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Development and validation of passive microwave based atmospheric and surface retrieval algorithms-Validation of the AMSU-derived sea ice concentration
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1.  INTRODUCTION
The Advanced Microwave Sounding Unit (AMSU) was developed by NOAA/NESDIS some twenty years ago and launched May 1998 aboard the NOAA-K polar orbiting satellite.  The sensor was primarily designed to obtain soundings, i.e., vertical profiles of atmospheric temperature and water vapor. As such, the AMSU contains twelve channels within the 50-60 GHz oxygen band and five channels around the 183 GHz water vapor line. In order to improve the soundings near the surface the AMSU also contains window channels at 23.8, 31.4 and 89 GHz. Although not considered some twenty years ago, these window channels are now being used primarily to derive a number of hydrological products (Grody et al., 2000b). Some of these products (rainfall, water vapor, snow cover) have matured to the point where they serve as reliable inputs to forecasters and numerical prediction models. Other products, however, have not been assimilated into numerical models (e.g., cloud liquid water) or have not yet been thoroughly evaluated (e.g., sea ice concentration).

The AMSU algorithms for deriving hydrological parameters were developed prior to the satellite launch based primarily on radiative transfer simulations.  Following the AMSU launch, some of the algorithms have been evaluated and modified when necessary (Grody et al., 2000a). However, as mentioned above, the pre-launch sea ice algorithm has not been evaluated extensively. This study uses data from the Special Sensor Microwave Imager (SSM/I) to evaluate the AMSU derived total sea ice concentration. The SSM/I product was chosen as a reference for the following reasons:

(a) The SSM/I sea ice product is the primary data used to initialize the NOAA/NCEP operational forecasting models (Grumbine, 1996).

(b) The SSM/I NASA Team algorithm for retrieving sea ice has been tested and validated by a number of researchers (Parkinson et al., 1999; Steffen and Shweiger, 1991).

(c) The SSM/I scans conically, so that it has advantages compared to AMSU, i.e., SSM/I provides polarization information and has a constant footprint independent of scan.

This investigation evaluates the original sea ice algorithm (Grody et al., 2000a) which is in operation now, along with an improved version. Recommendations are made at the conclusion of the report on the utility of the improved AMSU product as well the need for future work.   

2.  SEA ICE CONCENTRATION

Passive microwave measurements have been used for almost thirty years to determine the ice coverage or sea ice extent (Parkinson et al., 1987). During periods of extensive cloud cover, the microwave observations of sea ice extent are often the only measurements available, and have been used to infer global temperature change in the polar regions (Vinnikov et al., 1999). The microwave measurements are also used to estimate the percent of ice concentration within the field of view of the sensor. This section outlines the algorithm developed for deriving the total sea ice concentration.

2.1 Total Sea Ice Concentration
The viewing area seen by a microwave radiometer is generally subdivided into three categories, new ice, multiyear ice, and open water. Therefore, the emissivity at a given frequency, (, can be expressed as 
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with




fwater + fnew + fmy = 1





(1b)

where fwater , fnew,  fmy are the fractional  amounts of  water, new  ice  and  multiyear  ice  and  ewater, (new, emy are the corresponding emissivities.  The emissivity of each surface has different frequency characteristics.  New sea ice contains brine, which absorbs microwave radiation while multiyear ice has “holes” due to brine depletion that scatter’s microwave radiation.  As such, the emissivity enew is the highest and is nearly constant with frequency while emy decreases with increasing frequency.  Compared to sea ice, the emissivity of water,  ewater,  is the lowest, and increases with frequency.

It is evident from (1a) and (1b) that given the a-priori emissivity for water, new ice and multiyear ice, dual-frequency measurements (i.e., e(()) can be used to retrieve the concentration of new and multiyear ice, as well as the total ice concentration. However, errors occur due to the emissivity variations of multiyear ice and the effects of melting ice and snow cover (e.g., Comiso, 1983, Grenfell et al., 1986).  Since the total ice concentration is less affected by errors in the a-priori emissivity, we choose to only provide this parameter from AMSU.  

