Clouds (PSC’s) (Optimal budget)
The current HIRDLS algorithm does not couple the retrieval of cloud extinction, gas species, and temperature. In order to obtain more accurate temperatures in the upper troposphere and in the presence of PSC’s, it will be necessary to retrieve simultaneously the extinction at 12µm and temperature.  We propose to test this approach on simultaneous ozone and nitric acid retrievals which will facilitate study of ozone loss and de-nitrification in PSC’s.  This simultaneous approach will then be applied in the upper tropospheric cirrus, ideally using additional aerosol channels. 
5.5   PROPOSED COMBINED PRODUCTS
In addition to the opportunities for multi-instrument / multi-platform science enabled by the A-train, possibilities exist for ‘joint products’ combining information from different instruments to form a new product, potentially (depending on choice of approach) giving more information than just a sum of the component parts.  Approaches to producing such joint products range in complexity from simply merging Level 2 datasets (or subtracting them in the case of OMI–MLS residual ozone) to full-scale assimilation of Level 2 data into models.  Between these two extremes (examples of both of which are underway, funded through other programs) are products based on the optimal combination of Level 1 radiance information from the individual instruments.  Below we propose joint products by the core teams. 
5.5.1 Ozone profiles with boundary layer sensitivity from TES + OMI (Optimal Budget)
TES and OMI both measure tropospheric and stratospheric ozone but with different vertical dependent sensitivities.  The OMI UV measurements provide a total column for ozone with sensitivity throughout the troposphere and stratosphere [Veefkind et al., 2006].  The TES can typically resolve the lower troposphere from the upper troposphere under cloud free conditions with some sensitivity to the boundary layer.  A study by Worden et al. [2007] has shown that ozone profiles estimated from combining reflected UV radiance measurements from OMI with the 9.6 micron thermal infrared band measured by TES substantially improves the sensitivity of the estimate to boundary layer ozone as well as improved vertical resolution in the free troposphere as compared to either instrument alone. Under an optimal budget, we propose to combine the OMI and TES measurements creating a new ozone profile product with improved vertical resolution. Ozone profiles with improved vertical resolution would enable advances in the science topics already discussed, as well as applications of remote sensing measurements to air quality science. The sensitivity of our current ozone measurements is not adequate in the boundary layer, where air quality science is often focused. Thus, there would be great scientific benefit from improved vertical resolution of ozone profiles.   We expect that this product will take about 2 years to develop, since there are challenges with staging of the additional inputs needed, correcting for the biases observed between TES and OMI, and data quality definition for global, time-dependent data. Production of this new enhanced ozone profile data with improved vertical resolution would commence after validation of the initial retrievals with the ozonesonde data sets.

5.5.2  CO profiles (MLS + TES) 
We propose to develop, as an ‘optimal tier’ activity, an integrated carbon monoxide (CO) profile product from the lower troposphere to the mesosphere.  This will be produced by optimally merging TES radiance information on the lower- and mid-troposphere with MLS information on the upper troposphere through the mesosphere. CO has been chosen as it is a well-established tracer of polluted air and has been well validated for both instruments (the current high bias for MLS in the upper troposphere in v2 will be significantly ameliorated in v3). This joint product will greatly enhance studies of the vertical distribution of CO, and its redistribution by processes such as deep convection that impact the composition and hydrology of the upper troposphere.  Unified vertical composition profiles from the lower to upper troposphere offer a new avenue to the improved quantification of convective mass flux needed for understanding the cloud, water vapor and ozone budgets of the upper troposphere.

The proposed approach retrieves individual CO vertical profiles from collocated MLS and TES observations by simultaneously including radiance information from both instruments in a standard ‘optimal estimation’ algorithm (including suitable choice of a priori constraints).  Initial studies show a significantly improved definition of the altitude of the CO enhancement.
5.5.3  Ice Water Content of Cirrus Particles (HIRDLS + MLS) 

It is important for climate models to be able to predict ice water content (IWC), since cirrus plays an important role in the radiative balance of the troposphere.  Aura MLS is sensitive to particles that are larger than the sub-visible cirrus sensed HIRDLS.  IWC is calculated using size dependent particle size distribution, and therefore HIRDLS and MLS are sensitive to different IWC ranges (i.e. probability distribution functions (pdfs) of IWC for the two experiments have different lower and upper IWC cutoffs).  It is important to use the MLS and HIRDLS observations to derive combined pdfs covering the widest possible range of IWC as a function of pressure in the upper troposphere. This proposed work will be a collaboration  between the HIRDLS and  MLS teams and will require a) improvements in the 12 µm radiances (proposed above under the HIRDLS section) and extinction values of HIRDLS, and b) calculations of extinction to IWC transformation factors (using available in-situ knowledge of cirrus size distributions).  The MLS-HIRDLS IWC pdfs will constitute important cross-instrument data products that will be made available to the modeling community for IWC climatologies covering the full range of upper tropospheric IWC. 
5.6 Validation needs 

A large amount of correlative data exists as a result of a robust Aura validation program (with sondes, balloons, ground-based and aircraft campaigns), in addition to other satellite datasets.  Extensive validation and error characterization analyses have been documented for most of the MLS, TES and OMI products and more than 60 validation papers have been published in 2007/2008 JGR Aura special issue(s) [Schoeberl et al., 2008, overview]. 
Ongoing validation activities fall into two categories: validation of new and improved data products, and continuing validation of existing products to verify instrument.  New data products include, for example, BrO and HCOH from OMI, NH3 and CH3OH from TES, CH4Cl from MLS, as well as H2O, CH4, NO2 from HIRDLS.  For longer-term validation (including validation of trends), continuing datasets from aircraft, sonde, and ground-based programs (in particular, MOZAIC, SHADOZ, NDACC) will be used, in addition to continuing data from other satellites (e.g., AIRS, ACE-FTS, CloudSat).  More information on upper tropospheric ice clouds across the globe (especially particle size distributions) would be beneficial to both Aura MLS and CloudSat retrievals.  Also, a long-standing issue on absolute measurement of H2O in the UT/LS has not been satisfactorily resolved, with poorly understood differences (20-30%) remaining between sondes, some aircraft and various satellite data [Read et al., 2007].  Additional balloon data (mainly for midlatitude HCl and HOCl, and possibly polar winter ClO) would help to further constrain some MLS uncertainties.  Ground based measurements of NO2 and HCOH columns along with in situ measurements of BrO at high latitudes during spring would be very useful for OMI. 

