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Abstract
This paper describes and presents results from a radiative transfer formulation for estimating cloud amount profiles in 25 vertical layers in the troposphere using high spectral resolution infrared data from AIRS (Atmospheric Infrared Sounder).  Three case studies reveal good results for semi-transparent clouds when compared with ground based and satellite based lidar observations.

1.  
Introduction

Determination of cloud top and cloud base pressure (or height) remains a challenge for passive remote sensing instruments.  To date most attention has been given to cloud tops.  Results with infrared window brightness temperatures assuming opaque clouds and CO2 slicing in non-opaque clouds have been documented (Menzel et al, 1983; Wylie et al,.1989; Frey et al, 1999).  Attempts to estimate cloud base have been fewer.  One method determines cloud base heights of clouds with microwave sounder data using cloud top heights as a constraint in the retrieval of moisture profiles (Wilheit and Hutchison, 2000).  Another method retrieves cloud thickness by correlating it with cloud optical depth derived from visible reflectances along with cloud phase and cloud effective temperature derived from infrared window radiances (Minnis et al., 2002).   This paper describes and presents results from a radiative transfer formulation for estimating cloud amount profiles in 25 vertical layers in the troposphere using high spectral resolution infrared data from AIRS (Atmospheric Infrared Sounder).
2. 
Cloud Amount Profile Algorithm

AIRS highly spectral resolution infrared measurements offer new opportunities for 3-dimensional cloud property characterization when semi-transparent high clouds cover lower clouds. An algorithm to estimate a cloud amount profile from AIRS spectral measurements has been developed and tested. A cloud radiative transfer model is used wherein cloud amount 
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 as defined in (1) are adjusted to match calculated with measured radiances for the AIRS spectral bands ν.  The residual difference 
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 serves as one measure of the cloud profile quality. 
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Where 
Jν is measured and Jν is calculated cloudy spectral radiance; αν and pc are variable parameters in the problem.  To account for the spectral dependence of the cloud top pressure estimate, we assume that the cloud model has K levels located at fixed pressure grids 
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.  The residual norm of the solution to the inverse problem can be stated as 
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where σ is the channel noise, ν represents the channels, and k represents the cloud levels (a cloud model with 25 cloud levels providing vertical uniform resolution approximately 500-600 meters was used) ranging from 900 to 14,000 meters. Δ represents the cloud 
                                                                     ~

amount error in the estimate fν / ξ.

Thus we use a cloud radiative transfer model wherein cloud amount and cloud top pressure are adjusted in each of 25 levels (spaced to provide uniform vertical resolution as much as possible) to match calculated with measured radiances for the AIRS spectral bands.  

3.
Results 

The following sections present results from a case study over the Mediterranean (demonstrating the horizontal and vertical consistency in the cloud amount profiles from one field of view to the next), a case study of clouds over Alaska including comparison with ground based lidar measurements, and case study of clouds over the Pacific Ocean including comparison with CALIPSO lidar measurements.  In this variety of geographical locations several different cloud types were studied.
3.1 
Case Study over the Mediterranean 
Cloud properties for an AIRS granule over the Mediterranean Sea on 16 November 2002 at 00 UTC are shown in Figure 1.  The AIRS found cloud amount of 10 to 20% in each level from 5 to 10 km.  The estimates of cloud amount exhibit spatial consistency from level to level (Figure 1a) as well as from pixel to pixel (Figure 1b).  More spatial extent of the cloud is evident at lower levels.

Figure 2 shows the residual norm for the 16 Nov 2002 case.  It is obvious that cloud edges and land sea interfaces increase the residual of the solution.  Nonetheless, the overall goodness of the solution (residual norm less than 0.5) is also encouraging.  
3.2 
Comparison with Ground-based LIDAR

Cloud amount profiles are estimated for an AIRS granule over the lidar located in Barrow, Alaska lidar on 17 October 2004 at 22 UTC (see Figure 3).  A transect of cloud amount profiles along the direction of the prevailing wind to the lidar site is calculated and the time of the cloud overpass at the lidar site is estimated from the wind speed.  The AIRS finds clouds from 5 to 10 km in amount of 10 to 20% at each level; the coincident lidar particulate circular depolarization ratio indicates clouds from 4 to 10 km.  