By combining (1a) and (1b), we find that the total ice concentration,  f  =  f new +  fmy , is given by
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where the composite emissivity of ice can be expressed as
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 (2b)

which contains the emissivity and fractional amount of both ice types. 

The error in sea ice concentration is obtained by differentiating (2a) with respect to the different emissivities, i.e.,
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(3)

where from (2a),
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(4)

The rms error of ice concentration is obtained by squaring (3) and taking the ensemble average, <>.  Substituting (4) into the resulting equation we find, 
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(5)

where <d(x2> is the mean squared errors of the different emissivity parameters, x.
Equation (5) shows that the error in ice concentration depends on four quantities;

                            1.   Retrieved emissivity, (
   2.   A-priori emissivity of sea ice, (ice

    
   3.   A-priori emissivity of water, (water

               4.   Fractional amount of sea ice,  f

The lower limit is obtained by only considering the error due the retrieved emissivity. As discussed next, the standard error of the emissivity retrieval is 0.01 based on simulated data. Therefore, the expected error of ice concentration obtained from (5) is only 2 percent. However, this error is increased due to the effects of precipitation on the retrieved emissivity and the uncertainties in the a-priori emissivity of water (for f=0) and ice (for f=1).  These a-priori sources of error can be minimized by properly choosing the channels. For example, at vertical polarization the emissivity of sea surfaces has the smallest dependence on wind roughening of the ocean surface. At this polarization, the emissivity variation depends mainly on the changes due to sea surface temperature and wind generated sea foam. In addition, at low microwave frequencies, enew » emy so that from (2b) the composite emissivity is enew, which is almost constant, independent of ice age. Since the AMSU does not have low frequencies or dual polarization, both ewater and eice can vary significantly and must be accounted for. 

2.2  AMSU Emissivity Algorithms
Equation (2a) is used to obtain the total ice concentration. However, in order to use the equation, algorithms must be developed for retrieving the emissivity, (, and determining the a-priori emissivities, (ice and (water . This algorithms are summarized below, and explained in detail later. 

I.  Retrieved Emissivity:  The retrieved emissivity at 23.8 GHz is1
e = A + B TB (23) + C TB (31) +D TB (50)


(6)

      A = 1.84 - 0.723 CosZ,   B =  -0.00088,  C = 0.0066 + 0 .0029 CosZ ,   D = - 0.00926

where CosZ is the cosine of the local zenith angle.

II.  A-Priori Sea Surface Emissivity: The sea surface emissivity at 23.8 GHz is2 
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(7)

III.  A-Priori Sea Ice Emissivity: The composite emissivity of sea ice at 23.8 GHz is2
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(8)

As discussed next, the emissivity algorithm (6) is a physical algorithm based on simulated AMSU measurements. As such, corrections are required to adjust the AMSU brightness temperatures for calibration errors as well as other imperfections in the instrument. One of most complicated problems uncovered during the post launch evaluation was the asymmetry in the brightness temperature measurements.  Large differences were observed on the opposite sides of nadir for the window channel measurements over ocean areas. This asymmetry was particularly large for the 23.8 and 31.4 GHz channels in the AMSU-A2 module. Extensive analysis was done to obtain accurate adjustments for this asymmetry effect as well as the calibration error in the brightness temperature measurements (Weng et al., 2000).  These empirical corrections are given in Appendix A and have been applied to the data.  To demonstrate the importance of these adjustments, Appendix A shows the retrieved emissivity of the ocean surface before and after applying these adjustments.

