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ABSTRACT OF THESIS 

EXPLORATORY STUDY FOR DETECTING LOW CLOUDS(BASE < 10,000 FEET) 
OVER THE SOUTI噩STERN UNITED STATES USING TROPICAL RAINFALL 
MEASURING MISSION l\1ICROWA VE (TRMM) IMAGER 85.5 GHZ DATA AND 

COINCIDENT 10.8 MICRON INFRARED DATA 

Recent research in retrieving cloud liquid water over land using the 85 .5 GHz 

microwave channel has shown limited success. This work usually requires extensive 

manipulation of the data to correct for atmospheric effects, and to eliminate rain events 

Even with these corrections, the over-land methods must still address the complex spatial 

variability of soil and vegetation characteristics, which have a profound affect on surface 

emissivity, e.g ., a non-uniform background. This work uses the Normalized Polarization 

Difference(NPD) method in an attempt to identify low cloud signature over the 

Southwestern United States from 1 June to 31 August 1998. This will provide nighttime 

capability in identifying low-cloud areas over data-sparse, data-denied regions with 

relatively uniform terrain characteristics. The development of a simplified method for 

use in data-sparse, data-denied regions was of prime importance 

In order to identify low clouds, effective surface emittance calculations were made 

using co-located Tropical Rainfall Measuring Mission Microwave 85 .5 GHz data and 

coincident 10.8 µm infrared data for clear-sky conditions. Based on previous work, the 

Southwestern United States, in general, should have the large polarization differences(> 
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0.015) as well as uniform skin temperatures, which could provide a suitable background 

to detect low cloud signal above the background noise. Eleven sites were chosen based 

on varying degrees of polarization difference, as well as having available surface and 

upper air data. In situ surface observations were used to identify the low cloud base, 

while the infrared brightness temperature at 10. 8 µm was used to estimated the cloud top 

height using the nearest upper air sounding. The estimated cloud thickness was 

calculated from this data. 

Extensive efforts were made to eliminate multiple cloud layers, which would have a 

negative impact on brightness temperatures. A scattering index, the Grody algorithm, 

and surface observations were used to filter precipitating clouds. The results using a 

linear regression best fit indicated poor correlation(R ) between the NPD and the 

2 estimated low-cloud thickness with values ofR" ranging from 0.002 .to 0.345. Four 

primary error mechanisms were identified, and quantified. The uncorrected atmosphere 

accounted for about a O. 7-1. 7 K error; horizontal variations in infrared temperature on the 

scale of 2. 0-7. 3 K; instrument noise of about 1. SK; and effective surface emissivity 

relative uncertainties ranging from 0.22- 1. 16% . Future improvements in sensor noise 

characteristics and resolution, as well as the ability to perform instantaneous atmospheric 

corrections using coincident sounder and microwave imager data should lead to a viable 

NPD method over land. 
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Chapter 1 

Introduction 

There has been a large amount of research conducted in the area of estimating cloud 

liquid water and cloud properties over water surfaces using passive microwave data. The 

over-water microwave algorithms benefit from the fact that the radiative effects of cloud 

water are large due to the low microwave emissivity of the surface (approximately 0.5); 

therefore clouds appear radiatively warm over the colder water background 

Comparatively, there has been very little work done in retrieving cloud liquid water 

amounts and cloud properties over land using passive microwave data other than 

exploratory studies and simulations. The difficulty in measuring cloud liquid water 

amounts over land is primarily due to the horizontal variation of soil types, vegetation 

types, and the moisture content of the soil, all of which greatly impact the surface 

emissivity values. The poor spatial and temporal resolution of passive microwave 

sensors, in general, has also contributed to the difficulty in retrieving cloud parameters 

over land since there is typically large variability in surface properties within the 

instrument' s footprint 

One of the more important benefits of using passive microwave measurements over 

land is their ability to penetrate layered clouds and retrieve cloud information at night or 

day. This data would be invaluable, especially over remote, data-sparse areas of the 



globe. Unfortunately, the capabilities of passive microwave over land have yet to be 

proven to the extent that justifies increased spending to improve the resolution and noise 

characteristics or to motivate extensive research. 

1.1 Viability of Over-Land Retrievals 

A number of simulations have shown that cloud liquid water path(LWP) can be extracted 

from microwave data. Diak (1995) used the 183-GHz water vapor data (channel 19 and 

20) from the Advanced Microwave Sounding Unit (k\1SU) to estimate column cloud 

water amounts for non-precipitating cloud. Diak showed that when there is adequate 

signal to noise, the effective cloud fraction could be used successfully as a proxy for 

cloud liquid water amount under varying surface emissivity, atmospheric conditions, and 

cloud conditions. The exploratory study by Jones and Yonder Haar (1990) indicated that 

there is promise in estimating cloud liquid water path(LWP) over land surfaces. This 

was substantiated further by recent work (Greenwald et al ., 1997) that has demonstrated 

that detection and retrieval of cloud liquid water over land surfaces is indeed feasible 

under certain conditions using the highest frequency channels of the Special Sensor 

Microwave lmager (SSM/1), e.g., 85 .5 GHz 

There is no doubt in the research and operational meteorology community that further 

research into developing reliable methods that can extract cloud properties over land, e.g., 

cloud liquid water, cloud height, etc., would be invaluable. Cloud liquid water path 

(LWP) is one such parameter that might possibly be useful as an indicator of potential 

aircraft icing(Popa Fotino et al., 1986). Cloud water is a primary influence in the 

transfer of infrared and visible radiation, so that an understanding of the three-

2 



dimensional distribution of this quantity would benefit the radiative transfer components 

of atmospheric models(Diak, 1995). In context of global climate studies, satellite 

estimates of cloud L WP can also contribute to a better understanding of the connection 

between cloud physical properties and the radiation budget, which is important since 

clouds are known to have a significant impact on the radiation balance of the earth. Over 

remote, data-sparse regions of the world, the ability to extract cloud properties, e.g., 

identification of cloud decks or L WP, would provide vital information to the military 

planners for anti-aircraft weapon avoidance, and could provide input into complex 

weapon targeting algorithms. Additionally, passive microwave techniques have potential 

to provide quantitative information on whether or not precipitation is occurring below 

layered clouds, or whether there is a low deck of stratocumulus beneath a cirrostratus 

overcast. 

Over-land passive radiometry research remains a daunting challenge, however, there 

must be a continued drive to improve both passive microwave sensors and techniques 

This work represents one such exploratory study addressing the operational requirement 

for a quick-tum microwave satellite product. Specifically, this work addresses the need 

for a day/night cloud identification product for use in remote, data-sparse, data-denied 

regions. 

1.2 Research Objectives 

The primary goal of this research is to utilize the so-called Normalized Polarization 

Difference(NPD) method (Greenwald et al., 1997) to detect non-precipitating low clouds 

(bases less than 10,000 feet) over the Southwestern United States in the period from 
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June-August 1998. NPD is derived more completely in chapter 5, and is equal to the 

microwave brightness temperature difference at 85 .5 GHz divided by the polarization 

difference at 85 .5 GHz, 1::,.Taf!::,.s. Although, the NPD method was originally created to 

find cloud liquid water path over land, this work 面11 apply the NPD method to the 

related area of cloud detection in an attempt to separate low cloud signals from the 

background signal using the degree of depolarization of the signal 

Previous work by Jones and Yonder Haar (1997) and Combs et al. (1998) have 

shown that this region, in general, has a significant surface polarization difference greater 

than the background noise. Clouds act to depolarize the radiation, therefore, as cloud 

thickness increases there should be greater depolarization. Cloud thickness values will be 

calculated from in situ surface observation and upper air data, and will be correlated to 

NPD measurements. This work hopes to take advantage of the benefits of the NPD 

method, and of the improved spatial resolution of the Tropical Rainfall Measuring 

Mission (TRMM) Microwave lmager (TMI) 85 .5 GHz channel, so that the background 

surface emissivity can be more accurately determined. 

This work will also explore and attempt to quantify the errors involved in passive 

microwave radiometry over land, e.g., instrument noise, horizontal variability of effective 

surface emissivity, etc., and their impact on the development of a simple low-cloud 

identification method 

1.3 Overview 

Chapter 2 will focus on the theory and assumptions used in passive microwave radiative 

transfer theory that provide the basis for this work, and specifically as they pertain to the 
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non-precipitating cloud case. Further, this chapter will examine the atmospheric and 

surface effects. Chapter 3 will discuss the processing and calibration of the TMI and the 

visible/infrared sounder (VIRS) data. The unique aspects of the applicable sensors that 

are relevant to this work will be covered briefly. It will also discuss the method used to 

co-locate and merge the TMI and VIRS data into a common projection. Chapter 4 

summarizes the effective surface emittance retrieval procedure, which is a clear-sky 

method, and introduces a conservative cloud-free discrimination threshold. The results 

will be presented, and the effective surface emittance and effective surface emittance 

composite calculations will be substantiated by a detailed error analysis of the method 

and approximations used. Chapter 5 函11 discuss the development and evolution of the 

NPD method. Its theoretical basis, and its strengths and weaknesses will be addressed 

from a mathematical and physical approach. Results will be presented for selected sites 

within the area of interest, namely the Southwestern United States 
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Chapter2 

Fundamentals of Passive Microwave Remote Sensing 

The microwave region of the electromagnetic spectrum extends from roughly 0.3 to 

300 GHz (1 m to 1 mm in wavelength). Figure 2.1 illustrates the clear sky transmittance 

through the atmosphere for the microwave spectrum. Atmospheric windows are apparent 

near 35, 90, and 135 GHz while strong 0 2 absorption bands occur near 60 and 120 GHz. 

A strong water vapor absorption band is located near 180 GHz with a much weaker 

absorption band around 20 GHz. 

\
I 

[
[
/ 

, [\

\\

!
' 

;\ 4
I

l
'
L
1

_
r

.
I
F
'
.
'_
r

I
·
卜

＇
．

o

' .

87

L5 

t"

0 

C·

'J

C 

3
3
ZYl

l
lWSN\f~

l 

TofOI 

- - - - HzO 

。2

0 .4 

0 . 3 

0 .2 

0 . 1 

% 

、、

20 4 0 60 8 0 100 120 14 0 160 

I 
··- -L • · 』 · -

180 200 2 2('2 -. :• 260 2 8 0 300 

FREQUENCY ( GH z) 
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Afmospheric transmittance, however, can change considerably depending on the mean 

atmospheric conditions (see Fig. 2.2). · In the window region near 85.5 GHz, the polar 

atmosphere has significantly greater transmissivity than the hwnid tropical atmosphere, 

or the standard atmosphere. 
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Figure 2.2: Atmospheric transmittivity as characteriz.ed by different surface 
temperatures T。 and integrated water vapor co皿nt Mv (from Ulaby, 1981). 

This work will be concerned primarily with the atmospheric window that includes 85.5 

GHz, and uses the transmittance form of the radiative transfer equation. 