3.3
 Comparison with CALIPSO 

Cloud amount profiles derived from long wave (LW) only measurements (13.3 to 14.4 microns) have been compared to those derived from shortwave (SW) only measurements (4.1 to 4.6 microns) for AIRS measurements on 15 June 2006.  Figure 4 shows the comparison along with the CALIPSO determinations over the Pacific Ocean. LW and SW estimates of cloud absorption complement each other in describing the cloud three dimensional distribution.  Both show very good agreement in the cloud vertical structure with respect to the CALIPSO backscatter; both find the cloud extended between 5 and 15 km in height with denser segments near cloud bottom in similar locations. During daylight, when reflected solar contributions in the shortwave can confuse cloud property determinations, cloud profiles will be derived from long wave only; this example demonstrates that both LW only and SW only are of comparable quality.  The MODIS CO2 slicing cloud top pressures are also shown; the MODIS cloud top pressure determinations are indicative of the radiative mean of these thinner high clouds.  
A three dimensional version of the CALIPSO AIRS cloud profile comparison for this day is presented in Figure 5.

Comparison of the cloud top and cloud base determinations from CALIPSO and AIRS for this granule are shown in Figure 6. The cloud height difference (CALIPSO minus AIRS) at top shows a mean difference of 0.17 km with a standard deviation of 1.33 km, (and an uncertainty of mean of 0.12 km); at bottom a difference of -0.33 km is found with a standard deviation of 1.48 km (and an uncertainty of mean of 0.16 km).  

3.4 
Enhanced Detection of Low Clouds

The cloud identification algorithm was refined to increase the sensitivity to low level clouds. The solution exhibits spatially coherent cloud features at the lower troposphere. Figure 7a shows the spatial distribution of total cloud amount (absorption) estimate over a granule.  Pixels in black indicate cloud free areas.  The spatial distribution of the residual norm over the granule is shown in Figure 7b; good convergence to a solution is evident with the exception of few pixels where the norm is greater than ~ 1.  
Vertical cross-sections (across scanning lines from the bottom to top at the image from Figure 7a) of the cloud estimate for scan elements 1, 5 10, and 90 are shown in Figure 7c.  The complexity of the cloud structure in 3-D from the bottom to top of atmosphere is displayed (cloud level green corresponds is ~ 600-700m). Many cloud features in the lower troposphere are evident. 
4. 
Conclusion

Three case studies of AIRS measurements used in a radiative transfer formulation show promise for determining cloud profiles in semi-transparent cloud conditions.  Excellent agreement was demonstrated with respect to ground based and satellite borne lidar measurements (mean difference CALIPSO minus AIRS less than 0.3 km for cloud top and base).
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Figure 1a: AIRS cloud amount profile retrieval fields (line versus element) at 100, 200, 300, and 500 hPa for a granule over the Mediterranean on 16 Nov 2002 at 00 UTC; cloud amount for each level is given as a percentage. The AIRS found cloud amount of 10 to 20% in each level between 5 to 10 km.
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Figure 1b: Cloud amount profiles up to 15100 meters (on the y-axis) shown as a transect along element 20 (on the x-axis) of Figure 1a show good continuity from one AIRS field of view to the next.
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Figure 2: Residual norm of the calculated versus measured AIRS spectra using the cloud amount profile retrieval for Mediterranean on 16 Nov 2002 at 00 UTC case study.
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Figure 3a: Average cloud pressure of levels with cloud amount greater than 20% along with direction of prevailing wind at lidar site (red x) indicated by dotted line (left).  Image of the AIRS 919 cm-1 granule for 17 October 2004 at 22 UTC.
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Figure 3b: Transect of cloud amount profile along direction of prevailing wind at lidar site where the time of the cloud overpass at the lidar site is estimated from the wind speed (top).  Coincident lidar particulate circular depolarization ratio (bottom).
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Figure 4a: CALIPSO track over AIRS granule 64 on 15 June 2006.
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Figure 4b (top) CALIPSO attenuated backscatter (at 532 nm) and Aqua MODIS cloud top heights (black pluses) for a flight segment on 15 June 2006, zoom on high cirrus at 30o to 40o N latitude; (middle) Vertical distribution of effective cloud amount derived from AIRS measurement along collocated scan element derived from LW (13.3-14.4 (m) and (bottom) SW (4.1-4.6 (m) spectral measurements.  
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Figure 5:  3-D display of CALIPSO attenuated backscatter (at 532 nm) for a flight segment on 15 June 2006 along with vertical distribution of effective cloud amount derived from AIRS measurement along collocated scan element.  
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Figure 6.  Cloud top and base determined from CALIPSO backscatter (Cal) compared with AIRS retrievals (CAVP) of same for granule 64 on 15 June 2006.
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Figure 7a.  Spatial distribution of total cloud amount (absorption) estimates over granule.
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Figure 7b.  Spatial distribution of the residual norm over the granule. Note, with an exception of a few pixels the norm is ~ 1, which indicates a good convergence on a solution.  Black indicates cloud free areas.
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Figures 7c.  Vertical cross-sections (across scanning lines from the bottom to top at the image from Figure 7a) of cloud estimate for scan element 1 (top left), 5 (top right), 10 (bottom left) and 90 (bottom right).
Figure Captions