3.  RADIATIVE TRANSFER SIMULATIONS
The emissivity algorithms summarized above were derived using radiative transfer simulations and surface emissivity models. The simulations employ a variety of surface and atmospheric conditions to calculate the brightness temperatures at the AMSU frequencies of 23.8, 31.4 and 50.3 GHz.  For reference, Figure 1 (Top) displays the fixed emissivity values used at 23 and 50 GHz for dry and wet land, new and multiyear sea ice, snow cover. Note that multiyear ice and snow cover are scattering surfaces so that the 50 GHz emissivity is less than that at 23 GHz. The sea surface emissivity is also shown in the figure.  It varies as a function of surface temperature and scan angle (Grody et al., 2000b), having a maximum value of 0.46 at near freezing temperatures. Wind effects were not modeled, but as discussed later, can increase the emissivity by up to 20 percent. For each surface type, atmospheric profiles of temperature, moisture and cloud liquid water are introduced, and brightness temperatures were computed at each frequency for the different scan angles.
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Figure 1. Modeled emissivity at 50 and 23 GHz (Top). Comparison
between retrieved and actual emissivity at 23 GHz (Bottom).





Regression analysis was used to obtain the linear relationship (6) between the emissivity at 23.8 GHz and the simulated brightness temperatures. The accuracy of (6) can be inferred from Figure 1 (Bottom), which shows the retrieved emissivity plotted against the actual values in the data set.  Note that the overall standard error is 0.01, with the largest errors occurring over low emissivity sea surfaces and multiyear ice. These larger errors at low emissivity are a result of cloud liquid water, which was varied between 0 and 0.3 mm. As shown in Figure 1 (Bottom), clouds vary the retrieved emissivity over cold oceans from 0.45 to 0.53, i.e., +/- 04 about a mean value of 0.49. Clouds also vary the retrieved emissivity of multiyear between 0.66 to 0.82, i.e., +/- .08 about a mean value of 0.73. To obtain the most accurate a-prior estimates, actual AMSU measurements of emissivity over open ocean and consolidated sea ice will be obtained later, rather than use these mean values for deriving ice concentration.

The composite emissivity (8) was determined using the same simulated data used in deriving (6). In order to explain the approach, Figure 2 shows a scatter plot of the brightness temperature difference, Tb(23) – Tb(31), plotted against the retrieved emissivity (6).  The figure displays each surface type (denoted 1,2,3,4,5,6, sea surface) and shows a marked separation between multiyear ice (surface #6) and all other surfaces using a brightness temperature difference of 5 K.  The only problem occurs for moist atmospheres where large amounts of water vapor (V > 30 mm) result in a brightness temperature difference exceeding the 5 K threshold. This effect is removed by only applying the relationship (7) at high latitudes (( 50 degrees).


[image: image10.png]250

[o%, ve -

‘Sea Surfaces
20.0 o

15.0

3
< 100
5
=

-10.0 <
0.4 05 0.6 0.7 0.8 0.9 1.0

Retrieved Emissivity (23.8 GHz)

Figure 2. Simulations of the difference measurements, Th(23) - Tb(31),
versus the retrieved emissivity. Note that a 5 K positive difference
separates multiyear ice from all other surfaces (excluding oceans
where V >30mm).





4. A-PRIORI EMISSIVITY 

4.1  Sea Surface Emissivity
As discussed in Section 2, the accuracy of ice concentration depends on the a-priori emissivity estimates of water and ice. The most accurate estimate is obtained for sea surfaces, where models have been developed based on theoretical models and actual measurements (e.g., Wentz, 1992). Using this model, Figure 3 shows the emissivity of the ocean for a sea surface temperature of 275 K, at wind speeds of 0 and 10 m/s.  The emissivities are calculated for the AMSU scan geometry and  plotted as a function of beam position, with wind speed as a parameter. Also shown are the mean values of the AMSU retrievals of emissivity, which were obtained using (6).
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The AMSU data were collected for latitudes between 50 and 70 degrees in both hemispheres for four days (January 15, April 15, July 15 and October 15) in 1999.  Incidentally, these same four days of data are used throughout this report for all of our evaluations. The data shown in Figure 3 only contains open water.  Sea ice was eliminated from the data using (2a) and (6) to compute the ice concentration and only considering concentrations less than 5 percent. This low concentration also filters out measurements contaminated by precipitation. 

