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Figure 5. 7: The vertical profiles for five frequencies (23.8, 89, 
1.50, 183+/-7GHz, and 183+/-3GHz for the wet atmospheric case with an 

emissivity of0.5 . 
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Figure 5.8: The Jacobian vertical profiles for five frequencies (23.8, 89, 
150, 183+/-7GHz, and 183+/-3GHz for the dry atmospheric case with an 
emissivity of 0. 7. 
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Figure 5.9: The J邸obian vertical profiles for five frequencies (23.8, 89, 
150, 183+/-7GHz, and 183+/-3GHz for the wet atmospheric case with an 
emissivity of 0. 7. 
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Figure 5.10: The Jacobian vertical profiles for five frequencies (23.8, 89, 
150, 183+/-7GHz, and 183+/-3GHz for the dry atmospheric case with an 
emissivity of 0.9. 
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Figure 5.11: The Jacobian vertical profiles for five frequencies (23.8, 89, 
150, 183+/-7GHz, and 183+/-3GHz for the wet 沮mospheric case with an 
emissivity of0.9. 
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Figure 5.12: The Jacobian vertical profiles for five frequencies (23.8, 89, 
150, 183+/-7GHz, and 183+/-3GHz for the dry 沮mospheric case with an 
emissivity of0.99. 
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Figure 5.13: The Jacobian vertical profiles for five frequencies (23.8, 89, 
150, 183+/-7GHz, and 183+/-3GHz for the wet 沮mospheric case with an 
emissivity of0.99. 
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Figure 5.14: The change in the Jacobian for five frequencies (23.8, 89, 150, 
183+/-7GHz, and 183+/-3GHz) at 100 mb as the emissivity is increased 
from 0.5 to 1.0 for the dry case. 
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Figure 5.15: The change in the Jacobian for four frequencies (23.8, 89, 
150, and 183+/-7GHz) at 100 mb as the emissivity is increased from 0.5 to 
1.0 for the wet case. 
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Figure 5.16: The change in the Jacobian for four frequencies (23.8, 89, 
150, and 183+/-7GHz) at 500 mb as the emissivity is increased from 0.5 to 

1.0 for the dry case. 
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Figure 5.17: The change in the Jacobian for four frequencies (23.8, 89, 
1.'iO, and 183+/-7GHz) at 500 mb as the emissivity is increased from 0.5 to 

1.0 for the wet case. 
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Figure 5.18: The change in the Jacobian for four frequencies (23.8, 89, 
150, and 183+/-7GHz) at 1000 mb as the emissivity is increased from 0.5 to 
1.0 for the dry case. 
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Figure 5.19: The change in the Jacobian for four frequencies (23.8, 89, 
150, and 183+/-7GHz) at 1000 mb as the emissivity is increased from 0.5 to 

1.0 for the wet case. 

ChaJuid (freq in NEAT NT 
Gib) (.,m) (""'...,.,ii) 

I (23.8) 0.30 0.211 

2(31.4) 0.30 0265 

3(50.3) 0.4'.l 0219 

4(52.8) 0.25 0.143 

5 (53.59) 0.25 0.148 

6(544) 0 25 0.1.54 

7 (54.94) 0 25 0,I32 

8 (55.5) 0.25 0141 

9 (57.29) 0.25 0236 

10 (#57 .29) 0.40 0.250 

11 (-57.29) 0.40 0280 

12 (~57.29) 0.60 0.399 

13 (-57 29) 0.80 0539 

14 (-57.29) 1.20 0.914 

15(89.0) 0.50 0165 

16(89.0) 0.37 0.37 

17(1刃 ．0) 084 0.84 

18 (183.31+/-1 .00) I 06 1.06 

19 (183 31+/-1.00) 0.70 0.70 

20 (183.31+1-l.00) 0.60 0.60 

Figure 5.20: The corresponding NEAT values for all AMSU channels 

(data taken from NOAA KLM Users Guide: Goodrum et al, 1999). 
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CHAYfER 6: RESULTS AND CONCLUSIONS 

6.1 Results 

Examining the analytical Jacobian serves as a way to determine the ability of 

the retrieval to detect water vapor throughout a vertical column. Several scenarios 

were used to investigate how this Jacobian is affected by changes in atmospheric 

and surface conditions. This was a test to check that the retrieval could still detect 

water vapor with some skill under real world simulations. The Jacobian analysis 

proves that water vapor can be measured throughout the column, and thus gives 

basis for running and validating the retrieval. This analysis technique can be 

applied to any satellite platform and is a crucial and fundamental step to take before 

analyzing results from any retrieval. Once this analysis has been performed, and 

the state vector has been determined to be detectable over the time and spatial 

regions of interest, then the retrieval may be run and validated. 