Several critical measurements needed for ongoing Aura validation are not provided by non-Aura funding avenues.  We propose to fund four specific activities directly under the Aura budget.  These activities are not considered “Optimal” since they can be funded under the mission budget guidelines: (1) continued monthly flights of the CFH water vapor sondes from Costa Rica.  The CFH data record provides an independent and unique record of water vapor changes in the UT/LS and meets the validation needs of several instruments, MLS, TES and HIRDLS. (2) Deployment and maintenance of the Pandora small spectrometers. These spectrometers retrieve NO2 by direct sun measurements and were developed under the Aura validation program.  They provide an important and inexpensive method of continuing Aura validation and providing correlative scientific information. (3) Direct sun DOAS.  This instrument provides additional validation for OMI HCOH and other products. The instrument can be moved to be co-located at aircraft campaign or near other ground based instruments. (4) The Aura Data Validation Center (AVDC).

AVDC has been extremely useful for investigators who use its subsetting capability to compare measurements from Aura to balloon, aircraft and ground based measurements.  AVDC has continued to ingest data sets from non-NASA satellites as well for comparison purposes and provides one-stop-shopping for all Aura affiliated investigators. 

	Instrument
	Validation Measurement
	Approach

	MLS
	UT/LS H2O
	CFH balloon sondes

	
	HCl
	High altitude balloons

	TES
	HDO
	Aircraft Instrument

	OMI
	Column Ozone
	Brewer Dobson Network/ NDACC

	
	O3 Profile
	SHADOZ, MOZAIC

	
	NO2 Column
	Pandora 


6. Applications

Aura is primarily a research mission, but data from OMI is used by NOAA, FMI and KNMI on an operational basis.  OMI data sent to NOAA to be used in operational models and to estimate and forecast surface UV amounts.  OMI column ozone is assimilated into forecast models along with NOAA SBUV data.  FMI runs a separate receiving station in Sodankyla, Finland  that receives direct broadcast from Aura during overpass. This data is used in real time to generate UV index maps and is assimilated into air quality models in Europe. OMI SO2 data distributed by NOAA are used by operational agencies as part of their volcanic monitoring efforts which include the diversion of aircraft (e.g., at least 44 flights were cancelled due to the Kasatochi eruption).  OMI has the highest SO2 sensitivity of any instrument currently in space. 

7. Aura Technical Status of Mission Components


This section provides the status of Aura mission components which are: Mission Operations, Ground System, Spacecraft, and Instruments.  It addresses limitations as a result of degradation, aging, use of consumables, obsolescence, failures, etc.  It includes the initiatives to keep mission operations cost-effective and the ground system current and secure to continue mission operations through 2015. Additional supporting data in the form of engineering data tables and figures describing the spacecraft subsystem performance and mission life expectancy can be found in Appendix E. 

7.1 Mission Operations Overview and Status


The Earth Science Mission Operations (ESMO) Project (NASA GSFC Code 428) conducts mission operations 24 hours a day, 7 days a week for the Earth Observing System (EOS) Terra, Aqua and Aura missions. “Mission operations” includes the personnel, systems (hardware and software) and facilities that perform flight operations, data capture and Level 0 processing of the science and telemetry data, flight dynamics support, flight software maintenance, and communications support for the EOS missions. It also covers sustaining engineering and maintenance functions for the EOS ground systems. Several NASA institutional facilities and commercial services support EOS mission operations: the Tracking and Data Relay Satellite System (TDRSS)/Space Network/White Sands Complex, the Ground Network (GN) stations in Alaska, Norway, and the Wallops Flight Facility, and the NASA Institutional Support Network, Information Technology and Communications Directorate.
7.1.1 Flight Operations 

Daily activities at the EOS Operations Center (EOC) at GSFC include planning and scheduling, command and control, and health and safety monitoring of the spacecraft and instruments. The instrument operations teams (IOTs) at the U.S. and International Partner facilities interface with the EOC daily, submitting plans and schedules, following which an integrated spacecraft and instrument command load is sent daily to the spacecraft. The Flight Operations Team (FOT) monitors Aura spacecraft/instrument health and safety every orbit (14 orbits a day), analyzes spacecraft data, and maintains a log of daily operations. The FOT notifies the IOTs and management whenever anomalies occur, and appropriate experts are consulted to resolve anomalies. The FOT has successfully planned, managed, and executed thousands of on-orbit activities over the lifetime of the Aura mission. Each year the team conducts approximately 8000 contacts with the GN stations and the TDRSS Space Network (SN) satellites. Besides normal daily activities of loading stored command and ephemeris loads, the FOT manages the on-board Solid State Recorder (SSR) every orbit. Over the life of the mission, the FOT has downlinked more than 99.99% of the science data. The FOT conducts special spacecraft engineering and instrument calibration activities, including routine drag make-up maneuvers, inclination adjust maneuvers, spacecraft attitude maneuvers for instrument calibration activities, spacecraft clock maintenance, and anomaly detection, notification and recovery activities. Over the past two-years the FOT has responded to 20 major and 17 minor anomalies with the Aura spacecraft, instruments or ground system, completed re-phasing of Aura in the A-Train, and conducted the mission’s first ever debris avoidance maneuver in June of 2008.