2.1 Transmittance Form of the Microwave Radiative Transfer Equation 

The upwelling intensity at the top of the atmosphere can be expressed by the 

transmittance fonn of the integrated radiative transfer equation at frequency v for both 

the vertical and horizontal polarization 
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lu(O) = BuBJT.凡(p,,O)

。
寸B[T(p)］

6TU (p,0) 
u d 

面
p 

P, 

+(1-eu)[,u(P.,0)]2 f 2 ° BJT(p)］朊（冗，0)

p.[TU(p,O)f op 
dp 

+ (1- eJ[,u(P.,0)]2Bu(TspacJ 

(2.1) • 

where E is the surface emissivity, Bv is the Planck function, Ts is the surface skin 

temperature, t v is the total transmittance of the atmosphere, p is the pressure, and T space is 

the cosmic background temperature. The first term in equation 2.1 is the emission from 

the surface attenuated by the atmosphere, the integral terms are the direct contribution 

from the atmosphere, and the contribution reflected by the surface; and the last term is the 

radiation from space reflected by the surface. As we can see, the radiance is a function of 

surface skin temperature, surface emittance, the atmosphere's transmittance, which is a 

function of the temperature and moisture profile, and the deep space emission 

temperature. Since the deep space emission temperature is small (T space ~ 2. 7K) in 

comparison to the atmospheric emission temperature above 5 GHz, it is usually 

neglected, but is presented here for completeness. The radiometer views emission from 

the atmosphere, surface, and from reflected emission(Figure 2.3). 
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Fig. 2.3: Satellite-bome radiometer observing the earth at a nadir angle e (from 
Ulaby, 1981). 

The surface term is a function of the surface skin temperature, surface emissivity, 

wavelength, and the pressure. The microwave radiative transfer equation in equation 2.1 

incorporates the Rayleigh-Jeans limit, and further assumes that the atmosphere is a non

scattering, plane-parallel atmosphere with a non-blackbody, surface boundary condition. 

2.1.1 Rayleigh-Jeans Limit 

The typical cloud drop sizes for non-precipitating clouds are less than 20 µm. In these 

cloud types, absorption or emission effects and the transmissivity of cloud liquid water is 

strongly linked to the cloud water vertical distribution and the atmospheric temperature 

profile(Diak, 1995). The representative droplet size distributions are shown in figure 2.4 

(Liou, 1992) and Table 2.1(Liou, 1992) for selected cloud types. Fair weather cumulus 

has a narrow droplet size distribution with the largest radius at about 20 µm and a mean 
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radius near 4 µm. Cumulus congestus droplet radius is generally less than 20 µm, but can 

extend up to 40 µm. Cumulonimbus has a much broader droplet size distribution that 

extends to a radius of 70 µm. Both stratocumulus and stratus (over land) exhibit droplet 

radii ranges well under 20 µm. Mean droplet size data from Stephens (1994) indicates a 

higher mean radius, near 20-24 µm for cumulus congestus and cumulonimbus with 

maximum radius closer to I 00 µm. 
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Fig. 2.4: Droplet size distri洫ion of fair weather cumulus, nimbostratus, cumulus 
congestus, and cumulonimbus (from Liou, 1992). 
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N 「m Ar LWC 

Cloud` lnve`屯·tor (cm 一 3 ) (µm) (µm) (gm一 3)

Low St I (ocean) Nciburgcr 464 3. 5 0--16 0.24 
clouds St ll (land) Diem 260 4.5 0-20 0.44 

Sc Diem 350 4.0 0-12 0.09 
Ns Diem 330 4.0 0-20 0.40 

Middle As Diem 4只） 4.5 0..13 0.41 
cIouds Ac aurm Kampe 5.0 0-12 

and Weickmann 

Cumulus Cu (fair Bunan and 293 4.0 0-2O 0.33 
wealher) Reitan 

Cu (congcstus) Durbin 207 3.5 0-40 0.66 
Cb Wcickmann and 72 5.0 0-70 2.50 

aufm Kampe 

Table 2.1: Characteristics of the droplet siz.e distnl>ution for various cloud types (from Liou, 
1992). 

Therefore the low-frequency limit where hv << kT follows, and the Planck function can 

be approximated as 

Bu(n~~ 
2u2kT 2.kT 

c2 12 (2.2) 

where A is the wavelength. Note the linear relationship of the Planck function with the 

physical temperature. This allows the intensity to be scaled as 

A2 
Tb(v) =— I 2k -v 

(2.3) 

This expression defines the Rayleigh-Jeans equivalent brightness temperature and which 

is the intensity in the radiative transfer equation(RTE) but has been dimensionally scaled 

to give units of degree~ Kelvin. This definition is not an approximation in itself (Janssen, 

1993). The solution of the RTE can be rewritten as 

兀 (v) = TbO(v)e心）十「」包孑0ads (2.4) 
`(v, T. )) 

where the background brightness temperature T bO is derived from our general boundary 

condition as 
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A,2 
Tb() ＝五 l0 (s 。 ) (2.5) 

The factor 

9?(v, T) = 
2kT 1 kT LhtikT ——=—(ebU'k l -1) (2.6) 
A2BU(T) hu 

can be seen to be just the ratio of the physical temperature T of a blackbody emitter to its 

brightness temperature Tb, namely, 

T 
91(u, T) = :::- (2.7) 

Tb 

Expanding m (v, T) in terms of hv/kT, we have 

鯽T)＝五［昔］十 玉［昔］2 十 (2.8) 

where we see that 91 is always greater than unity, and approaches 画ty in the Rayleigh

Jeans limit (Janssen, 1993) 

Equation 2.4 is exact as far as the Planck law is concerned. The Rayleigh-Jeans 

approximation is incorporated by setting 罪＝ 1 , giving 

so 
兀(v) = TbOe頭）十 fT(s)e·•(s)a ds (2.9) 

。

This is the form of the radiative transfer equation commonly used in microwave remote 

sensing. It is more accurate than one would expect at first glance; if one assiduously 

holds to the Rayleigh-Jeans approximation to include the calibration of a radiometer 

against blackbody targets, then this equation is actually correct to the first order in hv/kT 
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in spite of having neglected this and all higher orders when we chose 9?=1 (Janssen, 

1993). 

Equation 2. 9 is a simple weighted average over the physical temperature of an 

atmosphere. The emission aT ds from each element is attenuated by a factor e•t by the 

intervening medium as it travels toward the point of measurement. The sum of these 

contributions represents an average temperature along the propagation path weighted at 

each point by ae•t_ The radiative transfer equation expresses the forward problem: if the 

absorption and temperature are known along the path of propagation, then the brightness 

temperature can be computed from this equation (Janssen, 1993) 

The simple form of the RTE given by Eq. 2.9 can be used for most applications 

without concern for the errors introduced by either the Rayleigh-Jeans approximation or 

the neglect of scattering. Deviations from the Rayleigh-Jeans approximation become 

more important as microwave remote sensing is extended to higher frequencies, and as 

applications at all frequencies become more exacting. Also, whereas typical cloud 

particles are not significant microwave scatterers, rain is, and is encountered frequently in 

tropospheric remote sensing. These approximations are no longer valid when the cosmic 

microwave background is present either as a cold-temperature reference or as the 

background term T bO 

2.1.2 Non-Scattering Atmosphere 

The total power lost from the path of propagation due to scattering must be small 

compared to that involved in absorption or emission, and this depends on the case 

Specifically, let us consider scattering unimportant if the power lost from the beam due to 
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scattering in each volume element is small compared to the power absorbed in that 

element, or, more conservatively, if the ratio of the scattering to absorption cross-section 

QJQa is small for the scattering particles involved. Ifwe consider that the reemitted 

power will be comparable to that absorbed, then the net fraction of the total radiance due 

to scattering that is ultimately measured will then be less than or equal to this ratio. This 

is particularly true if there are other sources of absorption involved, and the condition can 

be overly conservative in some cases. 

The condition is meaningful when considering liquirl water, a strong microwave 

absorber that tends to dominate the radiative transfer process when it's present in even 

modest amounts in the form of clouds or rain. 
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Figure 2.5 : Ratio of scattering to absorption cross-section for water 
spheres of radius r. Typical droplet-size 呾ges are indicated for 
clouds with and without rain (from Janssen. 1993) 
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In the figure above (Janssen, 1993), we show the ratio QJQa for single spherical water 

droplets of radius r that have been calculated using the frequency-dependent dielectric 

constant of water at a nominal temperature of 10° C. The solid portions of the curves 

indicate the region where the Rayleigh scattering criterion 21tr << A is valid, and the 

dashed upper region indicates the transition to the Mie scattering regime. 

The upper limit for cloud droplet radii in the atmosphere is around 0.1 mm (100 µm) 

Thus, at the frequencies commonly used for remote sensing of the troposphere--about 20-

90 GHz--absorption in liquid water cloud regions exceeds scattering by at least two 

orders of magnitude, and we would expect errors to be comfortably less than 1 % if we 

neglect scattering in the retrieval temperatures in this frequency regime. When cloud 

droplets coalesce to form rain, on the other hand, the resulting particle sizes approach the 

wavelength at all microwave frequencies. Drop-size distributions are highly variable, 

with the mean drop radius tending to increase with rain rate--from 0.5 to 1.5 mm (500 

to1500 µm) for light to heavy rainfall, well into the Mie regime (Janssen, 1993) 

2.1.3 Plane-Parallel Approximation 

The plane-parallel assumption is commonly employed in satellite meteorology. The 

distance along the atmosphere path ds is related to the vertical depth dz by 

ds = sec碲

where 0 is the satellite zenith angle of incidence at the surface as measured from the 

vertical. Figure 2. 6 is a diagram of the plane-parallel atmosphere. By making this 

assumption, the temperature and absorption coefficients are functions of height (vertical 
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coordinate z) only. It follows that the intensity is a function of the vertical position and 

zenith angle. 

SATELLITE p • 0 

dz T(pl,u(p l 

8 

EAF而's SURFfiC.E 

Figure 2.6: Plane-parallel geome臣 (Jones, 1988) 

2.1.4 Non-Blackbody Surface Boundary Conditio■ 

In the microwave region of the spectrum, the surface does not emit as a blackbody but 

rather as a gray body. The surface in this case emits less than a blackbody and does not 

necessarily absorb all the energy incident upon it. An electromagnetic wave incident 

upon a surface boundary can be described by the reflectance, absorptance, and 

transmittance. These quantities must sum to one to assure conservation of energy. 

Surface emittance, Ev, is a quantity related to the reflectance and is described as the ratio 

of the observed brightness temperature to the brightness temperature of an ideal 

blackbody in thermodynamic equilibrium, 
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TMW 
Cu= -

TBB 

(2.9) 

In addition, if the surface is considered opaque, then the surface emittance is directly 

related to absorption. The other component of the radiance at the surface is due to 

reflected radiation from above the surface. The deep space emission due to cosmic 

background radiation, another component of surface radiance, is neglected because of its 

small relative contribution to the total upwelling radiance 

2.2 Atmospheric Effects 

2.2.1 Gaseous Absorption 

Microwaves have a wide range of behavior at different spectral regions. In the lower 

frequencies, 1-15 GHz, the atmosphere is transparent even to clouds and moderate rain 

rates, but in higher frequencies (> 15 GHz) molecular absorption bands become more 

prominent and the atmosphere becomes more opaque to microwave radiation. The main 

gaseous constituents attenuating the radiation are oxygen and water vapor. Water vapor 

is highly variable and is concentrated at the lowest levels of the atmosphere with 

attenuation increasing for increasing amounts of water vapor at a given temperature and 

pressure. 

