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Abstract—Atmospheric profiles of water vapor and temper-
ature can be estimated using appropriate retrieval algorithms
based on radiometric measurements and atmospheric statistics.
Radiometric measurements at multiple frequencies contribute
information to profile retrieval, although at some frequencies the
information they provide can be highly correlated with that at
other frequencies due to similar sensitivities to changes in atmo-
spheric pressure, temperature, and water vapor mixing ratio as
a function of altitude. The goal for profile retrieval is to obtain
as many independent measurements as possible, both to maxi-
mize the vertical resolution and to minimize the retrieval error
of the profile. The goal of this study is to determine sets of fre-
quencies in the range from 10 to 200 GHz that provide the largest
amount of mutually independent information on water vapor and
temperature profiles from ground and airborne instruments for
clear sky measurements. Results of such a study are important
and useful for frequency selection and design of microwave and
millimeter-wave radiometers for humidity and temperature profil-
ing. A branch and bound feature selection algorithm has been used
to determine sets of frequencies between 10 and 200 GHz that have
the greatest number of degrees of freedom (DOF) for water vapor
and temperature retrieval. In general, it has been found that the
frequency ranges of 20–23, 85–90, and 165–200 GHz are useful for
water vapor profile retrieval, whereas the frequency ranges of 55–
65 and 116–120 GHz are useful for temperature profile retrieval.
Finally, an analysis has been performed to determine the impact of
measurement uncertainty on the number of DOF of measurement
and also on the vertical resolution. It was also found that vertical
resolution is directly related to the number of DOF.

Index Terms—Atmospheric measurements, feature selection,
humidity, radiometry, remote sensing, temperature.

I. INTRODUCTION

T YPICALLY, retrieval algorithms use frequencies near

water vapor absorption at 22.235 and 183.31 GHz [1],

[2] for humidity profile retrieval as well as frequencies near
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60 GHz for temperature profile retrieval [3]. These frequency

ranges provide the largest amount of information on water

vapor and temperature in the troposphere as a function of alti-

tude. However, accurately determining sets of frequencies that

provide the maximum amount of information for retrievals is

important to optimize the use of resources when designing and

fabricating microwave and millimeter-wave radiometers.

Previous research has focused on information content anal-

ysis of the frequency range of 20–70 GHz using eigenvalue

analysis of the weighting function (WF) covariance matrix [4].

The WF or Jacobian is the sensitivity of ground-based zenith-

viewing brightness temperatures to change in the atmospheric

parameter of interest, as shown in (1) and (2) for the parameters

of water vapor and temperature, respectively, [5]

WFρv
(s) = e−τ(0,s) ∂α(s)

∂ρv

[

T ′(s)− Tb0e
−τ(s,∞)

−

∫ ∞

s

T ′(s′)αe−τ(s,s′)ds′
]

(1)

WFT (s) =
dT ′

dT
α(s)e−τ(0,s) + e−τ(0,s) ∂α(s)

∂T

×

[

T ′(s)− Tb0e
−τ(s,∞) −

∫ ∞

s

T ′(s′)αe−τ(s,s′)ds′
]

(2)

where s represents the altitude above ground; α(s) is the total

absorption coefficient; ρv(s) is the water vapor density; T (s)

is the temperature; T ′(s) = T (s)
R(T ) ; R(T ) = 1, where R(T ) is

the Rayleigh–Jeans approximation factor [6]; Tb0 is the cosmic

background radiation; and τ(s1, s2) is the optical depth from s1
to s2, given by τ(s1, s2) =

∫ s2

s1
α(s)ds.

Other previous work has focused on finding the rank of fre-

quencies in 18–37 GHz range to determine those suitable for

estimating the wet-path delay using microwave radiometers [7].

This analysis consists of constructing two- and three-frequency

sets for 18–37 GHz frequency range. Measurements were sim-

ulated for each frequency set using radiosonde data collected

from various launch sites, and each set was ranked based on its

retrieval noise.