7.1.2 Data Capture and Level 0 Processing

Due to limited Solid State Recorder (SSR) capacity, Aura data are played back every orbit (100 minutes) via X-Band downlink to the polar ground stations in Norway and Alaska, and, to reduce network costs, to the Wallops Flight Facility in Virginia. Raw data are captured by the EOS Data and Operations System (EDOS) units at the site and forwarded via high speed communications links to the EDOS Level 0 processing facility at GSFC. Level 0 datasets are sent to the appropriate Distributive Active Archive Centers (DAACs) in the U.S.; rate buffered (near real-time) for OMI and HIRDLS are sent to the science processing facilities, including the OMI science processing system in the Netherlands.  OMI, HIRDLS, and MLS data products reside at the GSFC DAAC while TES data products reside at the Langley Research Center DAAC.  OMI data are also sent in real time via Direct Broadcast (DB) to the Finnish Meteorological Institute ground station in Sodankyla, Finland. 

7.1.3 Afternoon Constellation Coordination

ESMO coordinates with members of the Afternoon Constellation, or ‘A-Train’ (Aqua, Aura, CloudSat, CALIPSO, and PARASOL, all currently on orbit, and new A-Train members Glory (to be launched in 2009), to ensure safe operations and conformance to the agreed-upon orbital configuration to enable coincident science observations.   The A-Train Mission Operations Working Group (MOWG) works cooperatively with the U.S. and International Partner member missions to define the requirements for constellation flying and the guidelines and procedures for coordination among the mission teams, including conflict and anomaly resolution.  To mitigate the complicated entry of both CloudSat and CALIPSO into the A-Train orbit in 2006, the MOWG conducted reviews of the Coordinated Ascent Plan and ran ascent simulations to verify mission readiness. These activities contributed to the successful ascent and injection of both missions into the Constellation.  In the past 2 years, the MOWG successfully coordinated the following activities: the Spring 2007 inclination adjust maneuver series, the choice of a safe location for Glory, the CALIPSO pitch change, and Aura’s relocation in 2008.  Aura’s new location is approximately 7-8 minutes behind CloudSat (and Aqua), to improve the cross-correlation between Aura’s MLS and CloudSat data. 

7.1.4 EOS Mission Operations Ground System

The EOS Mission Operations Ground System consists of: the EOS Mission Operations System (EMOS), the EOS Data and Operations System (EDOS), the EOS Flight Dynamics System (FDS), and the Constellation Coordination System (CCS). These systems are discussed below. The Conjunction Assessment/Collision Avoidance service is also described.    Figure 7.1 shows the Aura End-to-End System Overview.
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Figure 7.1. Aura end-to-end System Overview. SIPS - Science Investigator-Led Processing System, SCF - Science Computing Facilities.
7.1.4.1 
EMOS Technical Status and Health

EMOS is the control center system resident at the EOC. The design, network architecture, and majority of the current operational hardware for EMOS date back to 1997/1998. The robust fault tolerant architecture has provided reliable near zero down time for Terra since 1999, for Aqua since 2002, and for Aura since 2004. EMOS requires network connectivity to EDOS, the DAACs, TDRSS/White Sands, the Ground Network (GN), the Wallops Flight Facility, and the remote U.S. and International Partner instrument sites. Some software/hardware refresh and enhancements were included when Aqua and Aura operations systems were implemented (2000 to 2003) but funding was not available to upgrade the overall system architecture or hardware. Several elements of the Terra ground system still date back to 1997, and are no longer maintained by the vendor, and are starting to fail. 

EMOS Security Upgrades and Re-engineering:  EMOS sustained a significant IT security intrusion in Spring 2006 that had the potential to disrupt commanding to the 3 EOS missions. Following an extensive investigation, many security enhancements have been implemented since the intrusion but the essential porting of the operating systems to supported versions will not be complete until mid-2010.  The security enhancements that are currently being implemented will greatly improve the EOS ground system security posture and system reliability. ESMO is in the process of re-hosting or re-engineering the ground system with new hardware, software, and operating systems.  The improvements are designed to be vendor-maintained through 2015, reduce security vulnerabilities, and develop a backup control center capable of performing nominal operations.  

 Near-Term Plans: FY09 and FY10 are extremely challenging years for ESMO because the current ground system needs to be maintained while simultaneously completing and transitioning to the new ground system components.   Maintaining aging hardware and deploying required security updates to the current ground system is challenging because of the lack of vendor support for the hardware and operating systems. Testing and transitioning to the new systems with minimal impact to operations requires extensive coordination and replanning around spacecraft anomalies and critical activities.  Over these two years ESMO is maintaining approximately twice the number of systems than are needed for normal operations. 

7.1.4.2 EOS Data and Operations System (EDOS) Technical Status and Health
The EOS Data and Operations System (EDOS) has been performing 24 x 7 data capture and level zero processing operations since the launch of Terra in 1999.  Through the years, EDOS has been upgraded to accommodate each new EOS mission (Terra, Aqua, Aura, ICESat, EO-1).  To handle X-band downlinks from EOS spacecraft, EDOS high-rate capture systems were installed at the ground stations in Alaska (Gilmore Creek), the Svalbard Ground Station in Norway, and the Wallops Flight Facility, in addition to White Sands.  EDOS has successfully met and exceeded requirements to capture, process and deliver level-zero products to end users worldwide.