The window regions of the microwave spectrum are not true windows, and the window 

in which the TRMM 85.5 GHz channel resides has more attenuation than the 22.235 GHz 

water vapor absorption line. The low frequencies in the 1-10 GHz range have low spatial 

resolution and are used mainly for estimating land and ocean surface parameters due to 

their ability to penetrate clouds and most vegetation. 
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2.2.2 Absorption by Hydrometeors 

Spherical particles can absorb and scatter microwave radiation and the complete 

solution for a single particle of radius r can be represented by the scattering, absorption, 

and extinction cross-sections, 八 Aa, 入 A representative volume in an atmosphere can 

contain several particles of different sizes, which interact with the electromagnetic 

「adiation. The combined effects of the particles in the volume can be represented by the 

volume absorption coefficient, 

'̀ 
a . = J n(r)A. (r)dr, (2.10) 

。

where n(r) is the drop-size distribution, and r is the particle radius 

There are two alternatives at this point, one is to assume that the particles are relatively 

small and malce the Rayleigh approximation, and the other is to consider the particles 

large enough to require the full Mie equations. Of considerable convenience is the 

natural size differential of cloud droplets and precipitation, which enables atmospheric 

liquid water to be divided into two classes: non-precipitating clouds and precipitating 

clouds(Deirmendjian, 1963). Assuming non-precipitating clouds allows the application 

of the Rayleigh approximation for the TRMM frequencies. This yields, 

8冗 2 C0 

叩＝了Im{-K}[ p(r)r3dr, (2.11) 

and since the cloud water content in the volume is given by, 
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mu = 
4冗A CX) 3 
了－f p(r)r3dr, 

。

(2.12) 

6冗
6．＝一Im{-K}m，

~A 
(2.13) 

where PL is the water density, the volume absorption coefficient is directly related to 

cloud water content, 

6元
@ ＝一Im{-K}mv .

心n
(2.14) 

The absorption coefficient is not a function of the droplet size distribution in the Rayleigh 

limit, and allows the calculation of the absorption coefficient with a more convenient 

parameter, liquid water content(Westwater, 1972) 

However, the full Mie theory must be used for precipitation-sized particles. When 

scattering processes are included, the high frequency channels such as the 85 .5 GHz 

channel can have brightness temperatures well below their actual thermal temperature as 

shown by Wu and Weinman (1984) using their radiation model in Figure 2.7. This is due 

to the scattering of cold deep space radiation by the large precipitation sized particles into 

the satellite's sensor. Brightness temperatures at 85 .5 GHz can be as low as 100 K, which 

represents a dynamic range of approximately 200 K 
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Figure 2.7: Brightness temperature - rain rate relationships at 
18, 37, and 85 GHz from radiative transfer modeling of Wu 
and Weinman (1984). 

The most responsible component for the large scattering effects are ice particles in the 

higher levels of the precipitating clouds. Figure 2.8 from Spencer et al. (1989) shows that 

ice and water have comparable volume scattering coefficients but that ice has negligible 

volume absorption compared to water which is the cause of the significantly higher single 

scatter albedo of ice than for water 
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Figure 2.8: Mie volume scattering coefficients (top), volume absorption coefficients 
(middle), and single scattering albedos(bottom) for a M譌區ll-Palrner precipitation size 
distribution of water and ice spheres at three frequencies (GHz) (Spencer et al., 1989). 

2.3 Surface EfTects and Polarization 

A key to understanding microwave remote sensing techniques is to realize that the 

surface emittance can vary depending on the electromagnetic properties of the surface 

For land the surface emittance varies due to soil moisture content and can range from 

near unity for dry soils to less than 0.6 for wet soils(Wang and Schmugge, 1980; 
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Schrnugge, 1985). As mentioned before, passive microwave remote sensing of the 

atmosphere over a land surface is a challenge due to the complex soil and vegetation 

characteristics, and difficulty in retrieving cloud variables. 

Ulaby (1986) calculated the brightness temperature for three moisture conditions(Fig 

2.9), and showed the significant changes in brightness temperature that can occur when 

soil is wetted for a 52.8° angle of incidence. There is a sharp divergence of the horizontal 

and vertical polarization brightness temperatures when the angle of incidence is greater 

than 10 degrees, and for 52.8 degrees there is a near 100 K brightness temperature 

difference. 
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Fig. 2.9: Calculated brightness temperature for a homogeneous soil medium 
with a specular surface at three moisture conditions(U1aby, 1986). Horizontal 
polarization is shown in thicker, bolder line. 

Polarization of electromagnetic radiation is another surface effect and is of primary 

importance in the Normalized Polarization Difference(NPD) method since it is the 
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depolarization of microwave radiation that is essential in identifying clouds and cloud 

liquid water. Reflection varies widely for natural surfaces and is dependent on 

wavelength, angle of incidence, angle at which the surface is viewed from space, and the 

physical characteristics of the surface itself There are two distinct processes responsible 

for the reflection of radiation at the earth's surface 

The first is specular (mirror-like) reflection and the second is diffuse reflection (i.e., 

from a rough surface). Real reflection from the earth's surface is composed of both 

diffuse and specular reflection; however, diffuse reflection is usually taken to be 

unpolarized according to Lambert's law, regardless of the state of polarization of the 

incident radiation. Specular reflection is similar to the glare off a table. The reflected 

light is polarized preferentially in the horizontal due to the horizontal polarization's 

higher reflectance. The reflectance of an electromagnetic wave by a specular dielectric 

surface is given by the square of the magnitude of the Fresnel reflection coefficients 

(Reitz et al., 1979) 

12 

cos0－二
Ph= 

cos0+心這正01'
(2.15) 

for horizontal polarization and, 

12 

氐os0－心這五
Pv = 

恋os0+心二詎6! ，
(2.16) 
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for vertical polarization, where 0 is the angle of incidence and e is the relative complex 

dielectric constant for the two mediums. Recalling that e = 1- p, then the surface 

emittance must also have different values for each polarization, with the vertical 

polarization surface emittance generally greater than the horizontal polarization 

Among the most important properties influencing the dielectric constant for land 

surfaces is soil moisture. An increase in the dielectric constant corresponds to a decrease 

in the surface emittance. Soil depth penetration by the electromagnetic radiation has been 

theoretically (Wilheit, 1978b) and experimentally(Nev.rton et al., 1982) determined to be 

on the order of a few tenths of a wavelength. Application to the TRMM instrument 

frequencies show that the effective surface emittance is from the top 1 cm of the soil and 

is there£ is therefore sensitive to surface soil moisture and not sub-surface soil moisture. 

Other influences on the surface emittance are surface roughness, and non-homogeneity 

of the surface, which can be due to vegetation, terrain, etc. for land surfaces (Choudhury 

et al., 1979; Schmugge et al., 1980). For a specular surface the reflected electromagnetic 

radiation is entirely coherent and obeys Snell's Law of0i = Sr, so that the angle of 

incidence equals the angle of reflection. As the surface becomes rougher the scattering 

due to the surface has a larger d唧se component in addition to the coherent reflection 
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Chapter3 

Data 

3.1 TRMM Data Format 

The Tropical Rainfall Measuring Mission (TRMM) data was provided to Colorado 

State University by the National Aeronautical Space Administration(NASA). The 

TRM:M datasets are in the Hierarchical Data Format(HDF). HDF was designed by 

NCSA to address many requirements for storing scientific data, i.e., support for types of 

data and metadata commonly used by scientists, efficient storage of and access to large 

data sets, platform independence, and extensibility for future enhancements and 

compatibility with other standard formats. The primary HDF data structures are 

Scientific Data (multi-dimensional arrays), Vdata (tables of integers, floats, and 

characters), Raster Images, Annotation, and Palette [A sixth, the vgroup object, does not 

contain data and is designed for the purpose of grouping the other five primary data 

objects within an HDF file]. HDF is more than a file format, it also consists of 

supporting software that m呔e it easy to store, retrieve, visualize, analyze, and manage 

data in HDF files. HDF files that contain more than one data element are generally easier 

to work with when the data objects containing related data are grouped together. 

The TMI and VIRS swath data is organized in V groups. Each V group has a tag 

number (Tag), a reference number (Ref), and a classification (Class, i.e., SwathData) 

There are a number of V group Interface Routines used to access the HDF files. 
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The TMI and VIRS data were essentially translated from this HOF format into what is 

called the HDFEOS format. The HDFEOS format has a more rigid structure; however, it 

is easier to merge different datasets, like the TMI and VIRS datasets. This merging of 

datasets in HOF is difficult, since the code is specific to each sensor. Additionally, HOF 

would require a separate remapping program for each sensor while with HOFEOS you 

only need one remapping program to handle both VIRS and TMI. This greatly simplified 

the programming of the algorithms that use both the vlRS and TMI datasets 

simultaneously, where both datasets are remapped to the same projection 

The global TRMM: data was accessed, calibrated, and sectorized into a much more 

manageable southwest US sector using the Data Processing and Error Analysis System 

(DPEAS) (Jones and Yonder Haar, 2001). DPEAS was used to merge the TMI and VIRS 

data. Now the data is available in the HDFEOS structure, which allows for much simpler 

processing and future manipulation 

3.2 TRMM Microwave Imager (TMI) Description 

The TMI is a nine-channel passive radiometer based on the Special Sensor 

Microwave/lmager (SSM/I), which has flown on the Defense Meteorological Satellite 

Program(DMSP) since 1987 (Kummerow, 1998). TRMM was launched in November of 

1997 into a circular orbit, at an altitude of350 km. Because of this low orbit, the TMI 

provides much improved spatial resolution over its predecessor, the Special Sensor 

Microwave/Imager (SSM/I), on which its design is based 
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Figure 3.1: TMI conical scanning geometry(Kummerow, 1998). 
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Figure 3.2: TMl field of view(FOV) 
(Kummerow, 1998). 
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TRMM's orbit inclination of 35° provides extensive coverage in the tropics, from 

approximately 36°-latitude north to 36°-latitude south. The TMI has 5 frequencies and 

dual polarization (see Table 3.1). The data are collected during the forward 130° portion 

of the instrument rotation that results in a conical scanning pattern that yields a swath 

width of758.5 km. The conical scanning pattern has a constant satellite zenith angle of 

52.8°(Fig. 3. 1), eliminating changing limb effects due to varying zenith angle. The 

effective ground resolution of the 85.5 GHz data is 5 km x 7 km with 1 sample per beam 

width. 

Table 3.1. TMI Instrument Characteristics 

Channel 
Number 

Frequency 
GHz 

Polarization 
HorV 

Effective Field 
of View， 拿 km

Sensitivity 
(NE/J,,T),t 

K 
Accuracy, 

K 

VHVHVVHVH l23456789 
10.65 
10.65 
19.35 
19.35 
21.3 
37.0 
37.0 
85.5 
85.5 

63 X 3: 
63 X 3: 
30 X 18 
30 X 18 
23 X 18 
16 X 9 
16 X 9 
7x5 
7x5 

0.63 
0.54 
0.50 
0.47 
0.71 
0.36 
0.31 
0.52 
0.93 

555555555 1111111ll 

Adapted from Kummerow et al. [1998). 
• Using a 3-dBlimit. 
t Average of laboratory measurements. 

The~ data used is level 1B, which are calibrated brightness temperatures (using 

onboard calibration data). Each scan line consists of latitude and longitude values along 

with brightness temperatures for the 208 Effective Fields of View(EFOVs) at 85.5 GHz. 
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3.3 TRMM Visible Infrared Sounder (VIRS) Instrument Description 

The VIRS is a five-channel imaging spectro-radiometer with bands in the wavelength 

「ange from 0.6 to 12.0 µm . It is similar to the Advanced Very High Resolution 

Radiometer (A VHRR) that has flown since 1978 on the National Oceanic and 

Atmospheric Administration(NOAA) series of spacecraft in that both have the same 

center wavelengths and bandwidths(Kummerow, 1998) 

This work will use the IO. 8 µm channel data to determine the surface skin temperature. 

