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Abstract

The Cross-track Infrared Sounder (CrIS) is one of the critical instruments within the NPOESS system.   Working with the microwave instruments onboard NPOESS, its mission is to construct atmospheric profiles for temperature, moisture, and pressure within the earth’s atmosphere.  This paper describes the CrIS algorithms used to generate these profiles, and highlights many of the algorithm features.

System Overview

The Crosstrack Infrared Sounder (CrIS) is one of the primary sensors within the NPOESS system.  Its mission is to collect upwelling infrared spectra at very high spectral resolution, and with excellent radiometric precision. The CrIS data will be merged with microwave data from another sensor on the NPOESS platform to construct highly accurate temperature, moisture, and pressure profiles of the earth’s atmosphere.  Collectively, the CrIS and microwave sensor are referred to as the CrIMSS (Crosstrack Infrared and Microwave Sounding Suite).  The profiles produced by this suite are a primary input to numerical weather forecast models, and their improved accuracy offer enhanced forecast accuracy on a global basis.

As illustrated in Figure 1, CrIS is part of the overall cross-track scanning CrIMMS suite (Cross-track Infrared and Microwave Sounding Suite), which is one of the sensor suites onboard the NPOESS satellite.  CrIMMS was originally to be composed of CrIS plus the AMSU-A and MHS microwave instruments, but current plans call for these microwave instruments to be replaced by the Advanced Technology Microwave Sounder (ATMS).   The NPOESS satellites operate in a polar orbit at a nominal altitude of 833 km.   During typical operations, CrIS will collect radiance data over an extended period of time (typically 1.25 orbit), then downlink this data to ground stations for processing.
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Figure 1.  CrIS System Overview

The CrIS instrument is a Michelson interferometer infrared sounder covering the spectral range of approximately 3.9 to 15.4 microns. The frequency range adopted in the current design of the CrIS instrument is listed in Table 1. The emission in the spectral region from 635 to about 800 cm-1 is mainly from atmospheric CO2 and is used for atmospheric temperature sounding.  The atmospheric window region in LWIR extends from 800 to about 950 cm-1 and provides sounding channels for the surface properties and the lower troposphere temperatures.  The main emission band of O3 is centered around 1050 cm-1.  The main emission in MWIR is due to atmospheric moisture, although there are some contributions from methane and nitrous oxide near 1250 cm-1.  MWIR contains most of CrIS atmospheric moisture sounding channels.  The main feature in SWIR is the emission from the 4.18-um CO2 band, which can also be used for atmospheric temperature sounding.

Table 1.  CrIS Spectral Band Characteristics.

	Band
	Frequency Range
	Resolution (1/2L)
	# Channels

	        LWIR
	650-1095 cm-1
	0.625 cm-1
	713

	        MWIR
	1210-1750 cm-1
	1.25 cm-1
	433

	        SWIR
	2155-2550 cm-1
	2.5 cm-1
	159

	Total
	
	
	1305


EDR Algorithm Overview

The CrIMSS EDR algorithm consists of seven modules: initialization, input and pre-processing, microwave-only retrieval, scene classification, joint microwave/infrared retrieval, quality control and post-processing.  The Initialization module provides “static” data such as instrument characteristics, forward model parameters, climatological backgrounds and associated covariances, and digital elevation maps.  The input and pre-processing module performs functions such as collecting calibrated radiance data from the CrIMSS instruments, and performing precipitation detection, surface classification and surface pressure calculations.  The post-processing module performs the atmospheric pressure calculation and the slant to vertical conversation of the retrieved profiles.  The rest of the modules will be discussed in the following sections.

One of the most critical components of a remote sensing retrieval algorithm is the forward model. The forward model should also be able to accurately model the Instrument Line Shape (ILS) function or Spectral Response Function (SRF).  The forward model used for the CrIMSS algorithm is an Optimal Spectral Sampling (OSS) technique that has been developed at AER. It can directly model both localized ILS and non-localized ILS. Being a monochromatic method, the OSS technique has the advantage over other fast forward model parameterizations in providing the required derivatives analytically, with little extra computation time.  It also models the reflected radiation accurately.  The same forward model is used to calculated both the microwave (MW) and IR radiances.