EDOS Security Upgrades, New Capabilities, and Cost Performance: To remain current, EDOS added network security enhancements including firewall upgrades and access control and is currently compliant with all NPR 2810.1A requirements except 2-factor authorization.  Furthermore, in 2006, EDOS was modified to run as an autonomous data-driven system; this eliminated the need for spacecraft contact schedules and operator action during nominal data capture and delivery operations.  Operations costs have been reduced from $12 million dollars in 2004 to $6.0 million dollars in 2008 even with the ongoing addition of new capabilities, technology modernizations, and support for new missions.   
7.1.4.3 EOS Flight Dynamics System (FDS) and Constellation Coordination System (CCS) Status 

The EOS Flight Dynamics System (FDS) and the Constellation Coordination System (CCS) provide daily flight dynamics products and analysis support necessary for the Terra, Aqua, and Aura mission operations. The products include planning products used by the FOT and Science Teams, orbit maintenance maneuver planning and post-maneuver calibration capabilities, and realtime attitude monitoring and attitude performance validation functions. The FDS is comprised of a suite of computers, servers, and data storage facilities that are located in the EOC. The CCS is a software/hardware system designed to facilitate the exchange of critical coordination information between member missions of the Morning and Afternoon Constellations.  CCS monitors the orbital configuration of the Morning and Afternoon Constellations and provides warnings of predicted close approaches.  FDS and CCS System Security Upgrades are being implemented.  This includes back-up capability for both systems to be collocated with the back-up control center (as discussed under EMOS above).  
7.1.5 Management of Flight Operations and Ground System 

Despite of the constant high level of flight operations activities on the EOS missions, the EOS FOT has repeatedly demonstrated a strong commitment to self-imposed process improvements. Some EOS FOT process improvements self-initiated over the past 3-years including an annual review process in 2007, Aqua & Aura 3-man on-line operations, automation of Aqua & Aura SSR operations (Auto-Ops). Auto-Ops was developed by the EOS FOT as an internal process improvement initiative at no additional cost to the government.  It provides an innovative means of operating the SSR autonomously, thereby reducing the opportunities for operations errors, while freeing up the on-line real-time operations staff to focus their attention on the health and safety of the spacecraft and instruments as opposed to “flying the SSR” and “chasing the science data”. 

ESMO has been successful in maintaining a high level of support while holding costs down by pooling resources among other EOS missions, various NASA assets, and non-NASA partnerships. ESMO has achieved synergy among the EOS missions by combining and sharing similar functions for Terra, Aqua and Aura. Shared functions include system administration, security, financial, business, configuration management, administration, and data processing. Because all three missions run on common ground system components the vast majority of the new security upgrades could be designed and developed one time and deployed to all three missions significantly reducing the cost versus implementing three unique solutions. The similarity of the Aqua and Aura spacecraft bus has allowed further sharing of the control center system and personnel, including multi-mission flight dynamics support. Sharing has reduced cost to operate since launch. Sharing also links the overall budgets—if one mission is cancelled, the overall ESMO budget still relies on part of that mission’s budget for infrastructure and shared cost. Initial estimates indicate that 50% of the budget is shared.  
7.2 Spacecraft Status and Health

The Aura spacecraft was launched on July 15, 2004 and has been operating in science mode since the transition to nominal operations on October 1, 2004. The Aura spacecraft continues to perform extremely well. Although some subsystem and instrument anomalies have occurred during the mission, all except the HIRDLS instrument anomalies (HIRDLS blockage and failed chopper motor) have been either resolved or adequately worked around, and affected components have been restored to operation. There are currently no subsystem-specific issues where normal on-orbit degradation is expected to significantly limit the lifetime of any major spacecraft subsystem or component on-board Aura. The following describe the status of specific subsystems and components and potential future operational impacts for resolving or working around any issues.

7.2.1 Propulsion Subsystem: Since the initial series of post-launch activities to insert Aura into the proper mission orbit, a total of 28 propulsive maneuvers have been executed. Maneuvers included 15 Drag Make-up Maneuvers to compensate for the effects of atmospheric drag, 12 Inclination Adjust Maneuvers (IAMs) to maintain orbit parameters for proper sun-synchronous precession, and 1 Debris Avoidance Maneuver.  The last Aura IAMs performed were in the Spring of 2007. The next inclination adjust is planned for Spring 2009 after which Aura will begin to perform inclination adjusts on an annual basis. Results of recent propellant analyses indicate that, with nominal propellant usage extrapolated from the history of the Aura mission to date, the Aura spacecraft should be able to continue to perform propulsive maneuvers to maintain the required orbit for at least eight more years. See Appendix E for engineering trend plot.
7.2.2 Electrical Power Subsystem (EPS):  Since launch, including all maneuvers, anomalies, and special events, the Solar Array power output has far exceeded the maximum total power required.  On January 12th, 2005, Solar Array Panel 8 Connector failure occurred reducing power generation to 92% of previous capability.  With no other issues affecting the Solar Array or the Solar Array Drive mechanism, the Solar Array is expected to provide sufficient power through 2015.  Aura’s nickel-hydrogen (NiH2) battery has behaved nominally throughout all phases of the mission to date.  According to the Battery Working Group, Aura batteries are performing well with sufficient power capable of meeting spacecraft load in the foreseeable future.  
7.2.3 Guidance, Navigation & Control (GN&C) Subsystem: There are no critical issues with the Inertial Reference Units, Reaction Wheel Assemblies, Star Tracker Assemblies, Earth Sensor Assemblies or any other components of the GN&C Subsystem. 
7.2.4 Communications Subsystem: All components of the Communications Subsystem are fully operational. There are no issues with the Traveling Wave Tube Amplifiers, Modulators, or Transponders that will impact component life. All prime equipment is still in use, with redundant equipment powered off.  The DB System which downlinks OMI data to the Finland ground station is performing nominally.

7.2.5 Command & Data Handling (C&DH) Subsystem: All components of the C&DH Subsystem are fully operational. There are no issues with the Transponder Interface Electronics (TIE), Ultra Stable Oscillator (USO), or the four controllers. 

The Formatter Multiplexer Unit / Solid State Recorder (FMU/SSR) Side A experienced an anomaly December 4th, 2007 resulting in random science data corruption.  By December 18th, 2007, the anomalous condition entered a “quiet mode” where it has remained, causing only minimal impact to science data.  Since entering quiet mode, four symptoms remain: an average of 5-6 MLS Packet errors occur daily (a slight increase compared to pre-anomaly), 1-2 CCSDS Short Packet Errors per week impacting only MLS, FMU-A Real-Time Faults and corruption of FMU/SSR Type-3 Diagnostics data.  Contingency procedures have been developed in case the condition worsens or if the FMU/SSR side A fails.  The 2007 anomaly is presumed to be due to a Single Event Functional Interrupt (SEFI) that affected the Field Programmable Gate Array (FPGA) arbitration logic.  CDH performance has returned to near pre-anomaly performance and the FOT continues to monitor/trend the performance.  No action is necessary at this time. The FOT is also prepared to perform reset or swap of the FMU and associated components if needed. 