The emissivity measurements are shown highly symmetric on either side of nadir (i.e., beam positions 15 and 16).  However, as discussed in Appendix A, this symmetry is obtained only because brightness temperature corrections were applied before using (6).  These corrected emissivity retrievals compare very well with the model results, and is accurately represented by the quadratic function (7). This same functional form also fits the model results, but we chose to use the function based on the actual AMSU measurements.  

4.2  Sea Ice Emissivity
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Figure 3. Comparisons between the AMSU retieved emissivity of ocean
surfaces and that determined from a model. Each of the plots
have been fitted with an empirical function (shown by symbols).




Unlike the emissivity of the ocean, there are no accurate models available to define the sea ice emissivity for all of ice conditions.  This is particularly true for multiyear ice, which depends on a variety of internal and external parameters. As such, we decided to use the AMSU retrieved emissivities to obtain the a-priori estimates for sea ice.

Sea surface emissivities were obtained for the same four days (January 15, April 15, July 15 and October 15, 1999) used in determining the sea surface emissivity. Data was collected from both hemispheres over ice-covered waters between latitudes of 60 and 70 degrees. Higher latitudes were excluded in order to obtain an equal amount of data from both hemispheres. The retrieved emissivities were obtained using (6) for ice concentrations greater than 90 percent (determined using (2a) ).  Figure 4 shows the mean values plotted as a function of beam position based on the corrected and uncorrected brightness temperatures. Note that unlike the sea surface results, the corrected measurements in this case result in a larger asymmetry than the uncorrected measurements. In fact the asymmetry appears greater the higher the emissivity. Evidently, the instrumental corrections obtained using oceanic measurements, is not applicable over high emissivity surfaces.  Until this issue is better understood, we recommend that the measurements over high emissivity surfaces be uncorrected. 

Due to the large variation of emissivity as a function of beam position, no analytic expression was attempted. It was concluded that the variability shown in the Figure is probably due to the spatial inhomogeneity of sea ice, and more extensive work is needed to obtain a homogeneous data set. To first order, the sea ice emissivity is considered independent of beam position, but is however a function of ice type. 

Figure 4 shows the emissivity for new ice and multiyear ice. New ice is scatter-free so that the emissivity was obtained by requiring the 31 GHz measurement to be greater than the 23 GHz measurements. Conversely, the emissivity for multiyear ice was obtained when the 31 GHz measurements are less than that of 22 GHz, where the channel difference is referred to as a scattering index, S.  Multiyear sea ice is denoted as My Ice-1 when S (5 K and as My Ice-2 when S ( 10 K.  The emissivity for multiyear ice is shown to decrease as S increases. This feature is better displayed in Figure 5 by plotting the emissivity against the scattering index after the data was averaged over all beam positions (using un-corrected measurements). Although the emissivity appears to almost decrease linearly with increasing index, we decided to use the piecewise approximation shown in the Figure and given by (8).  
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Figure 4. AMSU retrieved emissivity of sea ice, stratified by ice type (see text).
The data was obtained over both hemispheres and averaged over
60-70 degrees of latitude. Results are shown using the corrected
and uncorrected brightness temperatures.





5.  PRECIPITATION AND WIND EFFECTS
The accuracy of (2a) depends on the AMSU retrieved emissivity (6) and the a-priori emissivities used in (7). As mentioned in the Section 2, errors occur when the AMSU field of view contains the more variable emissivity of multiyear ice. However, the relationship developed above between the scattering index and emissivity should reduce this error. One problem that is not accounted for, is the presence of water on the ice due to summer-melt. Due to the shallow penetration depth of microwave radiation, water-coated ice has an emissivity similar to that of deep water, and therefore appears as a reduction in the ice concentration. Fortunately, only a small fraction of the AMSU footprint contains melted ice, so that the application of (2a) does not result in missing ice. Therefore, while the effects of a-priori emissivity and ice-melt are important concerns, they generally do not lead to false ice detection. Unfortunately, however, precipitation can result in false ice detection. 