The inversion methodology adopted for both microwave and infrared is based on a constrained non-linear least squares approach (e.g., Rogers 1976).  The state vector x is solved according to the following equation for the MW-only module:
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where yo is the observed radiance, yi is the calculated radiance, Ki is the matrix containing partial derivatives of yi with respect to x, Sy the error covariance matrix, xa and Sx are the background and the associated error covariance matrix.  For the joint microwave and infrared retrieval, in which the number of retrieved variables x is much less than the number of channels, an equivalent form is used for speed consideration:
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The state vector x retrieved in the CrIMSS algorithm is listed in Table 2.  These parameters are converted to geophysical space before used in the OSS forward model to calculate the radiances.

Table 2.  Parameters Retrieved in the CrIMSS EDR Algorithm

	Parameter
	# of elements

	Temperature
	20 EOFs

	Water vapor
	10 EOFs

	Ozone
	1 (column correction)*

	Other trace gases
	Column correction only

	Skin Temperature
	1

	MW Surface Emissivity
	5 EOFs

	MW Cloud Liquid Water
	1

	MW Cloud Top Pressure
	1

	IR Surface Emissivity
	6 hinge points

	IR Surface Reflectivity
	6 hinge points


*In this mode, the main ozone band at 9.7-um band is not included.

Microwave-Only Retrieval Module

The objective of microwave-only retrieval is to provide a first guess for the cloud-clearing algorithm.  It also provides information below clouds under totally overcast condition. The functional flow diagram for the microwave retrieval is shown in Figure 2.
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Figure 2.  Functional Flow Diagram for the MW Retrieval.

The OSS is used as forward model and the cloud parameters are retrieved along with the atmospheric and surface parameters.  Currently, the Wilheit model (Whilheit 1979) is used to model the MW ocean emissivity and the Grody’s model (Grody 1988) is used to model the MW land emissivity. A normalized (2  is used to check the convergence of the retrieval.
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Where nchan is the number of channels, 
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is the retrieved brightness temperature, 
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is the noise variance for the i-th MW channel
.  
Scene Classification Module

The purpose of the scene classification module is to maximize the number of reports in a Field of Regard (FOR) and to maximize the chances of a successful retrieval by adopting an appropriate strategy for the treatment of clouds. The choice of strategy for the selection of FOV clusters and of the retrieval method is dictated by the requirement to produce retrievals in partly cloudy situations when none of the FOVs within a FOR is cloud free. The hole-hunting strategy is not applicable in such conditions and the method of choice for dealing with clouds is the Cloud Clearing (CC) method (Smith 1968, Susskind et al. 1984). This approach has already been used in operational environment.  Consequently, the current scene classification module is geared toward the CC method.  

Within one FOR, all 9 radiance spectra in the cloud clearing spectral region are used to form a data matrix.  A Principal Component Analysis (PCA) is performed on this data matrix. At present, only the spectral region between 709 and 748 cm-1 is considered in this analysis.  PCA expands the data matrix into 9 orthonormal principal components.  These principal components can be classified into two classes.  Those with large eigenvalues are called significant principal components, which are associated with cloud signatures.  The remaining components are associated with measurement noise.  The number of FOVs needed to perform successful cloud clearing within a FOR depends on the number of cloud formations present in the scene. This number is determined from the PCA analysis using two statistical tests.

After the number cloud formation is determined, the appropriate FOVs will be grouped together to perform the CC retrieval.

Joint Microwave and Infrared Retrieval

As mentioned above, the physical inversion at this stage is based on the modified maximum likelihood method, with the EOF representation used for reducing the dimensions of retrieved state vector and accelerating the inversion process.  Channel weights are dynamically adjusted in order to take into account linearization errors and to further improve the convergence and execution time of the process. 
The flow chart for the joint microwave and infrared retrieval is shown in Figure 3.  The retrieval consists of the following steps:

1. Microwave-only retrieval provides first guess estimates of the temperature and moisture profiles and skin temperature, as well as estimates of surface emissivity and cloud parameters.