The Aura FMU/SSR provides 104 Gbits of memory for on-board data recording and storage. The FMU/SSR is sized to be able to capture and hold approximately three orbits of data. This capability circumvents the loss of data if a scheduled transmission of an orbit of stored data is missed. Through January 2009, Aura has not lost any memory, boding well for continuing to capture at least two orbits of data during the extended mission phase. Aura flight operations have accomplished an overall SSR data capture rate of 99.99% thru January 2009. The TIE, USO and all four controllers are on the primary side, with the backup unused and available.

7.2.6 Thermal Control Subsystem: All components of the Thermal Control Subsystem are fully functional. Variable Conductance Heat Pipes have wide margins left for heat rejection of the Battery cells, and all thermistors, thermocouples and heaters remain on primary equipment. All bus temperatures remain within operational limits, with only nominal warming trends.

7.2.7 Summary


The Aura spacecraft continues to perform extremely well.  It has not experienced safe mode.  Aura has adequate propellant for at least 8 more years of orbital maintenance maneuvers to meet its science needs and maintain its orbital position within the Afternoon Constellation. Power resources are robust and all spacecraft subsystems are expected to function nominally during the time frame covered in this proposal (FY10-FY13). All instruments with the exception of HIRDLS are operating normally and are in excellent health.  A set of subsystem engineering plots is in Appendix E.  Additional supporting data are also available from the ESMO Project.  

7.2.8 End of Life Approach

The ESMO Project is currently generating the EOS Aura End of Mission Plan, a document describing Aura's plan for ending its mission at the conclusion of scientific operations and the decommissioning of the spacecraft.  This plan is intended to make the Aura mission compliant with guidelines and requirements of NPR 8715.6A, "NASA Procedural Requirements for Limiting Orbital Debris", and NASA Safety Standard (NSS 1740.14), "Guidelines and Assessment Procedures for Limiting Orbital Debris".  In addition, this document will address Aura’s exit from the A-Train, in accordance with Afternoon Constellation Operations Coordination Plan.

Based on preliminary ESMO Flight Dynamics analysis for Aura re-entry, a controlled re-entry is not possible.  The de-orbit scenario assumes an adequate propellant margin for Aura to be placed into an orbit that will facilitate re-entry within 25-years in compliance with NASA Policy. To do this, the Aura spacecraft will be safely removed from the A-Train, lower perigee with remaining fuel and then deactivate all stored energy sources to the fullest extent possible, thus leaving the Aura spacecraft in a nearly inert state.

An analysis of the reentry survivability of Aura was performed by Lockheed Martin Space Operations (LMSO), Houston, TX in July 2001 (LMSEAT-33712). The Object Reentry Survivability Analysis Tool (ORSAT) analysis showed that 125 components will demise and 9 objects will survive. The 112 kg of components that survive produce a debris casualty area of 10.49 m2 and a debris footprint length of approximately 280 km.

During the extended mission phase, ESMO will perform an analysis to refine the optimal timeframe for Aura end-of-mission de-orbit and decommissioning activities.  ESMO has a goal of completing a draft of the Aura’s End of Mission Plan prior to the next Senior review in FY11. The Aura End of Mission Plan will be reviewed biennially or following spacecraft bus anomalies to determine its viability to meet decommissioning objectives.

7.3 INSTRUMENTS

7.3.1 HIRDLS Status and Health

At the time of writing this proposal, the HIRDLS instrument is not gathering science data because the chopper wheel is not rotating.  The consensus is that the lubricant in the bearings may have degraded to a point that the torque available from the drive is insufficient to overcome the drag or friction. A recovery plan has been implemented and the HIRDLS instrument team is systematically working through the recovery steps.  The optics cavity is being warmed and thermal cycled to attempt to loosen up the hardened lubricant, at the same time an autonomous and unlimited chopper enable commanding is being executed.  The team is also investigating software modification options that may allow increasing the frequency of the re-start attempts.

Prior to the chopper stall, the plastic film that blocked the HIRDLS aperture after launch, and for which correction algorithms have been developed, remained stable. There has been no indication that this obstruction has changed since it first appeared, and the expectation is that it will remain as it is.

In April 2007, one of the four HIRDLS gyroscopes failed; most likely cause is the failure of an electronic component in a precision current loop due to ionizing radiation damage. This failure had no impact on HIRDLS science data since the gyro data are not currently needed in science data processing.  All other aspects of the HIRDLS instrument are nominal and have not shown any long term trend that would predict a non-nominal condition within the extended life of the mission. If the chopper were to re-start, HIRDLS would gather scientific data of a quality comparable to that obtained just before the chopper stalled.

7.3.2 MLS Status and Health

The MLS instrument has been performing extremely well since the Aura launch, with one measurement band out of 34 (band 13) currently turned off most of the time since mid-February, 2006, due to an electronics part degradation.  Although the original band used to measure HCl has deteriorated, periodic observations of upper-stratospheric HCl trends will continue, and measurements of HCl in an adjacent band (band 14) provide continuous information (with only a slight reduction in precision) concerning the HCl morphology Band 13 will be turned on only occasionally for a limited number of days at a time (typically 3) to provide additional HCl trend data.  There are significant discrepancies between bands 13 and 14 for these small (< 1% per year) trend determinations (see Figure 3.1.2). The next HCl measurements from band 13 are expected in late 2009, to allow for an inter-comparison with HCl data from the JEMS/SMILES instrument, after it has been deployed on the ISS.