In order to test the accuracy and validity of the CI DOE TPW, the retrieval was 

run over a I 0-day period under non-precipitating conditions for September 21 -

September 30, 2003, and then compared with similar data from both GPS receivers 

and radiosondes. In order to isolate the retrieval bias from the first guess bias, the 

retrieval was run with a radiosonde first guess. DISCLAIMER: Due to the 

extraordinarily accurate first guess, Gaussian noise was added to the first guess in 

order to obtain a reasonable upper bound on how the retrieval can ultimately 
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perform. The radiosonde match-up dataset was created by finding launches that 

were within a 50-km radius of the satellite footprint, and launched within a two­

hour window of the satellite overpass. The GPS match-ups were compiled over the 

United States by matching data taken within 30 minutes of a pass-over and were 

typically within 30 kilometers of the center of the satellite footprint. 

The retrieved TPW was then plotted against the radiosonde TPW in order to 

produce Figure 6.2. There were 555 radiosonde match-up points spread all across 

the globe (see Figure 6.1). This plot serves as a mythological best estimate for how 

the retrieval can perform, due to the fact that radiosonde data \\ras used as a first 

guess. Essentially, this shows how the retrieval physics is performing, given a 

highly accurate first guess of temperature and water vapor profi les. 

Noise was added to the first guess of the mixing ratio profile before it was run 

through the retrieval in order to show a more realistic spread. The noise was added 

similarly to Deblonde, 2000. A Gaussian distribution was created with a standard 

deviation of 10% of the first guess for mixing ratio, and then randomly added and 

subtracted from all mixing ratio first guess data. 

Examining Figure 6.2 shows that the retrieval is in fairly good agreement with 

the radiosonde first guess data, with the exception of the upper TPW region (above 

40 mm). There appears to be a low bias in this upper TPW regime, and some of 

this can be accredited to coastline data points. This is caused (most likely) by the 

cold ocean background contaminating the land scenes and causing the satellite to 

see less water vapor than the radiosondes. The Jacobians for land emissivity 

signatures are much smaller than for ocean backgrounds, particularly in high 
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moisture regions. If the retrieval sees an ocean scene where a land scene exists, the 

user will associate the ocean scene with a lower sensitivity to water vapor. In order 

to explore the validity of faulting coastline points, two separate plots were made: a 

plot of only coastline data points from the match-up, and a plot of only non­

coastline data points. Figure 6.3 is a plot of the retrieval versus radiosonde TPW 

amounts for only coastline data points. As can be seen, the upper TPW region still 

has a low bias with respect to the radiosondes. The lower TPW values still seem to 

correspond fairly well with the radiosonde data, however there is a very slight high 

bias below 25 mm. Figure 6.4 is a plot of the retrieval versus radiosonde TPW for 

only non-coastline data points. This figure serves as a more confident measure that 

a bias is contaminating the coastline points. These non-coastline data points have a 

very even distribution and seem to have only random scatter as opposed to a 

systematic bias. 

Part of this bias may also be caused by the emissivity first guess, which comes 

from the Microwave Emissivity Model (MEM). The MEM has notoriously had 

trouble resolving emissivities near coastlines, and can also be causing ocean 

emissivity signatures over land regions. The retrieval version of Cl DOE used in 

the present study does not have knowledge of clouds, therefore it is not able to 

distinguish between cloudy and non-cloudy pixels. This may also serve as a source 

of bias in the retrieval as well. 