The 31 and 50 GHz channels used in (6) remove most of the temperature dependence on the 23 GHz measurements and minimize the effects of non-precipitating clouds, whose liquid water, Q,  is less than 0.2 mm.  However, precipitation greatly increases the brightness temperatures at 23 and 31 GHz and results in overestimates of the retrieved emissivity and sea ice concentration. Studies using actual AMSU measurements show that the error in sea ice concentration increases in proportion to the cloud liquid water content. An example of this effect is displayed in Figure 6. 
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Figure 6. Foam cover derived fom NCEP reanalysis, compared with AMSU retrieved
emissivity, ice concentration and cloud liquid water for January 15,1999.





Figure 6 shows an image of the retrieved sea ice concentration (Top-Right) and cloud liquid water (Top-Left) around Greenland on January 15, 1999. To emphasize the problem areas, the range for both products begins at the lowest limit of zero, where the scale for both images is shown on the far right. It should be noted that the cloud algorithm was developed for open oceans, and incorporates the same window channels used for sea ice concentration. Therefore, it is not surprising to find cross talk between the two variables, where high ice concentration also corresponds to high cloud liquid water.  Stated differently, it is difficult to screen out the effects of precipitation (i.e, Q > 0.2 mm) without removing some actual sea ice. Fortunately, we find that for latitudes greater than 50 degrees, virtually all precipitation is removed by considering ice concentrations greater than 40 percent. This is demonstrated by further examining the data in Figure 6.  

The images in Figure 6 demonstrate a number of important issues regarding the effects of clouds, precipitation and even sea surface winds on the sea ice product. The areas of high ice concentration (>30 %) shown in red appear correct. However, the sea ice retrieved south of Iceland is misclassified due to precipitation arising from an occluded front. The front contains cloud liquid water amounts greatly exceeding 0.3 mm and results in sea ice concentrations approaching 40 percent. In addition, the large area near the south tip of Greenland has ice concentrations up to 20 percent with liquid water amounts of 0.3 mm in some places. Although the false ice in this region was originally believed to be due to precipitation, further analysis suggests that it is also due to sea surface wind effects.

Winds on the ocean roughen the surface and generate foam cover.  Although rough surfaces have a higher emissivity than smooth surfaces, foam produces the largest increase in emissivity in much the same way as sea ice does. In fact, (2) can be used to estimate the fraction of foam cover by replacing eice with the near unity emissivity of foam. Rather than compute the foam coverage from the emissivity retrievals (Bottom-Right), Figure 4 shows the foam coverage (Bottom-Left) based on the NCEP reanalysis of wind stress (Wu, 1998) for this day. While there are overlapping regions of large foam cover (>20%), cloud liquid water (>0.2 mm) and sea ice concentration (>20%), there is also a region further West where only the foam coverage and sea ice concentration are large (see arrow).  In this region, the sea ice concentration is misclassified due to sea state and not precipitation. The foam cover in this region increases the emissivity from 0.46 (see surrounding area) to 0.56, i.e., 20 percent.     

The above example dramatizes the effects of precipitation and sea surface winds on the retrieved ice concentration. The simplest way to remove these effects is to increase the threshold of minimum ice concentration. This is shown in Figure 6, where the threshold has been increased from 10 percent to 40 percent.  Note that the lowest threshold of 10 percent displays false ice due to precipitation and surface effects. Most of these effects are removed using a 40 percent threshold without removing any actual sea ice. Since precipitation varies more than ice coverage, temporal information could also be used to eliminate most of the precipitation and surface effects.  This approach is, however, more difficult to implement operationally, and has never been used at NESDIS for the microwave sensors. 