Another band (Band 17) has lost its phase lock control in the IF downconverter but the information provided by this band was used to establish relative pointing information between the THz and GHz modules during instrument activation.  Since this relationship has been established, there is no impact due to Band 17 being out of lock. For most signals, gradual signal declines are seen due to laser LO aging and radiation impacts on several low-dropout voltage regulators, but the consequent changes in signal levels have no impact on science data quality.  With the observed rates of decline and other basic assumptions, we anticipate at least 4 more years before any MLS signal is adversely affected (2 years for the THz OH measurements).  Two bands (10 and 29) of the 640 GHz receiver show occasional signal level changes, believed to be workmanship related.  Again, these DC level changes have had no impact on science data quality.  The three scan and calibration mechanisms continue to operate with characteristics very similar to those observed early in the mission and no observable degradation has been noted.  The cause of infrequent double mechanism anomalies that occurred during the early years of the mission has been identified and workarounds have been implemented.  No mechanism anomalies have occurred in the past year and none are expected in the foreseeable future.

All of the redundant subsystems (C&DH, Master Oscillator, mechanism encoder and drive electronics) have used the primary side hardware since launch and continue to do so.  In-orbit calibrations, including those using the moon as a radiometric target, indicate that MLS calibration has remained extremely stable.

In summary, MLS has been fortunate in that minor anomalous hardware issues have had a minimal impact on science data and MLS continues to produce a full set of science products.  Additionally, engineering data show no significant trends after 4½ years of nearly continuous operation that gives us good confidence for extended mission opportunities.
7.3.3 OMI Status and Health

The OMI instrument has been performing very well throughout the Aura mission. The instrument has been operational for more than 99% of its time resulting in a large database of high quality science data. Since the start of the Nominal Operations Phase in October 2004, the Nominal Operations Baseline according to which the instrument is operated has not changed. This means that all measurements are performed with the same instrument settings and with the same frequency in orbit. This certainly contributes to the quality of the science data. The thermal settings of the instrument have not been changed since the temperature of the instrument is sufficiently stable which is important from a calibration point of view. The instrument optical degradation is very small for a ultraviolet-visible spectrometer. The optical degradation in the VIS and UV2 channel is about 1%. In the UV1 channel the optical degradation is about 2% over the last four years.  Degradation of the CCDs was anticipated before launch and is accounted for by using dark current maps that are fully automatically updated on a daily basis, using in-flight calibration measurements.  The few life-limited items onboard the instrument will not limit long operations of this instrument.
In February/March 2006 instrument operations were temporarily stopped for a period of three days due to an anomaly of the FMM mechanism. Despite detailed data analysis the cause for the FMM anomaly could not be proven although it was expected that the bouncing of the mechanism against one of its end stops was the likely cause of the anomaly. It was decided to operate the FMM (define) mechanism in a slightly different way, thereby avoiding bouncing of the mechanism. Since the FMM is being used again, it has shown no anomalous behavior.

In September 2007 and May 2008 two so-called “row anomalies” showed up, the cause of which is not well understood. The May 2008 anomaly became worse on January 24th, 2009. Till today the anomalies affect a number of CCD rows, corresponding with specific viewing angles within the OMI swath. In total about 25% of OMI’s 114 degrees viewing angle is affected by these anomalies. The temporal stabilities and dependencies of the row anomalies are currently under investigation. For one of the problems caused by the row anomalies, i.e. the wavelength shift, a correction algorithm has already been developed and tested, but has been implemented for two Level-2 products. 

New data processing methods were developed and implemented to make the data processing independent of any possible future SSR anomalies. In cooperation between the Instrument Operations Team and the Aura Flight Operations Team, fault management procedures were updated as a result of a risk assessment. The new procedures now enable the OMI systems to stay powered (hence keeping its well defined calibration status) in case of a swap of the Instrument Support Controller (ISC) with Aura in Safe Mode.

To conclude: considering the expectation is that OMI will continue to generate high-quality scientific data for several years to come. 
7.3.4  TES Status and Health
Though the TES instrument has shown signs of aging it is in good health and has an operations availability of 94% since the Aura launch, and 98% since January 2006.  There have been no hardware or software anomalies posing an immediate danger to the instrument, and TES is projected to be operational past 2011.

TES has carried one critical hardware issue since pre-launch; the ICS (Interferometer Control Subsystem) Performance risk item.  The ICS has demonstrated several periods of increased current draw culminating in an instrument fault on two occasions; May 2005 and June 2008.  On both occasions TES recovered operations following a period of downtime for fault investigation, resulting in loss of science opportunities totaling 79 days.

The ICS Performance risk item is attributed to inadequate lubrication in the ICS encoder bearing as evidenced from the failure of the bearing in the ICS life-test unit prior to launch.  In terms of accumulated travel TES has passed the point where the life-test unit initially failed; however with operational modifications in place it is reasonable to assume that the instrument will, in early 2011, pass the point where the life-test unit ultimately failed.  Control of ICS velocity has been well maintained through periods of high ICS motor current and no impacts to the science data have been found.  TES science collection has been modified to remove scans demonstrated to contribute to high motor current.  Additional modifications to science collection have been made to mitigate the ICS Performance risk, including the removal of science observations about the polar areas - where instrument signal is relatively weak – in order to conserve ICS component travel.  

TES also had interruptions to science data collection due to filter wheel position anomalies on a total of 5 occasions since launch, with a total loss of science opportunities for 29 days.  This anomaly has been successfully addressed operationally to lessen the occurrence of the fault, and through partnership with Goddard Flight Operations downtime for the last filter wheel fault was limited to a single day. The filter wheel anomaly is not considered a critical hardware fault.

Overall TES Interferometer performance continues to be excellent, providing science users unprecedented spectral resolution and excellent noise characteristics.  