The 10-12 µm band is the most suitable channel for determining the surface temperature 

by space remote sensing, since it is situated in the atmospheric window and the relative 

emissivity of surfaces in this interval is comparatively stable and close to unity 

Radiation from the earth's surface can be considered blackbody radiation and is a 

function of the surface temperature and the wavelength 

3.4 Co-Location of Satellite Data Sets 

A Windows NT data fusion method based on Jones et al.'s (1995) PORTAL (Polar 

Orbiter Remapping and Transformation Application Library), was created to re-map and 

co-locate measurements from the TMI and VIRS instruments into TMI projection. This 

method maintained the full resolution of the satellite measurements while reducing the 

overall computational requirements of the retrieval methods. Data was binned into 

approximately 15 km x 15 km grids 
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Chapter 4 

Measurement of Effective Surface Emittance 

4.1 Surface Emittance Retrieval Procedure 

The instantaneous microwave s山face emissivities were calculated according to the 

alternative procedure in Jones and Vonder Haar (1997) without an atmospheric 

correction. 

4.1.1 Cloud Discrimination 

Cloud-free areas were determined using a conservative threshold IR skin temperature 

of295 K. Areas where the skin temperature was greater than 295 K were assumed cloud

free . This conservative threshold was key in creating a cloud-free, surface emissivity 

background, in which to view cloud properties and their associated polarization signal 

over the background emissivity composite. Microwave surface emittance is only 

calculated for clear-sky conditions since clouds can have a measurable impact on the 

observed microwave brightness temperatures (Jones and Yonder Haar, 1990; Greenwald, 

1997). 
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4.1.2 Surface Emittance Calculation 

This procedure uses a simple effective microwave surface emittance concept where it 

is assumed that the infrared brightness temperature is a close approximation to the actual 

blackbody temperature(U1aby et al., 1986), 

ek ＝严（k）
~(k) ' 

4.1 

where TBMw(k) and TBm(k) are the microwave and mean infrared brightness 

temperatures for the TMI channel k. The mean infrared brightness temperature was 

estimated using the infrared (10.8 µm) data from the TRMM Visible/Infrared Sounder 

(VIRS) data. The infrared brightness temperature closest to the center of the microwave 

EFOV was used as an approximation. For the southwest US in summer, this should be a 

fairly good approximation for a weighted average, however, it does not address the 

differences in topography and the sensor resolution differences. Error involved in this 

assumption was estimated by measuring the horizontal variability of the infrared 

brightness temperature (Table 5.3) over a 5 x 5 grid (about 75 x 75 km area) with relative 

uncertainty less than 3% at all sites. The coincident TMI 85 .5 GHz brightness 

temperatures were used along with the surface skin temperatures to calculate the 

instantaneous surface emissivities (effective surface emissivity), which were then gridded 

and combined into ten-day composites. The data was binned into approximately 15 km x 

15 km grid boxes, and a 90-day surface emissivity composite was calculated for the 

period of June 1, 1998 to August 29, 1998. From these clear sky effective surface 

emissivity composites, the emissivity differential (~e) was determined 

One of the primary error sources involved in this procedure arises from the uncorrected 

atmosphere. Work by Jones and Vonder Haar (1997) showed that the 8 5. 5 GHz channel 

31 



is more sensitive to water vapor than the lower frequencies(Fig. 4.1). Therefore, at 85.5 

GHz the atmospheric correction is a strong function of the effective microwave surface 

emittance value, with the atmospheric correction becoming larger with lower effective 

microwave surface emittance values. This result is expected since the low effective 

microwave surface emittance regions are areas with higher microwave reflectivity and 

this amplifies the water vapor effect of the atmosphere (Jones, 1997). 

Ch.anlein surfoce emittonce versus 
oriairi'ol surface emittance estimate 
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Figure 4.1: Change in the surface emittance versus the effective surface 
emittance estimate using a standard midlatitude summer sounding (from 

Jones and Yonder Haar, 1997). 

Figure 4.2 indicates an atmospheric correction of3 .5% at 85.SH GHz. A larger 

atmospheric correction is present for the horizontal polarizations than for the vertical 

polarizations, as would be expected from their lower effective microwave values (see 

Figure 4.1) (Jones and Yonder Haar, 1997). This shows the change in the surface 

emittance versus the effective surface emittance using a standard midlatitude summer 
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sounding at various microwave frequencies. For surface emittances without an 

atmospheric correction ranging from 0.90 to 1.00, which sufficiently covers the 

emittances in the study, the change begins at approximately-0.14 and decreases to-0.01 

for a 1. 00 uncorrected surface emittance. 
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Fig. 4.2: Mean microwave surface emittances for 」u1y 30 to October 7, 1991. The 
effective microwave surface emittance does not include an atmospheric correction 

(Jones, 1997). 
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4.2 Results 

4.2.1 Composite Surface Emittance 

The effective surface emittance was calculated over an approximate 90-day period from 1 

June 1998 to 30 August 1998 over the Southwestern United States. Specifically, the 

focus area was bounded by 20-40 degrees north latitude and 90-120 west longitude 

Specific sites were chosen (see the Table 4.1 below) based on location and availability of 

corresponding surface synoptic data for the period 

The effective surface emittance has been estimated during clear-sky conditions 

Improved surface temperature measurements are available from the infrared channels 

during clear-sky conditions, thus the surface emittance measurements are more accurate 

than can be measured during cloudy conditions. However, the assumption is made that 

the surface emittance measurements during an earlier time period are representative of 

the surface when clouds move into the instrument field of view(FOV) at a later time. 

From the surface emittance measurements it appears that fast changes on a day-to-day 

time scale in surface emittance are due to precipitation events and not to drying or 

vegetation changes. Also, since the 85 .5 GHz channels are more sensitive to cloud liquid 

water than previously used microwave channels, surface effects become less important as 

the cloud liquid water increases and the atmospheric attenuation obscures the ground 

from view of the sensor (Jones, 1990). The spatial resolution of the TRMM 85.5 GHz 

channel is also much better at the higher frequencies than the SSM/1. This allows for 

improved estimates of the horizontal variability of cloud liquid water 
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4.2.2 General Terrain Characteristics (from an Effective 

Surface Emissivity Viewpoint) 

The horizontal polarization shows surface water effects more readily than the vertical 

polarization since there is a larger dynamic range of microwave surface emittances for 

the horizontal polarization. The microwave surface emittances range from about 0.5 for 

large water bodies to near 1. 0 for the most arid or heavily vegetated regions (Jones, 

1997). 

Fig 4.3: General vegetation characteristics over the SW United States (from 
Goode's World Atlas). 
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Type Vegetation Characteristic 
Dsi BroadleafDeciduous. Plants apart> 3 ft 
Ep NeedleleafEvergreen Trees (Coniferous), growth singly or in groups 

or patches 
Bsp BroadleafEvergreen (Coniferous), dwarf shrubform, maximum 

height 3 feet, grow出 singly or in groups or patches 
G Grass and other herbaceous plants 

GDsp Grass and other herbaceous plants. Broadleaf deciduous, shrubform, 
minimum height 3 feet, growth 豳gly or in groups or patches 

Bzi Broadleaf evergreen (Coniferous), dwarf shrubform, maximum 
height 3 feet, plants sufficiently far apart that they frequently do not 
touch 

E Needleleaf evergreen trees (Coruferous) 

Table 4.1 : Figure 4.3 vegetation abbreviations and vegetation characteristics 

Lakes and large rivers are th e most pro皿nent feature of the microwave surface 

emittance results in Figures 4. 4 and 4. 5. The polka dot pattern (especially in the east 

Texas, east Oklahoma, and Ozark regions) is due to smaller lakes that have partial 

footprint coverage (lakes about 5-10 km in size) (Jones, 1997). Non-lake features are 

also prevalent in the figures. These include deserts, irrigation areas, heavy crop regions, 

and coniferous forests and temporal surface wetness signatures 

The desert regions in parts of Arizona and New Mexico show rather low microwave 

surface emittances over a broad region. The desert regions have low microwave surface 

emittances due to a combination of effects such as the generally higher dielectric constant 

of rock materials(Ulaby et al ., 1986 and Jones, 1997), in addition to enhanced surface

scattering properties [ Grody, 1991]. Since the material has a high dielectric constant, it 

also acts in a manner similar to water (another material with a high dielectric constant) 
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Fig. 4.4: TRMM 85.5 GHz vertical polarization effective surface emissivity composite from 
1 Jun to 31 August 1998. 

Fig. 4.5: TRMM 85.5 GHz horizontal polarization effective surface emissivity 
composite from 1 June to 31 August 1998. 
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As mentioned previously, desert regions also have lower infrared surface emittance, 

which would cause the surface skin temperature for those regions to be underestimated, 

thus causing the microwave surface emittance to be underestimated as well (Jones, 1997). 

The clear sky conditions in Figure 4.6 are based on surface observations which indicate 

no clouds, however, there may be contaminated data included, e.g., cloudy samples. 

However, based on 4285 samples, the mean difference (IR brightness temperature minus 

surface air temperature) was -16 K with a standard deviation of 17. 3 K. This clearly 

shows that the surface skin temperature may be underestimated, on average, with a mean 

relative error of-6 .1% with standard deviation of 7.5%. 
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Fig.4.6: Relationship between the clear-sky infrared brightness temperature and the 
observed surface air temperature over the period 」une-August 1998. 

The desert regions in parts of Arizona and New Mexico, and the Mojave Desert in 

southern California show rather low microwave surface emittances over a broad region. 
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Irrigated land and moist croplands have lower microwave surface emittances as well. 

These regions change only slowly with time and thus appear in the total composite results 

better than some of the other features that have smaller spatial features or have a 

significant temporal factor to their existence. Regions of particular significance are 

Southeastern Colorado, a relatively large region in west Texas near Lubbock, Texas, the 

San Joaquin Valley in central California, the Imperial Valley in southern California, as 

well as portions of Northwestern Mexico along situated near the Gulf of California 

Coniferous forests have high microwave surface emittances and are one of the few 

high surface emittance signatures found (excluding di)· arid soil) (see Figure 4. 3) 

Particularly noticeable regions are portions of the Colorado Rockies, the Apache and Gila 

National Forests of Arizona and New Mexico, the Sacramento Mountains, New Mexico. 

The conifer vegetation most likely has (I) a higher infrared surface emittance than the 

surrounding vegetation that biases the surface skin temperature and thus the microwave 

surface emittances; (2) the water content of the coniferous vegetation is low compared is 

low compared with other ground vegetation (Jackson and Schmugge, 1991); (3) the 

coniferous vegetation is particularly rough in appearance to the SSM/1 microwave 

frequencies [Choudhury et al., 1979; Jackson and Schmugge, 1989]; (or 4) a possible 

combination of these effects. 