Additionally, the WFs in the frequency range of 10–

1000 GHz were analyzed to identify frequencies that are useful

in retrieving water vapor and temperature profiles with high ver-

tical resolution from nadir-viewing airborne radiometer mea-

surements [8]. The selected frequency ranges were 43–86 GHz

and 121–183 GHz for temperature and water vapor retrieval,
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respectively. These frequency sets were found to provide the

best resolution for retrieval over the range of effective heights

[8] from 1.9 to 6.4 km, although this result varies slightly

with season and geographic location. The water vapor and tem-

perature WFs [8] for nadir-viewing radiometers are given in

(3) and (4)

WF ↑
ρv
(s) = e−τ(s,h) ∂α(s)

∂ρv

[

T ′(s)− T
0↓RE
b0 e−τ(0,s)

−

∫ s

0

T ′(s′)αe−τ(s′,s)ds′
]

+WF ↓R
ρv

(s) (3a)

T
0↓RE
b0 = (1− r)T ′(f, TS) + (rTB (f, 0,∞)) (3b)

WF ↓R
ρv

(s) = e−τ(0,s)rWFρv
(s) (3c)

WF
↑
T (s) =

dT ′

dT
α(s)e−τ(s,h) + e−τ(s,h) ∂α(s)

∂T

×

[

T ′(s)−

∫ s

0

T ′(s′)αe−τ(s,s′)ds′ − e−τ(0,s)

×{(1− r)T ′ + r(T ′(f, Ts) +WFT (s))}

]

(4)

where

h observation height above ground level;

r surface reflection coefficient;

TS surface temperature;

(1− r)T ′(f, TS) brightness temperature emitted from the

surface;

TB(f, 0,∞) downwelling brightness temperature;

(rTB(f, 0,∞)) atmospheric downwelling brightness

temperature reflected from the surface;

T
0↓RE
b0 sum of the reflected and the emitted

radiation; and

WFρv
and WFT downwelling water vapor and

temperature WFs from (1) and (2),

respectively.

To extend and expand upon previous work, this paper focuses

on determining the maximum number of independent mea-

surements possible in the range from 10 to 200 GHz, with

a bandwidth of 100 MHz, for the retrieval of atmospheric

water vapor and temperature profiles using zenith-pointing

ground-based and nadir-pointing airborne radiometers under a

variety of clear sky atmospheric conditions, including winter

and summer weather, as well as over the diurnal cycle.

II. FREQUENCY IDENTIFICATION PROCESS BASED ON

FEATURE SELECTION TO MAXIMIZE THE NUMBER OF

DEGREES OF FREEDOM

The strategy used in this work is to identify the nonredundant

frequencies in the range from 10 to 200 GHz, with a bandwidth

of 100 MHz, which contribute to water vapor and temperature

profile retrieval, with the goals of fine vertical resolution

and good retrieval accuracy. The 100-MHz bandwidth is a

requirement to ensure that the frequency channels do not

“average over” any features of interest. However, from a

practical point of view, radiometers often have bandwidths

greater than 100 MHz to reduce noise, but this should not

have a significant impact on this study. The number of degrees

of freedom (DOF) is used as a criterion and is considered

to be the same as the number of independent measurements

in the retrieval solution. To determine this number, we first

select those frequency sets that are the most sensitive to the

atmospheric parameter of interest and retrieve the parameter

with optimum vertical resolution from ground level to the top

of the troposphere (∼10 km). A feature selection algorithm is

used to determine the most significant frequencies by selecting

those with linearly independent WFs, i.e., those providing

nonredundant information. The WFs are calculated using (1)

and (2) for zenith-pointing ground-based radiometers and (3)

and (4) nadir-pointing airborne radiometers.

WFs are dependent on atmospheric conditions and on

measurement frequency. Therefore, atmospheric parameters

are needed to compute the WF for each frequency. These

parameters can be obtained from radiosondes that are launched

2–4 times daily from many weather stations in and near

populated areas of the world’s land masses. This study uses

radiosonde data from the U.S. Department of Energy (DOE)’s

Atmospheric Radiation Measurement (ARM) Southern Great

Plains (SGP) site near Lamont, Oklahoma (OK), USA to

calculate the WFs [9].

A. Feature Selection and Number of DOF

Feature selection [10], [11], also known as variable selection,

is the process of selection of a subset of relevant variables from

a larger set. For this study, the variables are the measurement

frequencies. When using a feature selection algorithm, the main

assumption is that the data (here the WFs) have some redundant

or irrelevant elements and the goal is to identify and remove

them. Therefore, feature selection is a dimensionality reduction

algorithm. In this study, a branch and bound algorithm [12] is

used, as described below.

Assume that a set Zm contains relevant, redundant, and

unnecessary features, i.e., X1, X2, X3, . . . Xm, where m is the

total number of elements of the set. The selection algorithm

provides a subset of n elements, Zn which are those n elements

that have the most relevant features within Zm. To select the

subset Zn, a selection criterion J has to be defined.