8. Technical/Budget Section
8.1 MLS budget narrative

8.1.1 In guide budget

	Task description
	FTE

	Management
	1.3

	Instrument operations/science and Level 1
	2.1

	Level 2 inspection, support and maintenance
	9.2

	Data operations and support
	2.0


The MLS management team consists of the PI, deputy PI and part-time project manager, along with resource administration and line management activities.  The instrument operations/science and Level 1 task include operation of the MLS instrument and operation and maintenance of the MLS test bed equipment. Continuous monitoring of instrument performance and trends, and refinements in calibration and performance knowledge needed to maintain and improve the quality of MLS scientific products are also a major part of this activity. Mission assurance and the maintenance of the Level 1 algorithms, including any rework necessitated by anomalies or events, are also accounted for here. As the instrument ages, these activities may become more complex.  The Level 2 inspection, support and maintenance task includes the required inspection and quality assessment of all MLS products (each assigned to a specific MLS science team member).  Consistency with expectations, meteorology, other observations and model analyses are all discussed at weekly meetings.  Team members are also responsible for engaging with external scientists using the products, including advice on proper use and interpretation, performing specific analyses and commenting on scientific manuscripts and presentations.  The MLS team also directs and implements refinements to data processing algorithms, providing needed improvements to data quality and MLS scientific return.  Once testing is complete and updated software is operational, the resulting data products must be inspected and validation studies updated and documented.  This activity accounts for ~0.37 FTEs per MLS standard product (9.2 total).  The data operations and support activities include ingest and management of all data needed at the MLS SCF (MLS, other Aura and A-train data, correlative measurements, meteorological analyses etc.).  In order to avoid duplication of effort, the file system maintained by the MLS team is exported to the TES SCF also.  This task also includes computer operations, maintenance and security compliance.  Other MLS expenditures include subcontracts for computer support, systems maintenance, consumables, limited travel and other minor items.

8.1.2 
Optimal budget

	Additional task description
	FTE

	MLS ‘noisy’ products
	1.0

	Joint MLS/TES CO product
	1.0


The MLS ‘noisy’ products task requires additional funding for 1.0 FTE.  This will be split between science (algorithm design, optimization and validation) and software (implementation, testing and operations) activities.  The Joint MLS/TES CO product requires additional funding for 1.0 FTE, again split between science and software tasksAn additional $25k/yr in procurements is required for these two tasks for additional data storage needs etc.

8.2 HIRDLS BUDGET NARRATIVE
8.2.1 In Guide Budget

	Task Description
	FTE
US
	FTE (no NASA cost)

UK

	Management
	1.8
	-

	Algorithm Development Refining L0 to L1 
	5.8
	-

	Algorithm Development Refining L1 to L2 
	1.6
	-

	Product Evaluation &Assessment of New Products
	4.1
	5.3

	Flight operations
	0
	2.0


The major effort for the HIRDLS data is to improve the present algorithms, allowing additional species, especially H2O, CH4 and NO2, to be recovered.  This will also improve the presently released species, and possibly add N2O, ClONO2 and N2O5. Scientific leadership of the program, program management and administrative support requires 1.5 FTE’s, plus 0.3 for system administration.The L1->L2 corrections are not generally product specific, and improvements aid all species.. We anticipate a 33% reduction in resources in FY11. 
Major effort on the L0->L1 algorithms  will go to improving the estimates of the signal coming from the blockage, to bring the accuracy down to a few times 10-4W/m2sr (a few radiance units, RU).  This will take advantage of the knowledge and software tools developed by team scientists. A final step in the radiance correction is an adjustment to remove systematic errors, also handled by a scientist.  A software engineer takes an active part in all these developments, as well as producing and releasing the operational code.  Note that all these activities have to be carried out to evaluate a new algorithm version. 

The changes and adaptations to the L1->L2 algorithms outlined above, as well as the to the auxiliary data required (GMAO meteorological data, a priori and covariance matrices, and instrument characteristics) outlined above.

The product evaluation and assessment task includes the evaluation of the new products over the HIRDLS mission, provision of rapid feedback and validation of products planned for release, including cloud and aerosol products. (Numbers include 1 U.S graduate student, 3 U.K. graduate students.) 

This activity includes operation of the HIRDLS instrument, developing new commands to facilitate restarting the chopper, generating and uploading commands, verifying their operation, and trending all areas of instrument performance.  This also includes testing new instrument commands on the Engineering Model.  If the chopper restarts, these activities will continue, with emphasis on maintaining instrument performance at the level it was bef
8.2.1 Optimal budget

	Task description
	FTE US
	FTE UK

	1.0 Higher vertical resolution
	1
	-

	2.0 Retrievals in PSC’s
	0.6
	-


Higher vertical resolution for temperature and some trace species
Modify the data processing to produce data at higher than 1 km resolution, with a goal of 0.5 km.  This will require modifying the processing from L0 to L1 to retain data at higher resolution and appropriately filter them.  It will also require modifying the L2 retrieval code to handle more closely spaced levels, and also modifying the forward radiative transfer model.  

Retrievals in the presence of PSC’s
 The current HIRDLS algorithm does not couple the retrieval of cloud extinction, gas species, and temperature. In order to obtain more accurate temperatures in the in the presence of PSC’s and in the upper troposphere, develop simultaneous retrieval of temperature and the extinction at 12µm, as originally planned.  When this improved retrieval is operating correctly, include ozone and nitric acid.  This will facilitate study of ozone loss and de-nitrification in PSC’s.  This simultaneous approach will also be applied in the upper tropospheric cirrus, incorporating additional aerosol channels.    

8.3 OMI budget narrative
8.3.1 In-guide budget
	Task description
	FTE

	Management
	 .9 

	Instrument Analysis/Correction
	2.0

	Algorithm Maintenance
	1.5

	Science Team Support
	1.0


 

The management budget line includes support for the OMI US Science Team Leader, who also serves as the NASA representative on the OMI Science Advisory Board (OSAB) along with the OMI PI from the Netherlands and the OMI Co-PI from Finland. It also includes OMI's share of Goddard management, resource analyst, and contract specialist FTEs. Instrument analysis and correction activities are done in close collaboration with the PI team at KNMI/NL. Maintenance of data quality in presence of the growing row anomaly problem in OMI will require increased effort on part of both teams. Algorithm maintenance activity supports the generation of TOMS heritage products and maintenance of their quality for trend studies. Science team support includes maintenance of the UV radiative transfer codes used by the OMI algorithm developers, and generation of special products to support validation and analysis of OMI standard products by the OMI science team and the broader Aura science community.     