Particularly noticeable regions are portions of the Colorado Rockies, the Apache and 

Gila National Forests of Arizona and New Mexico, the Sacramento Mountains, New 

Mexico, and a large area on the western slopes of the Sierra Madre Mountains of Mexico 

(this area is covered with mainly needleleaf evergreen trees and patchy broadleaf 

evergreen shrub form which border the Gulf of California. 
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4.2.3 Effective Surface Emittance Retrieval Errors 

The atmospheric corrected microwave surface emittance values are lower in value than 

the effective surface emittance values, and the image contrast is enhanced between 

surface water features and land. This is due to the fact that the sensor sees more of the 

land effects. 

Center Point Latitude/ Elevation Mean (90-Day) Mean (90-Day) 
(ICAO) Longitude (feet) 

Vertical &sfc Horizontal Esfc 
(effective) (effective) 

Waco, TX 31.62N 97.22W 155 0.9795 ± 0.0025 0 .9695 土 0.0040
(KACT) (0.26%) (0.42%) 

Austin, TX 30.30N 97.70W 189 0.9788 ± 0.0032 0.9687:!:.0.0057 
(KAUS) (0.33%) (0 .59%) 

Dallas, TX 32.85 N 96.85 W 148 0.9720 土 0 .0041 0.9538 :!: 0.0077 
(KDAL) (0.42%) (0.82%) 

Flagstaff, AZ, 35. 13N 111.67W 2137 0.9664 土 0.0048 0.9562 :!:. 0.0065 
(KFLG) (0.50%) (0.68%) 

Fort Smith, 35.33N 94.37W 141 0.9756 + 0.0030 0.9663 + 0.0050 
AR(KFSM) (0.31%) (0.53%) 
Hobbs, NM 32.68 N 103.22 W 1115 0.9698 土 0.0035 0.9509 土 0.0038

(KHOB) (0.36%} (0.40%) 
Jackson, MS 32.32N 90.08W 101 0 .9773 土 0.0030 0.9682 土 0.0065

(KJAN) (0.31%) (0.67%) 
Lufkin, TX 31.23N 94. 75W 88 0.9822 + 0.0022 0.9758 + 0.0034 

(KLFK) (0.22%) (0.35%) 
Little Rock, 34.73 N 92.23 W 79 0.9751 :t 0.0028 0.9637 ! 0.0059 
AR(KLm (0.29%) (0.62%) 

Riverside, CA 33.88N 117.27W 469 0.9582 ± 0.0057 0.9380 土 0.0109
(KRIV) (0.60%) (1 .16%) 

Tucson, AZ, 32.12N 110.93W 779 0.9608 + 0.0047 0.9454 + 0.0075 
(KTUS) (0.49%) (0.80%) 

Table 4.2: Selected sites list. Calculated mean 90-day vertically and horizontally polarized 
effective surface emissivity and absolute uncertainty. Relative uncertainty expressed as a 
percentage is in parentheses 
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Chapter 5 

Normalized Polarization Difference (NPD) Method 

5.1 Prior Work 

The ability to extract cloud L WP from microwave data depends on the degree to which 

small cloud liquid water (CL W) signal can be separated from the surface emittance 

background(Diak, 1995), and that ability is essentially the crux of this work. Another 

principle of primary importance is that electromagnet比 radiation emitted and reflected by 

a polarized surface at microwave wavelengths will depolarize when it interacts with a 

water cloud. The degree of this depolarization at the top of the atmosphere (TOA) is 

related to the amount ofliquid water in the cloud. This work intends to build upon 

previous work using the normalized polarization difference method(NPD) in which the 

microwave brightness temperature difference at 85 .5 GHz is divided by the surface 

emissivity polarization difference to define the NPD 
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Using the transmittance form of the radiative microwave transfer equation(Equation 

2.1), the difference between the V-polarization and H-polarization intensities can be 

expressed as 

Iv -18 = (&v - &8 )B(T. ), 

-(&v -&H), 
2i B[T(p)] 6r(p,0) 

[,(p,0)]2 op 
P, 

-(&v -&H紀B(T平ce ) ,

dp (5.1) 

where the frequency dependence has been dropped for clarity. An important 

consequence of this operation is that one of the atmospheric integral terms cancels. By 

applying the Rayleigh-Jeans law to the intensities Iv and ltt in equation 2.2 to yield the 

following for the polarization difference of the brightness temperatures 

ATB ~ 2;2U2 Act{B(Ts ) － T]訌鬪＼，0） dp －弔（Tcos )｝， (5 2) 

where ~E = Ev - EH, c is the speed of light anri K is the Boltzmann's constant. 

A兀 ：：：：：： Ac(TS -T. )T (5.3) 

where ~Ta is the brightness temperature polarization difference (v-h) at the TOA, ~E is 

the surface emissivity polarization difference (v-h), Ts is the surface skin temperature, Ta 

is the reflected atmospheric emission term, and't is the total atmospheric transmittance. 

Also, the deep space term is included in Equation 2.3, but is neglected here since it is 

small. Since ~ T缸s directly proportional to ~E, this allows the major surface property 

(i.e., emissivity) to be factored out to define a normalized polarization difference(NPD), 

~ T Bi ~E. This type of normalization is not possible using only the individual brightness 

temperature polarization components (Combs et al., 1998) 
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The NPD method was developed to find cloud liquid water path over land, and will be 

applied to the highly related area of cloud detection and height estimation based on the 

degree of depolarization of the polarized signal 

5.1.1 Model Simulations 

Greenwald (1997) extended and improved upon work done by Jones and Yonder Haar 

(1990) in retrieving cloud L WP for nonprecipitating clouds over land surfaces using 

SSM/I. Another aim was to investigate the retrieval problem and its limitations more 

thoroughly. As in the method of Jones and Yonder Haar, Greenwald used 85 .5 GHz 

measurements of surface emissivity composites created from near-coincident and co

located SSM/I measurements and window IR measurements under clear sky conditions, 

but he used a modified method that takes advantage of the polarization difference of the 

brightness temperatures at 85 .5 GHz 

First, Greenwald simulated 85 . 5 GHz measurements over land under clear sky 

conditions. He believed this would provide an indication of the integrity of the surface 

emissivity composites; give further confidence in attacking the inverse problem; and can 

yield a quantitative measure of the anticipated background noise level above which 

retrievals can be performed. Greenwald found that the horizontal component was more 

sensitive to surface moisture than the vertical component (as expected), and speculated 

that this might be caused by recent rainfall events or local irrigation. Despite the slightly 

greater noise at this polarization, this problem can be usually overcome in the CL W 

retrievals since the brightness temperature at horizontal polarization is more sensitive to 

CL W than at vertical polarization due to its lower surface emissivity 
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Accurate knowledge of the skin temperature is a crucial element in correctly 

simulating clear-sky SSM/1 brightness temperature over land. This may have direct 

implications for CL W retrievals since an incorrect skin temperature might lead to large 

biases in the retrievals. However, under cloudy conditions one might expect the surface 

air temperature and the skin temperature to usually be similar. In order to detect CL W at 

85 .5 GHz over land surfaces one must be above the clear-sky noise level of 

approximately 2. 5 K. The potential sources of uncertainty in the skin temperature 

estimations include uncertainties in the transmittance model and humidity-temperature 

profiles. 

One way to illustrate the detection of CLW at 85 .5 GHz is to subtract the emission at 

the surface (i.e., the emission in the absence of an atmosphere) from the instantaneous 

SSM/1 observations. This difference can be thought of as a measure of the absorption 

resulting from gaseous absorption(primarily H'·o) and CLW droplets (absorption by 

cloud ice particles is negligible at microwave frequencies) . For precipitating clouds, 

however, this difference is more difficult to interpret since scattering processes also 

contribute to the brightness temperatures measured at the TOA 

The varied responses of these frequencies under different atmospheric and cloud 

conditions have several important ramifications for retrieving cloud liquid water over 

land surfaces. First, for clouds with high amounts ofLWP (greater than 0.5 kg m2 or so) 

it is clear that the polarization difference will be less useful at 85 .5 GHz since the 

sensitivity of Tb to cloud L WP is greatly reduced. However, this is true for the value of 

specified in the calculations; more polarized land surfaces might malce the 85 .5-GHz 

frequency more useful at larger cloud L WP. At 3 7 GHz the sensitivity is higher for 
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larger cloud L WP and suggests this frequency could be used for retrievals in 

nonprecipitating clouds with high L WP. The results al.so show that in atmospheres with 

an abundance of water vapor, such as in the Tropics, the ability to measure cloud LWP at 

85.5 GHz is significantly reduced, but retrievals at 37 GHz might be possible since the 

magnitude of Tb remains large. There are many important advantages to the polarization 

difference approach. For example, the SC method, as discussed previously, suffers from 

an inability to detect low clouds, no matter how much liquid water is contained in the 

cloud. But from Fig. 5. 1 we can see that low clouds become detectable from a 

polarization difference perspective. Based on model simulations, Greenwald (1997) 

calculated the polarization difference at 85 .5 GHz for a I-km-thick low cloud using the 

midlatitude summer(MS), midlatitude winter (MW), and tropical standard (TR) 

atmospheres using humidity and temperature profiles from McClatchey et al . (1972) 

Results indicate that the response at 85 . 5 GHz to cloud liquid water is very small 
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Figure 5.1: Theoretical calculations of 85.5-GHz brightness temperatures(K) at vertical 
and horizontal polarization versus cloud liquid water path for a low-lying cloud (l.5-2.5 
km) over a land surface. The calculations were done at a zenith angle 8 of 53.1 • and for 
three different sets of temperature-humidity profiles taken from McClatchey et al. (1972): 
tropical(1R) , where the integrated water vapor is 42 kg m-2; mid.latitude swnmer(MS), 
where PWC = 20 kg m丐 and mid.latitude winter (?-.1W), where PWC = 8.8 kg m-2. 

At 85 . 5 GHz, the polarization difference decreases as a function of cloud L WP due to the 

greater water vapor and liquid water absorption and depolarization. There is also a 

definite brightness temperature polarization difference for the midlatitude summer 

atmosphere, which ranges from about 2.5K to 0.25K for cloud LWP of 1.0 kgm·2. 
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Figure 5.2: Theoretical calculations of the polariz.ation difference (ATB) at 85.5 
and 37 GHz as a function of cloud L WP for a 1-km-thick low cloud for three 
standard atmospheres (Greenwald, 1997). 

In summary, Greenwald states that low clouds are easier to detect with this method 

than by using a single channel method. Greenwald further noted that errors in the cloud 

LWP retrievals originate from uncertainties in the Millimeter-wave Propagation Model 

(MPM), and the vertical distribution of liquid water and the cloud base and cloud-top 

heights. Diak (1995) found that multilevel clouds can introduce further errors in 

microwave retrievals. 

Combs (1998) also calculated the theoretical results of Li Ta I Lis versus cloud liquid 

water for different atmospheres at a zenith angle of 5 3.1 °. Using Liebe's 1992 version of 

theM沮imeter-wave Propagation Model to compute the atmospheric attenuation, she 

found that the 85 .5 GHz NPD is sensitive to LWP in winter atmospheres, and diminishes 

for tropical atmospheres(Fig. 5.3). One advantage of the NPD method is that since Lie is 

small for land surfaces (0.015-0.020), L\Ta is less sensitive to changes in the surface skin 

temperature. In addition, when applying this method to actual measurements, the relative 

accuracy of the measurements is more important than the absolute accuracy. One 
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disadvantage of the NPD approach when compared to single channel methods is that 

since it is a difference method second order errors, such as instrument noise, become a 

greater contributor to the random errors (Combs, 1998) 
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Figure 5.3: Theoretical results of !!,,TB/ /!,.g versus cloud liquid water path at 85.5 GHz 
for different atmospheres at a zenith angle of 53. 1° (Combs et al., 1998). 