If J is monotonic, any subset of features should have a value

of J that is less than or equal to that of any proper superset or

superset. However, excluding a particular feature from a large

set may not significantly impact the criterion values (i.e., num-

ber of DOF). Therefore, each feature in the m-feature superset

(Zm in Fig. 1) is removed (one at a time), and the value of

J is evaluated for each of the resulting subsets at level 1 in

Fig. 1. The subset with the maximum value of J(Zm−1) at level

1 is selected, and all other subsets are discarded. All subsets of

Zm−1 at level 2 have a value of J that is less than or equal to

that of Zm−1. The subset of Zm−1 (at level 2 in Fig. 1) with

the maximum value of J(Zm−2) is selected, while others are

discarded. This process of selecting the subset with the maxi-

mum value of J and discarding all others is repeated until the

desired number of features is selected. In this study, the number

of DOF for a set of features under consideration is the selection
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Fig. 1. Solution tree based on a branch and bound feature selection algorithm.

criterion, where features are the WFs corresponding to various

frequencies.

The averaging kernel is calculated using (5) [13], and the

number of DOF is calculated as the trace of the averaging kernel

matrix (6) [13]

AK = SaWF
T
(

WF SaWF
T

+ Sε

)−1

WF (5)

DOF = tr
(

AK
)

(6)

where

Sa background information covariance matrix, with

dimensions depending on the number of layers used

for the retrieval and with values calculated based on

the statistics of radiosonde profiles.

WF weighting function matrix.

Sε measurement error covariance matrix. The

measurements at each of the frequencies are

independent of each other, so the errors associated

with the measurements are also independent.

Sε includes the noise due to radiometric observations,

representativeness error, and radiative transfer model

errors [14]. However, the off-diagonal elements are

assumed to be negligible in this study, and the

radiometer instrument noise is considered to be

0.5 K. In addition, in the later part of this study for

determining the impact of measurement error on

DOF and vertical resolution, variable measurement

noise has been used and the effects of

representativeness error and radiative transfer model

error have also been included [14].

In this paper, the feature selection algorithm evaluates a

set of WFs corresponding to the frequency range from 10 to

200 GHz to determine the major contributing frequencies for

remote sensing of water vapor and temperature profiles. In this

study, the value of m is 1900, and the frequency selection pro-

cess is repeated for values of n equal to 2, 3, 4, 5, 10, 20, 30,

40, and 50.

B. Averaging Kernel and Vertical Resolution

The vertical resolution of a retrieved profile is defined as

the spread of its averaging kernel, given by (7). The averaging

kernel is a linear combination of WFs for the frequencies used

in the study, as shown in (8) [13]

sp(z) = 12

∫

(z − z′)
2

[

m
∑

i=1

WF i (z
′)Ga(z)

]2

dz′ (7)

AK (z, z′) =

∫ m
∑

i=1

WF i (z
′)Ga(z)dz

′. (8)

The spread of an averaging kernel can be rewritten as

sp(z) = Ga(z)
TQa(z)Ga(z) (9)

where Ga(z) is the gain function (containing coefficients for a

linear combination of WFs), and Qa is given by

Qaij(z) = 12

∫

(z − z′)
2
WF i (z

′)WF j (z
′) dz′ (10)

where the Qa matrix elements are the correlations bet-

ween values of the WFs at two different frequencies

(i and j) at various altitudes z. WF is the WF, z is the height

above ground level, i and j are the indices of the frequency

channels, and z′ is the height above ground level of the center

of the averaging kernel.

Achieving optimal vertical resolution requires minimizing

the spread of the averaging kernel. An ideal averaging ker-

nel would be a Dirac delta function. However, the spread of

an averaging kernel is determined based on a finite number of

WFs (for different weather conditions) at the corresponding fre-

quencies of measurement. The limited number of WFs makes it

virtually impossible to achieve a delta function as an averaging

kernel. To address this limitation, the Backus–Gilbert technique

improves the vertical resolution by using a gain function, calcu-

lated as in (11), to minimize the spread of the averaging kernel.