2. An estimate of clear infrared radiances Rclr is obtained using current temperature and moisture profiles. Cloud clearing is performed using Rclr and radiances from pre-selected FOVs.  Spectral regions 709.5-746 cm-1 and 2190-2250 cm-1 are used to estimate the cloud-clearing parameter Errors due to uncertainties in temperature/moisture profiles and surface properties are estimated using sensitivity functions and they tend to decrease at each iteration. The cloud clearing parameter  is used to calculate cloud-cleared radiances for all CrIS channels.
3. A physical retrieval is performed using the cloud-cleared CrIS radiances obtained from step 2 and the MW radiances. The temperature/moisture profiles, MW and IR emissivities, IR solar reflectivities, MW cloud parameters and surface skin temperature are retrieved simultaneously.  Only one iteration is performed at this step.

4. Convergence test is performed using the 2 criterion.  If the solution has converged or the maximum number of iterations is reached, the process stops.  Otherwise, steps 2-4 are repeated.

The maximum number of iterations is currently set to 4.  A normalized 2 is used to check the convergence of the retrieval.  Currently the convergence criteria are for 2 to be less than 0.7 and the relative change of between the consecutive iterations to be less than 10%.  The quality control module will be discussed in the next section.

An optimization of the IR channel selection also improves execution time of the radiative transfer model and inversion.  Figure 4 shows typical retrieval performance using all CrIS channels and subsets of CrIS channels.  When the optimally selected channels approach 400, the retrieval performance is almost the same as the case using all CrIS channels.
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Figure 3.  Flow Chart for the Joint Microwave and Infrared Retrieval.
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Figure 4.  RMS errors for temperature and water vapor for 200 clear-sky ocean scenes. Results performed using all IR channels and subsets of 150, 300, and 400 channels are shown.

Quality Control Module

Assessing the quality of the retrieved atmospheric and surface parameters will be critical for the assimilation of these data into NWP models. We describe a few possible quality control tests that will estimate the accuracy, and hence the usability, of the retrievals. 

The first test is performed at the end of the joint MW+IR retrieval. The normalized (2 used in the test is larger than 1.0; the retrieval is not reported.  Since the retrieval is less sensitive to cloud in the MW compared with IR, the RMS of the retrieved temperature profiles between the MW-only retrieval and the joint MW+IR retrieval can be used to assess the quality of the retrievals. The quantity used in this test is defined as
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where the sum is over the lowest 3 km of the atmosphere, nlev is the number of pressure levels in that region and T is the retrieved temperature at each pressure level. If  is larger than 3.0 K, the retrieval is not reported. It should be noted that this test is only useful if the MW-only retrieval is close to the truth to start with. If this is not the case, the joint MW+IR retrieval that varies little from the MW-only retrieval, but is far away from the truth, will pass the test.  It is also possible that the joint retrieval makes significant improvement over the MW-only first guess, but is nevertheless rejected.  Since the MW retrieval performs better over oceans, this test is more reliable for these environments.

If the MW radiances generated during the joint MW+IR retrieval are very different from the observed radiances, this indicates that there is cloud signature in the cloud-cleared radiances and the normalized (2 for the MW channels is large. In the current code, if (2 is larger than 3.0 K, the retrieval is rejected.

Another approach to QC could involve a comparison cloud-cleared radiances and co-located VIIRS radiances in cloud-free regions. The minimum cloud optical depth specified for VIIRS is 0.03, which is close to the threshold that affects CrIMSS retrievals. If the difference between the cloud-cleared CrIMSS radiances and cloud-free VIIRS radiances is greater than 2 K, the retrieval may be biased.

Conclusion

An effective CrIMMS EDR algorithm has been developed which produces vertical profiles for temperature, moisture and pressure.  The algorithm uses calibrated spectral radiances from CrIS and from the microwave instrument onboard NPOESS.  The algorithm is currently undergoing continued refinement and testing, and will be ready to support the first flight of CrIS onboard the NPOESS Preparatory Project (NPP) space mission in 2006.  
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