The retrieved TPW was then plotted against the GPS TPW in order to produce 

Figure 6.5 . All of the latitude and longitude points where plotted on a global map, 

and were then matched to corresponding GPS stations. There were 26 GPS match-
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up points spread over the east and western coasts of the United States, as well as 

over Alaska, Hawaii, and Puerto Rico. The agreement between the retrieval and the 

GPS TPW amounts is not quite as good as in the radiosonde case. This is partially 

due to the significantly smaller GPS TPW database as compared to the radiosonde 

stations. However some of the bias comes from the dislocation between the 

retrieval and the radiosonde data. For example, some of the higher TPW cases 

come from the island of Kauai, Hawaii . The GPS station at Kokole Point is on the 

west side of the island, which is notorious for being the wettest area in the United 

States of America. The retrieval, however, covers the southeast side of the island 

near the area of Lihue, which is significantly drier. September 2003 showed near 

normal monthly precipitation at Lihue of2.73 inches, whereas the western side of 

the island reported anywhere from 190 to 213 % of average with the station at 

Kokee reporting 6.64 inches of precipitation for the month. Point Barrow was 

another trouble point, as the retrieval was disjoint from the GPS site by about 30 

kilometers. Both the retrieval and the GPS site were located on or near the coast in 

both cases, which also causes bias due to the first guess and ocean contamination 

discussed earlier. 

Having a very solid knowledge about the nature of the data points that were fed 

in to the retrieval served to be very valuable. Had the match-up data points not 

been investigated, this co-location bias may not have been uncovered. This could 

have led to believing that the data had another systematic bias that needed to be 

detected. 
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The RMS differences between the radiosondes and the retrieval were plotted 

and can be seen in Figure 6.6. This shows the same general trend as Figure 6.2, and 

provides an easier way to detect bias in the retrieval. As can be seen, most of the 

difference between the two methods lies under IO mm. 

Figure 6.7 shows a histogram of the land emissivity values. This not only 

serves as a sanity check that these retrievals were in fact done over land regions, but 

also is a good indicator of the location in the emissivity spectrum where the data is 

most concentrated. As can be seen, most of the data comes from areas with an 

emissivity greater than 0.9. Most seem to be concentrated about the e=0.95 line, 

which gives confidence that these are truly land retrievals. 

6.2 Conclusions 

Bias detection and removal was an important first step for ensuring that the 

retrieval would produce accurate and meaningful results. The antenna pattern 

correction was developed and implemented, and showed not only improved 

radiances, but also the effect of the correction on the state vector elements 

themselves(Nielsen et al., 2005). This work exposed the need to be aware of all of 

the calibration and bias removal that has been performed by the instrument 

manufacturer. Many scientists have used this data without applying a sidelobe 

correction, degrading the value of their data. This occurs simply because some 

users assume that these tests have been done without actually performing a quality 

control check. 
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The analytical Jacobian proved to be a very valuable tool for diagnosing the 

information content of the retrieval. Examining the vertical profiles of the Jacobian 

with predetermined frequencies highlights the channels that are best suited for 

retrieving particular parameters. This also shows problem areas where there may 

not be enough information to perform an adequate retrieval, allowing the user to 

reconsider channel configurations. Due to the fact that the physics is essentially 

consistent between satellite platforms, this information can be easily used for 

channel selections on other space-borne microwave radiometers, such as A TMS 

(Advanced Technology Microwave Sounder) or CMIS (Conical Scanning 

Microwave Imager/Sounder). 

The Jacobian research conducted on the CI DOE showed that the profiler 

channels (183 GHz) are able to provide excellent middle and upper tropospheric 

water vapor knowledge at any emissivity. The imager channels do lose a 

considerable amount of sensitivity as the emissivity begins to approach unity, 

however most of the channels still retain signal that is above the instrument noise, 

allowing lower tropospheric water vapor to be retrieved. Strong dependence of the 

Jacobian to emissivity in atmospheric layers near the surface does present a 

problem that will hopefully be overcome in the immediate future. 

Running the retrieval with a highly accurate first guess enabled the detection of 

bias in the forward model. It also served as an upper bound as to how well the 

retrieval can perform. This is important because it shows whether or not the 

CI DOE will be capable ofretrieving water vapor with any accuracy. The bulk of 

the RMS differences between the radiosondes and the retrieval were below 5mm, 
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which corresponds to a total difference ofless than 20% in most cases. This shows 

a lot of promise for this retrieval, especially when considering the areas of 

improvement that can easily be made (see Section 6.3). The GPS match-up showed 

good results for lower values of TPW, however, it underestimated the higher values 

by 20-35%. This can be explained when considering the distance between the GPS 

station and the footprint of the retrieval as discussed in Section 6.1. These upper 

TPW regions are also coastline retrievals, thereby introducing the bias previously 

discussed in Section 6.1. 