5.1.2 Case Studies 

The work of Jones and Yonder Haar (1 990), Greenwald (1997), and Combs (1998) 

showed that the use of passive microwave over land is indeed feasible. In fact, their 

success was due to the larger cloud attenuation and their ability to minimize the effects of 

surface emissivity variations 

Other potential difficulties that can generally plague microwave retrievals involve 

complex variations in surface emissivity and broken cloudiness. Increases in surface 

moisture from irrigation and, particularly, rainfall events in certain regions can often 
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「educe the surface emissivity to such an extent that it is significantly smaller than the 7-

day composite emissivity. In these cases the retrieval will likely greatly overestimate the 

cloud L WP. Therefore, care must be沚en in identifying these situations. The problem 

of retrieving cloud liquid water under broken cloudiness is important since microwave 

measurements from space are typically of coarse spatial resolution. The study of N90 

addressed this issue and found that the retrieval errors were greatest for the smallest cloud 

L WP and sparse cloudiness. However, these effects may be at least partially accounted 

for by using IR and/or visible data to help in quantifying the degree of cloudiness within 

the FOV of the TRMM. 

One of the most important advantages this method has over a single-channel (SC) 

method is that Tb is extremely insensitive to changes in the surface skin temperature; 

hence, precise knowledge of the skin temperature is less crucial in the retrievals. This 

can be demonstrated by taking the partial derivative of(3) with respect to Ts, which gives 

竺～A主2 2 e直u'KT,眈 KT.〕严－1）2'

where h is Planck's constant and o~紐oTs is ignored since it is negligible. At 85.5 GHz, 

and using Ts= 294 K, ~s = 0.02, and a typical cloudy atmospheric transmittance of0.58, 

it follows that 函s/ol's ~ 0.01 I. This means that a 1-K perturbation in Ts results in a very 

small change of0.011 Kin Ts5. The high insensitivit}· of Tb to changes in T, results 

primarily from the small values of A8 that occur over land and the extremely low 

sensitivity of战 to changes in T.(Greenwald, 1997). 
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Yet another advantage is that the polarization difference becomes dependent on the 

relative accuracy of the measurements rather than their absolute accuracy. Therefore, 

even though the magnitude of the polarization difference at 85.5 GHz in cloudy regions 

can often be less than 2 K, which is about the estimated absolute accuracy of the 

indi咄lual SSM/1 measurements(Hollinger et al. 1990), the polarization difference is 

affected by interc加rmel relative accuracies that are, based on preflight calibration, within 

0.2 Kover a broad range of temperatures(Hollinger et al. 1987). 

The major disadvantage of this approach is that in principle it can only be applied 

when the surface is polarized (i.e., 85.5 GHz vertical- 85.5 GHz horizontal> 0). 

However, this is not as severe a limitation as it first appears since the results from Jones 

(1996) indicate that a small surface polarization signal is measurable and very common 

over many land regions, with the notable exception of forested regions. With a 

sufficiently polarized land surface, quantitative L WP retrievals can be performed 

(Greenwald et al., 1997) i.e. As> 0.015. 

There are several advantages to the NPD approach (Greenwald et al., 1997). One is 

that low clouds are easier to detect with this method than by using a single channel 

method (Jones and Yonder Haar, 1990). This is due to the NPD method being less 

sensitive to the cloud height. Another is that since Ae: is small for land surfaces (0.015-

0.020), AT訌s less sensitive to changes in the surface skin temperature. In addition, when 

applying this method to actual measurements, the relative accuracy of the measurements 

is more important than the absolute accuracy. However, one disadvantage of the NPD 

approach when compared to single channel methods is that since it is a difference method 
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second order errors, such as instrument noise, become a greater contributor to the random 

errors (Combs et al ., 1998). 

5.2 Results 

A new method based on a normalized polarization difference has been developed to 

retrieve cloud L WP for nonprecipitating clouds over land surfaces using the 85 . 5-GHz 

channels of the TMI and IR measurements. A polarization difference approach can be 

applied over land surfaces since many land surfaces exhibit a small polarization signal 

The method has the distinct advantages of being very insensitive to the surface skin 

temperature and is dependent only on the relative accuracy of the brightness temperatures 

rather than their absolute accuracy. Also, this method has the ability to estimate cloud 

L WP for low-lying clouds, which is more difficult for the single-channel methods, as 

shown from theory and observational evidence. The NPD method is shown to be less 

useful in atmospheres with an abundance of water vapor and for large values of cloud 

LWP. However, based on theoretical simulations, the polarization difference at 37 GHz 

may also prove useful for retrieving cloud L WP under these conditions 

The area that this work initially concentrated on was the southwestern United States, 

an area bounded from 90° to 120° Wand from 20° to 40° N, from June through August 

of 1998. This area was chosen because the NPD method requires a surface emissivity 

polarization difference, in order to identify over-lying clouds (cloud signal). This 

accounts for the majority of the surface variation. The southwest US generally has sparse 

vegetation, high surface emittance values, and suitable polarization differences (0.010-

0.020). Within this large sector, areas with significant polarization differences were 
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found by calculating the mean polarization difference (85.5 GHz vertical minus 

horizontal surface emissivity), and the standard deviation of the mean polarization 

difference. Areas where the mean difference was greater than the standard deviation 

were plotted, with extremely large polarization differences filtered out (i.e., greater than 

0.05) since these highly polarized regions were predominantly found over the warm 

water Gulf of Mexico and the Eastern Pacific. To test, specifically, which areas would be 

best suited for the NPD method, the mean and standard deviation polarization difference 

(background variability) at 85.5 GHz was calculated for each grid point. The mean 

polarization differences are large over water bodies and desert regions as expected in 

Figure 5.4. In the desert regions, values of ~e range from 0.03 to 0.05, while the large 

lalces can have ~e values greater than 0.2. These areas must be NPD-valid (mean 

polarization differences> 0.015), but must also have strong signals above the background 

. noise. 

Figure 5.4: Mean 90-day 85.5 GHz surface emissivity pol頭雄ion difference minus 90-day standard 
deviation of the 85.5 GHz surface emissivity polariz.ation difference. 
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Figure 5. 4 shows areas where the NPD method would be more likely to work, as well 

as poorly-polarized areas where the method probably won't work. Areas where the mean 

polariz.ation difference for 85.5 GHz exceeded one standard deviation are plotted. When 

the mean polarization difference is less than one standard deviation, this signifies that the 

polarization difference is indistinguishable from the natural variability. When they 

exceed one standard deviation, the polarization difference can be distinguished from the 

background variability. The greater the positive difference, the greater the chance for the 

NPD method to succeed 

Once these NPD valid areas were identified, I selected a number of test areas, which 

also had sufficient observational coverage as well as high polarization differences. These 

sites are listed in the table below and show the mean polarization difference as well as the 

standard deviation of the polariz.ation difference for the 90-day surface emissivity 

composite period. 

Center Point Latitude/ Elevation Mean (90-Day) Standard Mean-
(ICAO) Longitude (feet) Polarization Deviation (90- Standard 

Difference(PD) Day) of PD Deviation 
Waco, TX 31.62N 97.22W 155 
(KACT) 0.01864 0.00874 0.0099 

Austin, TX 30.30N 97.70W 189 
(KAUS) 0.01591 0.00466 0.01125 

Dallas, TX 32.85N 96.85 W 148 
(KDAL) 0 01958 0.00531 0.01427 

Flagstaff, AZ 35.13N 111.67W 2137 
(KFLG) 0.00886 0.00486 0.004 

Fort Smith, 35.33N 94.37W 141 
AR(KFSM) 0.01342 0.00528 0.00814 
Hobbs, NM 32.68N 103.22 W 1115 

(KHOB) 0.01973 0.0056 0.01413 
Jackson, MS 32.32N 90.08W 101 

(KJAN) 0.00917 0.00507 0.00411 
Lufkin, TX 31.23N 94.75W 88 

(KLFK) 0.00662 0.00442 0.0022 
Little Rock, 34.73N 92.23 W 79 
AR(KLm 0.0157 0.00566 0.01004 

Riverside, CA 33.88N 117.27W 469 
(KRIV) 0.02141 0.00682 0.01459 

Tucson, AZ 32.12N 110.93W 779 0.02501 0.00869 0.01632 
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(KTUS) 

Table 5.1: Selected sites list. Calculated mean 90-day effective surface emissivity polarization 
difference(PD) and standard deviation(background noise). Also, shown is the signal above 
the noise (i.e. , PD minus standard deviation). 

Table 5.1 shows the 11 primary sites that were examined in the Southwest US. As 

mentioned earlier, the NPD method should work when polarization differences are 

greater than 0.015 . These sites are comprised of Dallas, Hobbs, Riverside, Tucson, 

Waco, Little Rock, and Austin. Additionally, an arbitrary threshold was set for those 

sites having a large polarization difference minus 1 standard deviation (background 

noise) value. These sites are thought to have a greater chance of seeing clouds(< 10,000 

foot base) and are more likely for the NPD method to work successfully. These sites are 

Dallas, Hobbs, Riverside, and Tucson. Sites that have small polarization differences, and 

which are not likely to yield successful results are Flagstaff, Fort Smith, Jackson, and 

Lufkin. 

Based on previous work, a new application of the NPD method to identify low cloud 

base height below ten thousand feet will be presented. The normalized polarization 

difference (vertical minus horizontal polarization) at 85.5 GHz is used in conjunction 

with the 11 . 0 µm brightness temperature to examine the possibility of identifying low 

cloud base height, or rather of separating the low cloud signal from that of the signal 

from cirrus, clear skies, precipitation areas, and background noise 
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Figure 5.5: Cartoon depicting theoretical relationship between the 
IR Brightness temperature and the NPD value. 

Figure 5.5 represents a simplified schematic showing the basic problem involved in 

separating the low-cloud signal from that of cirrus, precipitation, and clear skies using the 

normalized polarization difference and 11 µm infrared data. Low cloud areas should 

have relatively cool brightness temperatures since at infrared wavelengths the low clouds 

act to trap upwelling radiation, emitting at colder cloud-top temperatures. They should 

also have low values ofNPD since they act to depolarize upwelling microwave radiation, 

preferentially in the horizontal. The thicker the cloud the more depolarized the radiation 

函11 become, and the NPD is expected to approach zero when the cloud completely 

depolarizes the radiation. Cirrus should have relatively high NPD values since the 

majority of upwelling microwave radiation will penetrate to the sensor, and warm to cool 

IR brightness temperatures since this is at a window channel and there should be very 

little attenuation of signal by atmospheric constituents, but depending on the thickness of 

the cirrus, the cirrus may trap some IR radiation and emit partially at colder cloud-top 

temperatures. Clear skies should have very warm IR brightness temperatures in the 

summer over the southwest US, and microwave brightness temperatures will be high 
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since the relative humidity is very low in general, and the attenuation of microwave 

radiation will also be very low--this will produce high ~D values. Areas of 

precipitation will have low NPD and low IR brightness temperatures, since microwave 

upwelling radiation will be scattered by precipitation-sized particles (scattering processes 

dominate at the microwave wavelengths and the particle sizes involved--Mie region. 