In addition to the above example, studies were also done during the warmer seasons when precipitation events are more intense. The more intense precipitation can produces errors exceeding the 40 percent ice concentration shown in Figure 7. Fortunately, however, these events generally occur only at latitudes below 60 degrees. Ice can therefore be measured at lower concentrations (e.g., 20 percent) at high latitudes.  It is necessary, however, to increase the threshold to 50 percent at latitudes less than 60 degrees. Ice concentrations less than the minimum threshold would then be designated as ice-free. It should be mentioned that a discriminate function3 was used in the original algorithm to filter out “weather effects” (Grody, 2000). However, we found that the discriminate function simply acts to restrict the sea ice concentration to values greater than 50 percent. This weather related issue is also discussed in the concluding section of the report.


[image: image12.png]Figure 7. AMSU retrieved ice coverge on January 15, 1999 using different
thresholds of ice concentration (10, 20, 30,40 %).





7.   SSM/I DERIVED SEA ICE

An automated system for retrieving ice concentration information from SSM/I measurements has been developed by Robert Grumbine (1996, 1999) at NCEP.  This system is based on the NASA team algorithm (Cavalieri, 1992; Gloersen and Cavalieri, 1986) and contains improvements, such as the filling of all grid points with observed or interpolated data and the improvement of the “weather filter” using spatial consistency checks and sea surface temperature information.  The main limitations of the SSM/I product are its large resolution (50 km at 19 GHz), its inability to see ice thickness less than 5-10 cm when using the lowest frequency channel at 19 GHz, and the reduction in sea ice concentration due to summer-ice-melt.  

As mentioned in the Introduction, the NASA Team algorithm for SSM/I sea ice concentration has been validated using high-resolution sources of sea ice information.  Also, Robert Grumbine estimated the SSM/I accuracy of the sea ice concentration to be about 3-5%.  This high accuracy is presumably due to the improved cloud editing, and is why the NCEP based ice concentration is used as ground truth for validation of the AMSU sea ice product. Figures 8a,b display the NCEP sea ice concentration maps in the Northern and Southern hemispheres for January 15, April 15, July 15, and October 15, 1999.  The statistical distribution of sea ice with different concentrations is given in Figure 9.  The main uncertainty in these data is for grids that include pixels with land surface in the field of view. To address this problem the NCEP analysis excludes any data along a coastline.  Therefore, the total sea ice extent could be underestimated.  
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Figure 8a.  NCEP (SSM/I) sea ice analysis: Maps of sea ice concentration in Northern hemisphere for January 15, 1999, April 15, 1999, July 15, 1999, and October 15, 1999.

. 

[image: image18.png]SEA ICE CONCENTRATION, NCEP, SSM/I




Figure 8b. NCEP (SSM/I) sea ice analysis: Maps of sea ice concentration in Southern hemisphere for January 15, 1999, April 15, 1999, July 15, 1999, and October 15, 1999.
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Figure 9. NCEP sea ice analysis: The statistical distribution of sea ice with different concentrations in two Polar Regions.

8.  VALIDATION OF THE ORIGINAL AMSU ALGORITHM

The original algorithm (Grody et al., 2000a) has been used operationally by NESDIS since the AMSU launch in May 1998.  All of the results are archived for each single measurement and mapped on a global 1/3 degree Latitude-Longitude grid for research purposes. The NESDIS operational analysis of AMSU contains sea ice data that are retrieved by the original algorithm described in the previous sections.  These data are also archived in the HDF-EOS format.  We used here global data mapped in a polar stereo projection at a 0.5°x0.5° grid spacing. These historical sea ice concentration maps for Northern and Southern hemispheres and for descending orbits are shown in Figure 10a,b for the same four selected dates mentioned previously.  Figure 11 shows the statistical distribution of the sea ice area as a function of concentration in each hemisphere.  Table 1 shows the sea ice extent in the Northern and Southern hemispheres for each of the days.  The AMSU Southern Hemisphere maps for October 15 contain a few regions with missing data, which are different for the ascending and descending orbits.  No such missing data is observed in the NCEP sea ice maps.  Such missing data are partly responsible for the differences in sea ice extent estimates of AMSU and the NCEP analysis.
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Figure 10a. NESDIS (AMSU, original algorithm) sea ice analysis: Maps of sea ice concentration in Northern hemispheres for January 15, 1999, April 15, 1999, July 15, 1999, and October 15, 1999.  Maps are for descending orbits.
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Figure 10b.  NESDIS (AMSU, current algorithm) sea ice analysis: Maps of sea ice concentration in hemisphere for January 15, 1999, April 15, 1999, July 15, 1999, and October 15, 1999.  Maps are for descending orbits.
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Figure 11. NESDIS (AMSU, original algorithm) sea ice analysis: The statistical distribution of sea ice with different concentrations in two Polar Regions.