The CI DOE retrieval underwent a calibration and bias removal procedure that 

involved an antenna pattern correction for the AMSU-B instrument that may also be 

applied to other microwave satellite platforms. The analytical Jacobian was 

examined and the retrieval was determined to be able to detect tropospheric water 

vapor with decent skill. The CI DOE was run with a highly accurate first guess and 

was validated against radiosondes and GPS TPW data. Validation exposed a 

systematic bias with the retrieval. Several reasons for this bias were discussed. The 

TPW values agreed within 20% when compared to radiosondes, and within 20-35% 

for GPS. These results give confidence that AMSU can detect TPW over land for 

both weather forecasting and for climate studies. The current capabilities may be 

improved further once bias sources are dealt with satisfactorily. 
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6.3 Future Work 

As with any retrieval scheme, numerous ways exist in order to improve the 

validity of the results produced. A liquid and ice cloud module needs to be 

implemented as the current retrieval has no knowledge of clouds. This would make 

cloud screening possible, as well as providing an improved vertical profile of 

mixing ratio and temperature. A better first guess for emissivity is also needed, and 

will come from a composite of retrieved emissivities instead of the MEM. 

Exploration in to better covariance matrices is needed as well as looking in to A­

matrix metrics. 

The first guess for water vapor will come from GDAS (Global Data 

Assimilation System) as to provide a retrieval that is not based on an impossible 

first guess scenario. This first guess scenario is impossible due to the fact that the 

radiosonde match-up dataset had radiosonde launches that occurred after the 

satellite overpass. In addition, the GDAS first guess will be able to provide data 

over a larger land area. The retrieval should also be more heavily validated against 

the GPS TPW data. Once the retrieval is not dependent on a radiosonde match-up 

dataset that eliminated retrievals over the Great Plains of the United States of 

America, GPS validation will become easier and much more meaningful. 

GPS data may also be an attractive choice for a first guess ofTPW in future 

retrievals, especially with GPS occultation data becoming more readily available. 

GPS TPW data has been known to be of high accuracy, however, there are other 

ways that GPS will be able to contribute to first guess fields of the Cl DOE as well. 
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Radio occultation data may be able to provide a water vapor profile from 6 - 24 km 

above earth's surface. These data will serve as an accurate detection of the 

tropopause height due to bending angle geometry. For these reasons, GPS will 

prove to be a valuable constraint on the CI DOE retrieval. 

Once these things have been performed, the retrieval will be better suited to 

retrieve water vapor over land. This new land retrieval method will then be ready 

to be applied to aid synoptic weather forecasting worldwide, as well as serving to 

create a more accurate climate record. Its impact on global data assimilation will be 

determined and will most likely improve water vapor fields over land, especially 

under cloudy conditions. 

The calibration and Jacobian analysis procedures will prove to be valuable to all 

users of satellite data. The antenna pattern correction will sen·e as a necessary 

component to any microwave retrieval. Jacobian analysis will enable satellite data 

users to determine a retrieval 's capability to retrieve state vector parameters at 

varying frequencies under changing atmospheric conditions. It will also serve as a 

roadmap to sensor design and channelization for many forms of remote sensing 

platforms that have yet to be developed. 
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Figure 6.1: A global map of the radiosonde and retrieval match-up data 
locations. 
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Figure 6.2: A plot of the radiosonde TPW versus the retrieved TPW. 
Units are in millimeters (mm). 
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Figure 6.3: A plot of the radiosonde 1PW versus the retrieved 1PW for 
only co臨tline data points. Units are in millimeters (mm). 

· 、 -．， - r' , I' e> 「｀． ;I j , ;,•/; :'1 
r..--－-－一r, I I, ' I' _ _. 

/ ... 

/ 
.,·, 

, ,' ''' 

I 
.., 

Figure 6.4: A plot of the radiosonde TPW versus the retrieved TPW for 
only non-coastline data points. Units are in millimeters (mm). 
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Figure 6.6: A plot of the radiosonde and retrieval RMS difference (in mm). 
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Figure 6. 7: A histogram of the retrieved emissivities. 
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