Results from the comparisons between NPD and IR brightness temperature at 11 µm 

will then be examined by comparing them quantitativ叻y to observed cloud base height at 

several primary observation sites, as well as, contrasted against poorly polarized sites 

(Oklahoma City, OK and Little Rock, AK) 

The primary objective is to filter the data and only keep the non-precipitating cloud 

cases. To meet this objective, a modified Grody algorithm was used to eliminate 

suspected precipitating clouds. Remember that the TR磾 satellite has a frequency 

change of the water vapor channel from 22.235 to 21.3 GHz. This change off the center 

of the water vapor line was made in order to avoid saturation in the tropical orbit of 

TRMM, but could possibly affect the accuracy of the Grody algorithm. Observational 

data was also used to eliminate possible wet ground cases and multiple cloud layers 
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Figure 5.6: Waco, TX(KACT) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best:fit. 
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Figure 5.7: Waco, TX(KACT) NPD value versus estimated cloud 
thickness. Filtered data with linear best:fit. 
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KAUS Unfiltered Data (nearest sounding} 
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Figure 5.8: Austin, TX(KAUS) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best fit. 
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Figure 5.9: Austin, TX(KAUS) NPD value versus estimated cloud 
thickness. Filtered data with linear best fit. 
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KRIV Unfiltered Data (nearest sounding) 
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Figure 5.10: Riverside, CA(KRIV)NPD value versus estimated cloud 
thickness. Unfiltered data with linear best:fit. 
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Figure 5.11 : Riverside, CA(KRlV) NPD value versus estimated cloud 
thickness. Filtered data with linear best fit. 
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KDAL Unfiltered Data (nearest sounding) 
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Figure 5.12: Dallas, TX(KDAL) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best:fit. 
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Figure 5.13 : Dallas, TX(KDAL) NPD value versus estimated cloud 
thickness. Filtered data with linear best:fit. 
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KTUS Unfiltered Data (nearest sounding) 
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Figure 5.14: Tucson, AZ(KTUS) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best fit. 
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Figure 5.15: Tucson, AZ(KTUS) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best fit. 
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KFLG Unfiltered Data (nearest sounding) 

700600500 

400 
CdN 

300 
200 

0
0。

0
0

11 

♦ 

♦ 

+l I-Linear(KFLG 
Data) 

y=--0.0024x + 307.59 

0 R2 = 0.0008 

Estimated Cloud Thickness (feet) 

• KFLG Data 

Figure 5.16: Flagstaff, AZ,(KFLG) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best fit. 
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Figure 5.17: Flagstaff, AZ.(KFLG) NPD value versus estimated cloud 
thickness. Filtered data with linear best fit. 
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KFSM Unfiltered Data (nearest sounding) 
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Figure 5.18: Fort Smith, AK(FSM) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best:fit. 
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Figure 5.19: Fort Smith, AK(FSM) NPD value versus estimated cloud 
thickness. Filtered data with linear best fit. 
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KHOB Unfiltered Data (nearest sounding) 
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Figure 5.20: Hobbs, NM(KHOB) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best:fit. 
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Figure 5.21: Hobbs, NM(KHOB) NPD value versus estimated cloud 
thickness. Filtered data with linear best fit. 
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KJAN Unfiltered Data (nearest sounding) 
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Figure 5.22: Jackson, MS(KJAN) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best fit. 
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Figure 5.23 : Jackson, MS(KJAN) NPD value versus estimated cloud 
thickness. Filtered data with linear best:fit. 
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KLFK Unfiltered Data (nearest sounding) 
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Figure 5.24: Lufkin, TX(KLFK) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best fit. 
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Figure 5.25: Lufkin, TX(KLFK) NPD value versus estimated cloud 
thickness. Filtered data with linear best fit. 
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KLIT Unfiltered Data (nearest sounding) 
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Figure 5.26: Littlerock, AK(KLIT) NPD value versus estimated cloud 
thickness. Unfiltered data with linear best fit. 
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Figure 5.27: Littlerock, AK(KLIT) NPD value versus estimated cloud 
thickness. Filtered data with linear best:fit. 

Results are tabulated in Table 5.2, and indicate poor correlation both prior to filtering 

and after filtering. Although the majority of sites showed some improvement after 

67 



filtering for rain events, precipitating clouds, and multiple cloud layers, the correlation 

2 (R ). still rem血spoor.

Site(ICAO) Sample Size Sample Size Unf'dtered R~ Filtered R' 

(Unf"lltered Data) (Filtered Data) (Correlation) (Correlation) 

KACT 42 13 .036 .025 

KAUS 219 51 .002 .013 

KRIV 95 66 .031 .021 

KDAL 163 27 .043 .060 

KTUS 109 12 .000 .028 

KFLG 55 14 .001 .018 

KFSM 51 17 .050 .053 

KROB 57 22 .143 .237 

KJAN 77 13 .069 .345 

KLFK 52 17 .007 .034 

KLIT 125 21 .001 .002 

Table 5.2: List of sample sizes prior to, and after removing multiple layers, and 
possible precipitating clouds. Also, calculated correlation squared before and after 
filtering. 

5.3 Error Analysis 

One of the primary error sources was the use of an uncorrected atmosphere. The mean 

effective surface emissivities ranged from approximately 0.93 to 0.98, and based on the 

Bayesian Water-vapor Retrieval model indicate as much as a 3.5% error in the brightness 

temperature difference at 85 .5 GHz (See BWR graphs below). Coincidentally, prior work 
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by Jones et al. indicates approximately 3.5% atmospheric correction at 85.5H GHz. A 

larger atmospheric correction is present for the horizontal polarizations than for the 

vertical polarizatio邱， as would be expected from their lower effective microwave values 

(see Figure 4) [Jones and Yonder Haar, 1997]. This is expected since the brightness 

temperature difference is proportional to the effective surface emittance difference, 

ATB ~ Ae(Ts ·Ta)T 

Brightness Temperature Difference at 85.5 GHz 
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Figure 5.28: Model-simulated brightness temperature polariz.ation difference as a function of surface 
emissivity. Several different relative humidity profiles differenced with worst case (100% relative 
humidity) using a standard midlatitude summer sounding. 
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Figure 5.29: Model-simulated error percentage for brightness temperature polarization 
difference as a function of surface emissivity. Four different relative humidity pro:fi1es 
differenced with best case (0% relative humidity) using a standard midlatitude summer 
sounding. 

Based on figures 5.28 and 5.29, and the mean effective surface emissivities in Table 4.1, 

we would expect approximately 0.7-1.7K errors in the brightness temperature 

polarization differences (~TB) due to the uncorrected atmosphere. 

Uncertainty in the effective surface emissivity (Table 4.1) also resulted in very large 

errors in the ~B, and therefore resulted in large errors in NPD. Using the mean ~TB 

values from Table 5.3 for each site, the relative uncertainties(percentage) were as 

follows: KACT (89%), KAUS (41%), KDAL (37%), KFLG (121%), KFSM (65%), 

KHOB (39%), KJAN (123%), KLFK (200%), KLIT (57%), KRIV (47%), and KTUS 
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(53%). Sites with marginal and poor t,.e were affected more severely since they had 

larger relative uncertainties in Lie values. 

Errors in NPD values due to instrument noise （土 1.5K) were also significant. Using the 

mean LiT8 values from Table 5.3 for each site, the relative uncertainties(percentage) 

were as follows: KACT (56%), KAUS (52%), KDAL (31%), KFLG(50%), KFSM 

(55%), KROB (29%), KJAN (52%), KLFK (75%), KLIT (44%), K即 (27%), and 

KTUS (34%). 

5.4 Horizontal Variability of Key Parameten 

The horizontal variability of key parameters was calculated over a 5 x 5 grid centered 

on the applicable site. Key parameters such as the effective surface emissivity, 

microwave brightness temperature, infrared brightness temperature, and NPD value were 

calculated. First, the mean value and standard deviation of the parameter was calculated 

for each site and pass. Then the mean and standard deviations were binned into 

approximately 7 to 10-day bins and the mean was calculated along with the standard 

deviation. Finally, the 90-day mean, standard deviation (absolute uncertainty), and 

relative uncertainty were calculated for each site. 

Site (ICAO) TIR Ae ATB NPD 
KACT 281.62 土 5.43 0.010 土 0.002 2.70±1.42 271.61 土 136.27

1.93% 19.68% 52.59% 50.17% 
KAUS 283. 72 + 6.84 0.010 + 0.003 2.88 + 1.53 284.39 土 144.88

2.41% 29.46% 53.18% 50.94% 
KDAL 282.76 + 6.47 0.018 + 0.004 4.73±1.87 263.57 + 95.53 

2.29% 22.58% 39.60% 36.24% 
KFLG 274.91 + 7.27 0.010 土 0.004 3.01 + 1.82 308.17 土 180.08

2.64% 36.05% 60.45% 58.43% 
KFSM 278.30±4.82 0.009 土 0.003 2.72±1.59 299.49 土 157.05
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1.73% 30.54% 58.55% 52.44% 
KHOB 286.92±4.11 0.019 土 0.002 5.20 + 1.22 276.09 + 64.96 

1.43% 11.68% 23.46% 23.53% 
KJAN 272.87 + 6.42 0.009 + 0.004 2.89±1.57 346.16 土 165.80

2.35% 42.59% 54.23% 47.90% 
KLFK 286.40 + 3.53 0.006 + 0.002 2.01±1.41 321.97 土 215.67

1.23% 27.91% 70.30% 66.98% 
KLIT 269.57 土 4.46 0.011 土 0.004 3.40 + 1.68 315.45 土 145.11

1.65% 31.30% 49.58% 46.00% 
KRIV 287.91±1.99 0.020 + 0.006 5.64 土 2.65 281.11 土 123.73

0.69% 30.87% 46.96% 44.01% 
KTUS 289.41 + 2.99 0.015 + 0.005 4.34 + 1.93 282.99 + 109.81 

1.03% 30.06% 44.58% 38.81% 

Table 5.3: The 90-Day (June 1-Aug 31 1998) Mean and Absolute uncertainty for 10.8 µm infrared 
temperature(T式， polarization difference (As), microwave brightness temperature difference (ATB), and 
NPD value. Relative uncertainty(percentage) is in parentheses. 
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Chapter 6 

Summary and Conclusions 

6.1 Preliminary Conclusions 

This study focused on using a new method, the Normalized Polarization Difference 

(NPD) method, on the problem of detecting low clouds, with bases below 10,000 feet, 

over the Southwestern United States. This area had the general characteristics necessary 

for the NPD method to succeed: significant surface emissivity polarization difference 

above the background signal; and relatively uniform horizontal characteristics. The study 

attempted to simplify the NPD method so it could be applied quickly and effectively to 

data-sparse, and data-denied regions of the world. The primary goal was to develop a 

quick-tum product for use by the military as a means of evaluating the weather conditions 

under a mid- or upper-layer of clouds. 

Preliminary results indicate that the NPD method (without atmospheric corrections) 

didn't work very well over land using the stated simplifications. This was clearly evident 

in the graphs displaying the linear best fit and correlation values. Correlation values 

showed very poor correlation, at best. The removal of possible precipitating clouds, and 

multiple-layered clouds improved the correlation values at most test sites, however, 

values still remained low 
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Four primary error sources were identified and quantified. The use of an uncorrected 

atmosphere resulted in a 0.7-1.7 K error. As a rough approximation, horizontal variations 

were examined over the 5x5 grid box. This resulted in very large variations in the 

infrared temperature on the scale of2.0-7.3K. One of the more significant was 

instrument noise(NE!l.T). The instrument noise, NE!l.T, for 85V was 0.52K and 0.93K 

for 85H. Since the NPD method is a differencing method, accuracy could approach 1. 5K. 