8.3.2 Optimal budget
 

	Additional task description
	FTE

	OMI/TES Tropospheric O3 product
	1.0

	OMI/AIRS SO2 and desert dust products
	1.0


 

OMI/TES tropospheric O3 product has been proposed by the TES team at JPL to improve the retrieval of tropospheric ozone profile from the two sensors. This is the OMI component of this effort. Similar research algorithms currently exist to combine OMI and AIRS data to improve the estimate of desert dust and volcanic SO2 from the two A-train sensors. 
8.4 TES budget narrative

In guide budget

	Task description
	FTE

	Project Management
	0.7

	Instrument operations and calibration
	1.2

	Algorithm maintenance, validation, and product verification
	7.7

	Computational resources support
	1.0


Project management includes support of the PI and project manager.  The TES project manager also directs the SIPS data processing center and receives ‘in-kind’ support from that task.  Project management includes support from resource administrators and line management as required by JPL. Instrument operations and calibration includes flight operations and monitoring of the instrument performance parameters.  The task includes the planning and scheduling of TES Special Observations (over 560 scheduled in 2008) and instrument maintenance along with routine Global Survey scheduling. The TES engineering model test bed is maintained through this task for the testing of instrument macros prior to use in flight. The instrument operations team is responsible for the resolution of in-flight anomalies with the health and safety of the TES instrument being of prime importance to the project.  The TES instrument operations team has made several crucial modifications in the operations of the instrument to prolong useful science return. Algorithm and software maintenance provides incremental algorithm improvements for bias and deficiencies in the core products based on validation results.  This involves updates to the fundamental spectroscopic data used in the forward model, changing the order of retrieval steps, updating constraints, a priori, or frequency sets used in the retrievals. Often, changes in one species step propagate to others, so significant effort is required to document the ripple effects of each change. Validation provides comparison of TES products against a wide range of measurements (aircraft, sonde, ground based), performed repeatedly for each species as the TES algorithm is updated. As they become available, new correlative measurements are included to improve the spatial coverage and range of validation conditions (seasons, surface conditions, etc). Product verification involves analysis of new datasets that have become feasible, such as HDO in previous releases and ammonia and methanol in future releases.  The in-guide budget will support the transition of ammonia and methanol from research investigations into TES data products. When implemented into the operational software checks are made to all aspects of the products (profiles, errors, averaging kernels) and impacts are characterized. The computational resources support task provides the computers, networks, storage, and maintenance required for TES science investigations and software development.  The task provides multiple terabytes of storage for science data produced by TES and other instruments as required by the science team.  The TES Science Processing Facility (SCF) requires periodic computational equipment upgrades as warranties expire and equipment fails.  

To support the instrument operations, algorithm, validation, and product verification tasks subcontract procurements are included involving Atmospheric and Environmental Research, Raytheon RIS and Cal Tech totaling $2.5 million in FY10.

In-kind funding: Software processing of the TES mission data has been contracted to Raytheon through the Science Investigator-led Processing System (SIPS) initiative.  While TES science is responsible for the development and delivery of the L1 through L3 algorithms, Raytheon is responsible for the routine processing of mission data into core science product files.  The SIPS budget is not considered part of this senior review but is reported as “in-kind” source of funding.  Several individuals funded under TES also receive funding through the ROSES proposal process.  Funded proposals provide research into potential TES products.  This funding provides support of approximately 0.7 FTEs over 2 individuals.  This funding is not reflected as ‘in-kind’ funding in Appendix B as directed in the proposal call.

Optimal budget

	Additional task description
	FTE

	Joint TES/OMI ozone profiles
	2.0

	Joint MLS/TES CO product
	1.0


The TES team plans to collaborate with the other operating instruments on the AURA platform to provide products that contribute to a more complete, consistent description of the vertical distribution of trace gases. These are described in more details in section 5.5. The TES/OMI joint ozone profile task requires additional funding for 2.0 FTE.  This will be split between science (algorithm design, optimization and validation) and software (implementation, testing and operations) activities.  The Joint MLS/TES CO product requires additional funding for 1.0 FTE, again split between science and software tasks.  

Appendix E  Additional Engineering Information

E.1 MLS Engineering Trend Figures
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Plots of band-average radiometric gains for all bands in MLS radiometer 2 (190 GHz).  The initial gain drops seen shortly after instrument activation is a result of a sequence of intentional changes to the internal operating temperature of the instrument.  The gain of Band 27 (blue, top trace) has remained essentially constant over the duration of the mission to date, with minor changes due to seasonal temperature variations and commanded gain changes.  The other bands of this radiometer exhibit small, steady gain reductions, compensated by commanded gain changes early in 2006, and early in 2008.  Similar slow gain declines are seen in the other MLS bands, and result from radiation effects on low-dropout regulators in the spectrometer assemblies.  The range of observed reductions is ~0% to 60%, with most bands in the 0% to 40% range.  The gain changes and adjustments have had no impact on science quality, even in the bands with the largest gain declines.  Since the majority of the bands in the instrument will take several more years to decline in gain to the level seen in the most strongly declined band, we anticipate many more years of full-quality operation for these bands.  Even for the bands having the largest observed gain changes we have substantial gain adjustment range left, allowing for several more years of operation.
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Plot of Antenna motion (APE) jitter from instrument activation onwards.  The discontinuities seen in the data arise from small fibers being pulled off the felt washer used to feed lubricant from the reservoir to the lead screw, and also used to remove wear products.  The small longer term variation are a result of the small felt fibers being crushed by the lead screw mechanism ball bearings, and slowly removed by the built-in cleaning mechanism.  The observed behavior shows no indication of wear out or depletion of lubricant from the reservoir after several years of continuous operation.
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