Using (10) and (11) in (9), the spread of the averaging kernel is

(12) [13]

ḡa(z) =
Qa

−1
(z)ū

ūTQa

−1
(z)ū

(11)

sp(z) =
1

ūTQa

−1
ū

(12)

where the elements of ū are given by

ui =

∫ 10 km

0

WF i dz. (13)

III. ANALYSIS OF WATER VAPOR AND TEMPERATURE

MEASUREMENTS FROM ZENITH-POINTING

GROUND-BASED RADIOMETERS

A. Effect of Liquid Water on Temperature and Water Vapor

Profile Retrieval

Brightness temperature measurements near weak

(22.235 GHz) and strong (183.31 GHz) water vapor absorption

lines have significant contributions from cloud liquid water
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Fig. 2. Microwave and millimeter-wave absorption spectra from 10 to 200 GHz

for water vapor density of 15.1 g/m3, temperature of 297 K and cloud liquid

water density of 0.1 g/m3.

and precipitation, when present, which can be major sources

of error in water vapor retrieval. The contributions from clouds

and precipitation can be due to scattering and/or absorption

at microwave and millimeter-wave frequencies. Fig. 2 shows

microwave and millimeter-wave absorption spectra of water

vapor, oxygen, and liquid water absorption coefficients for

10–200 GHz.

Typically, scattering occurs in nonprecipitating ice clouds,

whereas absorption occurs in liquid clouds. The emission by

clouds is also affected by cloud thermodynamic temperature

[15]. Cloud liquid is a significant contributor to measured

brightness temperature near the weak water vapor absorption

line at 22.235 GHz. However, water drops in clouds can be

very small compared to the wavelength of the radiation, so the

Rayleigh approximation can be used. Based on this approx-

imation, scattering can be neglected in the forward radiative

transfer equations, so only absorption models are used [16].

Water vapor profile retrieval with current methods is highly

inaccurate during precipitation [17], unless specifically tuned

for it [18]. For this reason, in this study, cloudy conditions have

not been considered, and all the cases used in this study are for

clear sky conditions.

B. Determining Measurement Frequencies for Ground-Based

Water Vapor Profiling

A branch and bound feature selection technique is applied

to the water vapor WFs calculated using (1) for frequen-

cies in the range from 10 to 200 GHz. As described in

Section II, WFs have been calculated using radiosondes

launched from the ARM SGP site. These WFs have been

calculated for four “typical” weather conditions, i.e., win-

ter day/night and summer day/night based on radiosondes

launched during December/January and June/July for winter

and summer, respectively, and at noon/midnight for day/night,

respectively. The frequencies selected for each value of n are

shown in Fig. 3, where n is the number of main contributing

frequencies, as defined in Section II-A.

For any of these four combinations of season and time of

day, frequencies near the weak water vapor absorption line at

Fig. 3. Main contributing frequencies for water vapor profile retrieval from a

ground-based radiometer determined using the feature selection method for the

frequency range of 10–200 GHz. The width of the horizontal axis divisions is

5 GHz.

TABLE I

FIRST 10 FREQUENCIES (IN GHZ) SELECTED FOR WATER VAPOR

PROFILE RETRIEVAL FROM GROUND-BASED MEASUREMENTS FOR

WINTER DAY/NIGHT AND SUMMER DAY/NIGHT CONDITIONS

22.235 GHz are selected as the first contributing measurement

frequency for water vapor sensing, in agreement with previ-

ous work [7]. The first 10 selected frequencies for water vapor

retrieval in each case are given in Table I. Similarly, frequen-

cies relatively close to the strong water vapor absorption line at

183.31 GHz are selected as the second contributing frequency,

near 200 GHz. When the number of frequencies to be selected

is greater than 2, the frequencies selected vary with the season

and time of the day. When the number of frequencies selected

is 3 and 4, frequencies near 90 and 165 GHz are also selected

along with the frequencies near 23 and 183 GHz.

The selected frequencies were analyzed to determine the

number of independent pieces of information by calculating

their number of DOF using (5) and (6). The parameters required

for the averaging kernel in (5), i.e., background covariance

matrix Sa and WF matrix WF , are calculated using a back-

ground data set of radiosonde profiles measured at the ARM

SGP site [9]. The background data set is a collection of water

vapor and temperature profiles for the appropriate season and

time of the day, i.e., winter day/night or summer day/night

for this study. Similarly, WFs are calculated using mean water

vapor and temperature profiles from the same data set. The

number of DOF is calculated for each set of selected frequen-

cies based on the value of n. This process is followed for a

number of background data sets, and the resulting mean and

standard deviation for each value of n are shown in Fig. 4. It can

be seen that the number of DOF is slightly lower during win-

ter than during summer, for both day and night. This is because
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Fig. 4. Number of DOF for water vapor profile retrieval from ground-based

radiometer measurements under four different clear-sky weather conditions,

i.e., winter day/night and summer day/night, for the frequency range of

10–200 GHz.