Figure 1a: AIRS cloud amount profile retrieval fields (line versus element) at 100, 200, 300, and 500 hPa for a granule over the Mediterranean on 16 Nov 2002 at 00 UTC; cloud amount for each level is given as a percentage. The AIRS found cloud amount of 10 to 20% in each level between 5 to 10 km.

Figure 1b: Cloud amount profiles up to 15100 meters (on the y-axis) shown as a transect along element 20 (on the x-axis) of Figure 1a show good continuity from one AIRS field of view to the next.

Figure 2: Residual norm of the calculated versus measured AIRS spectra using the cloud amount profile retrieval for Mediterranean on 16 Nov 2002 at 00 UTC case study.

Figure 3a: Average cloud pressure of levels with cloud amount greater than 20% along with direction of prevailing wind at lidar site (red x) indicated by dotted line (left).  Image of the AIRS 919 cm-1 granule for 17 October 2004 at 22 UTC. 

Figure 3b: Transect of cloud amount profile along direction of prevailing wind at lidar site where the time of the cloud overpass at the lidar site is estimated from the wind speed (top).  Coincident lidar particulate circular depolarization ratio (bottom).

Figure 4a: CALIPSO track over AIRS granule 64 on 15 June 2006.

Figure 4b: (top) CALIPSO attenuated backscatter (at 532 nm) and Aqua MODIS cloud top heights (black pluses) for a flight segment on 15 June 2006, zoom on high cirrus at 30o to 40o N latitude; (middle) Vertical distribution of effective cloud amount derived from AIRS measurement along collocated scan element derived from LW (13.3-14.4 (m) and (bottom) SW (4.1-4.6 (m) spectral measurements.  

Figure 5:  3-D display of CALIPSO attenuated backscatter (at 532 nm) for a flight segment on 15 June 2006 along with vertical distribution of effective cloud amount derived from AIRS measurement along collocated scan element

Figure 6: Cloud top and base determined from CALIPSO backscatter (Cal) compared with AIRS retrievals (CAVP) of same for granule 64 on 15 June 2006.

Figure 7a: Spatial distribution of total cloud amount (absorption) estimate over granule.

Figure 7b: Spatial distribution of the residual norm over the granule. Note, with an exception of a few pixels the norm is ~ 1, which indicates a good convergence on a solution.  Black indicates cloud free areas.

Figure 7c: Vertical cross-sections (across scanning lines from the bottom to top at the image from Figure 7a) of cloud estimate for scan element 1 (top left), 5 (top right), 10 (bottom left) and 90 (bottom right).
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Validation wrt Lidar for Arctic Granule



(top) transect of cloud amount profile along prevailing wind at lidar site

(bottom) coincident lidar particulate circular depolarization ratio   
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Validation wrt Lidar for Arctic Granule

22 UTC 17 Oct 2004





(left) average cloud pressure for cloud amount greater than 20% (right) transect of cloud amount profile along direction of prevailing wind at lidar site indicated by dotted line (time at lidar site estimated from wind speed) 
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