The effective surface emissivity relative uncertainties ranged from 0.22-1.16%. Part of 

this error could be attributable to unfiltered wet ground events, and are included in the 

absolute uncertainty of the measurements. Based on the significant error sources, errors 

in NPD were calculated using mean values of fl.TB and AE, and showed significant 

relative uncertainties (see Table 5.3). 

Additional contributing errors could be due to (1) error in the Bayesian Water-vapor 

retrieval(BWR) model(Forward mode) and Liebe' s MPM92; (2) Precipitating clouds 

not filtered by the modified-Grody algorithm; (3) Errors in the binning method; (4) Errors 

due to fractional cloud coverage within the instrument FOV; (5) Error in estimating cloud 

top height(pressure) using the infrared brightness temperature; (6) Error in estimating 

cloud thickness using the nearest atmospheric sounding. The use of the atmospheric 

sounding was intended to mitigate error in estimation of cloud top height rather than 

using the more inaccurate standard midlatitude summer sounding and IR brightness 

temperature; or (7) Errors in the obsen1ed cloud height, and coverage. 
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6.2 Applications and Further Work 

This work attempted to simplify previous work, and decrease the reliance on 

atmospheric corrections. In order to develop a quick-tum, cloud identification product, 

the NPD method clearly requires coincident sounding data and passive microwave data 

This may be feasible with future sensor suites such as the SSM几S . Further reductions in 

instrument noise would also lead to improved results. Increased temporal and spatial 

resolution, such as building a passive microwave radiometer on a future geostationary 

platforms, would also improve over-land results. Additonally, multi-spectral techniques 

could be used to eliminate wet ground events, and precipitating clouds. 
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Appendix A 

Horizontal Variability of Key Parameters 

This appendix contains figures depicting the 90-day horizontal variability of key 

parameters calculated over a 5 x 5 grid centered on the applicable site. The figures show 

the 90-day mean and the standard deviation of the effective surface emissivity, 

microwave brightness temperature, infrared brightness temperature, and NPD values, as a 

function of time (plotted on the "x" axis in approximate I 0-day bins) for each of the 

primary sites. 
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Figure A.l: Waco, TX(KACT) horizontal variation in 
surface emissivity polarization difference and standard 
deviation over the 90-day period within the 5x5 grid centered 
on the primary site. 
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Figure A.2: Waco, TX(KACT) horizontal variation in 
infrared brightness temperature and standard deviation over 
the 90-day period within the 5x5 grid centered on the 
primary site. 
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Figure A.3 : Waco, TX(KACT) horizontal variation in 85.5 
GHz brightness temperature polarization difference and 
standard deviation over the 90-day period within the 5x5 grid 
centered on the primary site. 
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Figure A.4: Waco, TX(KAC1) horizontal variation in the 
NPD value and standard deviation over the 90-dayperiod 
within the 5x5 grid centered on the primary site. 
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Figure A.5: Austin, TX(KAUS) horizontal variation in 
infrared brightness temperature and standard deviation over 
the 90-day period within the 5x5 grid centered on the 
primary site. 
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Figure A.6: Austin, TX(KAUS) horizontal variation in 
surface emissivity polarization difference and standard 
deviation over the 90-dayperiod within the 5x5 grid centered 
on the primary site. 

KAUS 

321 aLeu8 

OS/SJ·S8ceo= 4 

。

二
1 2 3 4 5 6 7 8 9 

Time 

Figure A. 7: Austin, TX(KAUS) horizontal variation in 85.5 
GHz brightness temperature polariz.ation difference and 
standard deviation over the 90-day period within the 5x5 grid 
centered on the primary site. 
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Figure A.8: Austin, TX(KAUS) horizontal variation in the 
NPD value and standard deviation over the 90-dayperiod 
within the 5x5 grid centered on the primacy site. 
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Figure A.9: Dallas, TX(KDAL) horizontal variation in infrared 
brightness temperature and standard deviation over the 90-day 
period within the 5x5 grid centered on the primary site. 
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Figure A.IO: Dallas, TX(KDAL) horizontal variation in 
surface emissivity polarization difference and standard 
deviation over the 90-day period within the 5x5 grid centered 
on the primary site. 
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Figure A. I I: Dallas, TX(KDAL) horizontal variation in 85.5 
GHz brightness temperature polarization difference and 
standard deviation over the 90-day period within the 5x5 grid 
centered on the primary site. 
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Figure A.12: Dallas, TX(KDAL) horizontal variation in the 
NPD value and standard deviation over the 90-dayperiod 
within the 5x5 grid centered on the primary site. 
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Figure A. 13 : Flagstaff, AZ(KFLG) horizontal variation in 
surface emissivity polarization difference and standard 
deviation over the 90-day period within the 5x5 grid centered 
on the primary site. 
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Figure A.14: Flagstaff, AZ(KFLG) horizontal variation in 
infrared brightness temperature and standard deviation over 
the 90-day period within the 5x5 grid centered on the 
primary site. 

KFLG 

54321O 

aLS-oO 

OS/Bl 

8
J
l
8
(
]
c

巴
0
M 12345678 

Time 

—Del TB —SD DelTB 

Figure A.15: Flagstaff,立 (KFLG) horizontal variation in 
85.5 GHz brightness temperature polarization difference and 
standard deviation over the 90-day period within the 5x5 grid 
centered on the primary site. 
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Figure A.16: Flagstaff, AZ(KFLG) horizontal variation in 
the NPD value and standard deviation over the 90-day 
period within the 5x5 grid centered on the primary site. 
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Figure A.17: Fort Smith, AK(KFSM) horizontal variation in 
infrared brightness temperature and standard deviation over 
the 90-day period within the 5x5 grid centered on the 
primacy site. 
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Figure A.18: Fort Smith, AK(KFSM) horizontal variation in 
surface emissivity polarization difference and standard deviation 
over the 90-day period within the 5x5 grid centered on the 
primary site. 
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Figure A.19: Fort Smith, AK(KFSM) horizontal variation in 85.5 
GHz brightness temperature polarization difference and standard 
deviation over the 90-day period within the 5x5 grid centered on 
the primary site. 
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Figure A.20: Fort Smi血 AK(KFSM) horizontal variation in 
the NPD value and standard deviation over the 90-dayperiod 
within the 5x5 grid centered on the primary site. 
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Figure A.21: Hobbs, NM(KHOB) horizontal variation in 
infrared brightness temperature and standard deviation over the 
90-day period within the 5x5 grid centered on the primary site. 
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Figure A.22: Hobbs, NM(KHOB) horizontal variation in 
surface emissivity polarization difference and standard 
deviation over the 90-day period within the 5x5 grid centered 
on the primary site. 
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Figure A.23: Hobbs, NM(KHOB) horizontal variation in 85.5 
GHz brightness temperature polarization difference and 
standard deviation over the 90-day period within the 5x5 grid 
centered on the primary site. 
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Figure A.24: Hobbs, NM(KHOB) horizontal variation in the 
NPD value and standard deviation over the 90-dayperiod 
within the 5x5 grid centered on the primary site. 
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Figure A.25 : Jackson, MS(KJAN) horizontal variation in 
infrared brightness temperature and standard deviation over the 
90-day period within the 5x5 grid centered on the primary site. 
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Figure A.26: Jackson, MS(KJAN) horizontal variation in 
surface emissivity polariz.ation difference and standard 
deviation over the 90-day period within the 5x5 grid centered 
on the primary site. 
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Figure A.27: Jackson, MS(KJAN) horizontal variation in 85.5 
GHz brightness temperature polarization difference and 
standard deviation over the 90-day period within the 5x5 grid 
centered on the prim訌y site. 
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Figure A.28: Jackson, MS(KJAN) horizontal variation in the 
NPD value and standard deviation over the 90-dayperiod 
within the 5x5 grid centered on the primary site. 
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Figure A.29: Lufkin, TX(KLFK) horizontal variation in infrared 
brightness temperature and standard deviation over the 90-day 
period within the 5x5 grid centered on the primary site. 
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Figure A.30: Lufkin, TX(KLFK) horizontal variation in 
surface emissivity polarization difference and standard 
deviation over the 90-day period within the 5x5 grid centered 
on the primary site. 
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Figure A.31 : Lufkin, TX (KLFK) horizontal画ation in 85.5 
GHz brightness temperature polarization difference and standard 
deviation over the 90-day period within the 5x5 grid centered on 
the prim叨 site
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Figure A.32 : L呻皿 TX(KLFK) horizontal variation in the 
NPD value and standard deviation over the 90-day period 
within the 5x5 grid centered on the primary site. 
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Figure A.33 : Little Rock, AK(KLIT) horizontal variation in 
infrared brightness temperature and standard deviation over the 
90-day period within the 5x5 grid centered on the primary site. 
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Figure A.34: Little Rock, AK(KLIT) horizontal variation in 
surface emissivity polarization difference and standard deviation 
over the 90-dayperiod within the 5x5 grid centered on the 
primary site. 
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Figure A.35: Little Rock, AK(KLIT) horizontal variation in 85.5 
GHz brightness temperature polarization difference and standard 
deviation over the 90-day period within the 5x5 grid centered on 
the primary site. 
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Figure A.36: Little Rock, AK(KLIT) horizontal variation in 
the NPD value and standard deviation over the 90-dayperiod 
within the 5x5 grid centered on the primary site. 
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Figure A.37: Riverside, CA(KRIV) horizontal variation in infrared 
brightness temperature and standard deviation over the 90-day 
period within the 5x5 grid centered on the primary site. 
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Figure A.38: Riverside, CA(KRIV)horizontal variation in 
surface emissivity polarization difference and standard 
deviation over the 90-day period within the 5x:5 grid centered 
on the primary site. 
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Figure A.39: Riverside, CA(KRIV)horizootal variation in 
85 .5 GHz brightness temperature polarization difference and 
standard deviation over the 90-day period within the 5x5 grid 
centered on the primary site. 

100 



KRIV 

C: 400 
筮

= 。 300 ~、 一NPD
o 臣 O色 200 ~ ~ SDNPD 

2 100 
c: 
筮

。三
1 2 3 4 5 6 7 

Time 

Figure A.40: Riverside, CA(KRIV)horizontal variation in the 
NPD value and standard deviation over the 90-day period 
within the 5x5 grid centered on the primary site. 
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Figure A.41: Tucson, AZ(KTUS) horizontal variation in infrared 
brightness temperature and standard deviation over the 90-day 
period within the 5x5 grid centered on the primary site 
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Figure A.42: Tucson, AZ(KTUS) horizontal variation in surface 
emissivity polarization difference and standard deviation over the 
90-day period within the 5x5 grid centered on the primary site. 
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Figure A.43: Tucson, AZ(KTUS) horizontal variation in 85.5 
GHz brightness temperature polarization difference and 
standard deviation over the 90-day period within the 5x5 grid 
centered on the primary site. 
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Figure A.44: Tucson, 立 (KTUS) horizontal variation in the 
NPD value and standard deviation over the 90-day period within 
the 5x5 grid centered on the primary site. 
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