water vapor profiles are more variable during summer than dur-

ing winter. When the number of frequencies selected is in the

range of 2–5, the mean number of DOF increases linearly with

the number of selected frequencies. When the number of fre-

quencies selected is in the range of 5–20, the number of DOF

continues to increase, but at a much slower rate. For the range

of 20–50 frequencies, the number of DOF saturates. The range

of maximum number of DOF (for a mean profile) is 5–6.2 for

any atmospheric condition. Hence, increasing the number of

selected frequencies of measurement above a certain value does

not significantly increase the number of independent pieces of

information. For example, the number of DOF increases by

only one or two as the number of measurement frequencies is

increased from 10 to 40.

It is also important to determine the vertical resolution of the

retrieval using the selected frequencies. In this study, vertical

resolution is defined as spread of the averaging kernel based

on the Backus–Gilbert technique, as described in Section II-B.

Vertical resolution is computed as the spread of the averaging

kernel for the first two frequencies selected for winter and sum-

mer daytime using (12) for a height range of 0–10 km above

ground level, as shown by the black curves in Fig. 5(a) for

winter and (b) for summer. Similarly, the vertical resolution is

calculated for the first three selected frequencies, as shown by

the red curves in Fig. 5. This process is continued for 4, 5, and

10 selected frequencies.

There is a general trend of degradation in vertical resolu-

tion as the altitude increases. However, the spread decreases

(and vertical resolution improves) as the number of selected fre-

quencies increases. The vertical resolution for 10 measurements

is approximately 0.5–1.5 km from 0 to 2 km above ground

level for both winter and summer. However, from 2 to 9 km

above ground level the vertical resolution for 10 measurements

is approximately 1.5–3 km.

The WFs corresponding to the frequencies contributing the

greatest number of independent pieces of information as well as

improving the vertical resolution of water vapor profile retrieval

are shown in Fig. 6.

Fig. 5. Vertical resolution for water vapor profile retrieval from a ground-based

radiometer as a function of altitude for (a) winter and (b) summer daytime.

Fig. 6. WFs for the frequencies selected for water vapor profile retrieval from

ground-based radiometer measurements in the range from 10 to 200 GHz.

WFs corresponding to 131.3, 165.3, and 198.9 GHz show

that these measurement frequencies are sensitive to water vapor

in the lower parts of the troposphere and hence are comple-

mentary to 21.3 GHz for estimation of water vapor profiles.

Frequencies closer to the strong water vapor absorption line are

more sensitive to changes in water vapor close to the ground.

The WF at 198.9 GHz is highly sensitive to small changes

in water vapor, as noted by Cimini et al. [19] and Racette

et al. [20]. This and similar frequencies are useful to retrieve

the water vapor profile in very dry climates, such as the polar

regions [19]. Measurements close to 90.5 GHz in the win-

dow region from approximately 85–110 GHz have been used

to estimate the total precipitable water, as described by Payne

et al. [21].

C. Determining Measurement Frequencies for Ground-Based

Temperature Profiling

Temperature profiles have been retrieved from satellite-based

radiometric measurements in the range from 50 to 70 GHz [22],
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TABLE II

FIRST 10 FREQUENCIES (IN GHZ) SELECTED FOR TEMPERATURE

PROFILE RETRIEVAL FROM GROUND-BASED MEASUREMENTS FOR

WINTER DAY/NIGHT AND SUMMER DAY/NIGHT CONDITIONS

Fig. 7. Main contributing frequencies for temperature profile retrieval from a

ground-based radiometer determined using the feature selection method for the

frequency range of 10–200 GHz. The width of the horizontal axis divisions is

5 GHz.

i.e., near the oxygen absorption complex centered at 60 GHz.

Measurements at frequencies further away from the 60-GHz

oxygen complex provide information about the temperature at

lower altitudes, based on the temperature WFs. Frequencies

near the higher frequency millimeter-wave oxygen absorption

line at 118.75 GHz have not been used extensively for temper-

ature profiling. Also, the window region frequencies between

these absorption lines have not been analyzed in detail for

temperature retrieval. To include them in this study, the entire

frequency range of 10–200 GHz has been analyzed to deter-

mine sets of frequencies that provide the maximum amount of

information on tropospheric temperature profiles.

Similar to the retrieval of water vapor profiles, retrieval of

temperature profiles also requires the maximum number of

independent pieces of information (or minimum redundancy)

to improve accuracy and sensitivity to changes in temperature

as a function of altitude. The major contributing frequencies

were selected by applying a feature selection algorithm (sim-

ilar to that used for water vapor selection in Section III-B) to

the temperature WFs corresponding to frequencies in the range

from 10 to 200 GHz.