Table 1.  Sea ice extent (million km2) in Northern and Southern hemispheres for selected dates from current NCEP (SSM/I) and NESDIS (AMSU) analyses


Northern Hemisphere, Latitude ≥50°N
Southern Hemisphere, Latitude ≥50°S


NCEP

SSM/I

(Ground truth)
NESDIS

AMSU

Original Algorithm

(Archived data)
NCEP

SSM/I

(Ground truth)
NESDIS

AMSU

Original Algorithm

(Archived data)



Ascending

Orbits
Descending

Orbits

Ascending

Orbits
Descending

Orbits

01/15/1999
12.52
10.79
10.51
5.58
3.08
2.94

04/15/1999
13.28
11.43
11.07
7.18
5.34
5.57

07/15/1999
9.13
5.79
5.79
16.58
14.15
14.42

10/15/1999
8.28
6.89
6.83
18.83
14.36
15.23

Comparing the maps (Figures 8a,b, and 10a,b) and the data in Table 1 we conclude that:

1. The original AMSU algorithm significantly underestimates (~2∙106 km2) the sea ice extent in both hemispheres.

2. Difference between the ascending and descending orbits is not significant and does not reflect real diurnal variations in sea ice concentration and sea ice extent.  

By comparing the statistical distributions of sea ice area in Figures 9 and 11 for the selected days in each hemisphere we see that the AMSU retrieved sea ice data only contains concentrations exceeding 0.6-0.7.  As mentioned on page 12, the discriminate function4 weather filter contained in the original algorithm inevitably removes such low concentrations of sea ice. 

9.  TESTING OF THE IMPROVED ALGORITHM FOR AMSU SEA ICE 


The maps of the AMSU sea ice concentrations retrieved for the same four selected dates with this new algorithm are given in Figure 12a,b.  From a comparison of these maps with the ground truth (NCEP data, Figures 8a,b) and materials presented in Table 2 (which is an analog to the Table 1, but for the new algorithm) , it is concluded that the new algorithm realistically reproduces the spatial distribution of sea ice for concentrations larger than 30%.  For concentrations less than 30 %, the total extent of sea ice in the Polar Regions may by underestimated in the Arctic for the summer season and for all four seasons in the Southern Hemisphere.  Sea ice with lower concentration cannot be distinguished from the effects due to precipitation and high wind speeds.  Also, coastline effects are the same for the NCEP and AMSU retrieved sea ice and does not depend on which AMSU algorithm is used.  The coastline effect does not influence our conclusions.  We should not expect that the AMSU observations will provide us with more detailed information of sea ice concentration.  
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Figure 12a.  NESDIS (AMSU, improved algorithm) sea ice analysis: Maps of sea ice concentration in Northern hemisphere for January 15, 1999, April 15, 1999, July 15, 1999, and October 15, 1999.  Maps are for descending orbits.
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Figure 12b.  NESDIS (AMSU, improved algorithm) sea ice analysis: Maps of sea ice concentration in Southern hemisphere for January 15, 1999, April 15, 1999, July 15, 1999, and October 15, 1999.  Maps are for descending orbits.

Table 2. Sea ice extent (million km2) in Northern and Southern hemispheres for selected dates from current NCEP (SSM/I) and improved NESDIS (AMSU) algorithm


Northern Hemisphere, Latitude ≥50°N
Southern Hemisphere, Latitude ≥50°S


NCEP

SSM/I

(Ground truth)
NESDIS

AMSU

Improved Algorithm
NCEP

SSM/I

(Ground truth)
NESDIS

AMSU

Improved Algorithm



Ascending

Orbits
Descending

Orbits

Ascending

Orbits
Descending

Orbits

01/15/1999
12.52
12.62
12.40
5.58
4.20
4.02

04/15/1999
13.28
13.23
12.88
7.18
6.35
6.97

07/15/1999
9.13
8.77
8.49
16.58
15.41
16.06

10/15/1999
8.28
8.58
8.76
18.83
15.87
16.89

GENERAL CONCLUSIONS

1.  The current AMSU sea ice algorithm should be changed to the new improved algorithm,.

2.  We should not expect ice concentrations below 30% to be reliably detected by AMSU .

3. Observations of ascending and descending orbits need to be combined in order to obtain full 

      coverage of both Polar Regions every day.  

4. Because of the existence of more accurate data from the SSM/I, the AMSU retrieved sea ice 

      should be used to fill in the gaps, particularly near the North Pole.

As a result of this study, a number of unresolved issues have been discovered.  The following lists the problems and offers possible solutions.

· Weather effects, which limit the sensitivity to small ice concentration, can be improved upon using temporal filtering of the data.

· Uncertainties in the a-priori emissivity of multiyear can be reduced using better quality match up data to improve the relationship (8).  We should also study the use of different emissivities for the northern and southern hemisphere. 

· Variations in emissivity due to scan angle can also be improved upon using this higher quality data set.

· AMSU is the only microwave instrument that provides information on the temporal variation of ice concentration for the North Pole.  Therefore, more extensive analysis and validation has to be done near the North Pole .

Appendix A:   AMSU Brightness Temperature Corrections

Following the launch of AMSU, much time was spent examining the pre-launch algorithms of cloud liquid water and water vapor. It soon became evident that the cloud liquid water was consistently higher on one side of the scan than the other side. This asymmetry was not a result of the cloud algorithm, since it was obtained from simulations, but due to instrumental effects. Various effects were considered, such as the asymmetry in the AMSU side lobe patterns, and Field of View (FOV) obscuration by hardware aboard the satellite. Although no satisfactory explanation was found, and its cause is still uncertain, we decided to obtain empirical adjustments to the window channel measurements at 23.8, 31.4, 50.3 and 89 GHz. 

The corrections are based on the difference between the actual measurements and the calculated values obtained over oceans using the radiative transfer model.  Sea surface winds, temperature and water vapor from the NCEP global data assimilation system (GDAS) was used to calculate the brightness temperatures at the different beam positions (Weng et al., 2000).  The corrections are plotted in Figure-A1 and are used when computing the emissivity from (6).
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To see the effect of the corrections, Figure A2 shows the emissivity retrieved by AMSU using (6) with and without the brightness temperature corrections. The corrections reduce the emissivity by as much as 10 percent for the right most beam position and result in no asymmetry. For comparison, the figure shows that the model emissivity compares very well with the corrected measurements.  
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Figure A2: Ocean emissivity derived from (3) with and without brightness
temperature corrections. Also shown are model calculations.
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1 In the original algorithm the coefficients were A= 1.734-0.623CosZ , B= .007+.0025CosZ, C=  and D= -.0091.


2 In the original algorithm, (new=0.95, (my=0.88 and (water=0.45.


3 The function DF=2.85 + 0.020 TB (23) - 0.028 TB(50) was used to filter out precipitation when it exceeded 0.45. 
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[image: image1.png]Figure 7. AMSU retrieved ice coverge on January 15, 1999 using different
thresholds of ice concentration (10, 20, 30,40 %).
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