The first 10 selected frequencies are listed in Table II and

shown in Fig. 7.

Frequencies close to 60 GHz have greater information con-

tent and provide more independent measurements than those

close to the oxygen absorption line at 118.75 GHz. For all

Fig. 8. Number of DOF for temperature profile retrieval from a ground-

based radiometer under four different clear-sky weather conditions, i.e., winter

day/night and summer day/night, for the frequency range of 10–200 GHz.

Fig. 9. Vertical resolution for temperature profile retrieval from a ground-based

radiometer as a function of altitude for (a) winter and (b) summer daytime.

weather conditions considered in this study, the frequency

ranges of 55–65 GHz and 116–120 GHz are selected, which

are close to the 60-GHz oxygen complex and the 118.75-GHz

oxygen absorption line, respectively.

The selected frequencies were analyzed to determine the

number of independent pieces of information by calculating

their number of DOF, as shown in Fig. 8.

The number of DOF increases approximately linearly with

the increase in the number of frequencies selected up to 10

and then increases more slowly up to 20. The number of DOF

starts to saturate near or above 30 selected frequencies. The

maximum number of mean DOF is approximately 6–7 for

temperature profile retrieval from zenith-pointing ground-based

radiometers, under nearly all clear-sky weather conditions con-

sidered in this study.

However, the mean maximum number of DOF is slightly

higher for summer (6.7) than for winter (6.4), which is a simi-

lar relationship to that in Section III-B (Fig. 4) for water vapor

measurements. This is due to the greater variability of temper-

ature profiles in summer than in winter. After examining the

number of DOF, the vertical resolution was analyzed for the
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Fig. 10. Temperature WFs for frequencies selected for temperature profile

retrieval from ground-based radiometer measurements in 10–200 GHz range.

selected frequencies for temperature profiling, similar to what

was done for water vapor profiling. The spread of the averag-

ing kernel is determined for first 2, 3, 4, 5, and 10 frequencies

selected for temperature profiling during daytime, as shown

by the black, red, green, blue, and gold curves, respectively,

in Fig. 9(a) for winter and (b) for summer. There is a gen-

eral degradation in vertical resolution as the altitude increases.

However, the vertical resolution decreases as the number of

frequencies selected increases. The vertical resolution for 10

measurements is approximately 0.2–0.5 km from the ground to

4 km above ground level.

Fig. 10 shows the WFs for the frequencies selected for tem-

perature profile retrieval. Most of the WFs are most sensitive to

temperature changes in the lowest 2 km of the troposphere.

The 55.7, 60.5, and 63.3 GHz frequencies are most sensi-

tive to changes in temperature from the ground to 2 km above

ground level, whereas the frequencies 64.5 and 66.1 GHz (fur-

ther from the 60-GHz oxygen complex) are generally more

sensitive to changes in temperature from the ground to 4 km

above ground level. None of the WFs studied in this section

have much sensitivity to changes in temperature above about

7 km above ground level.

IV. ANALYSIS OF WATER VAPOR AND TEMPERATURE

MEASUREMENTS FROM NADIR-POINTING AIRBORNE

RADIOMETERS

This section focuses on determining the measurement fre-

quencies in the range from 10 to 200 GHz to provide the

maximum number of independent measurements for water

vapor and temperature profile retrievals for a nadir-pointing air-

borne microwave radiometer. For the study in Sections IV-C1

and IV-C2, the background temperature is assumed to be 290 K

and the emissivity of the sea surface to be 0.5. However, in

Section IV-C2, an analysis has been performed to determine the

variability in the number of DOF due to variations in sea and

Fig. 11. Main contributing frequencies for water vapor retrieval from airborne

measurements selected using the feature selection method for the frequency

range of 10–200 GHz. The width of the horizontal axis divisions is 5 GHz. The

bandwidth is assumed to be 100 MHz.

TABLE III

FIRST 10 FREQUENCIES (IN GHZ) SELECTED FOR WATER VAPOR

PROFILE RETRIEVAL FROM AIRBORNE MEASUREMENTS FOR WINTER

DAY/NIGHT AND SUMMER DAY/NIGHT CONDITIONS

land surface emissivity. The altitude of the aircraft is assumed

to be at least 10 km above ground level.

A. Determining Measurement Frequencies for Airborne Water

Vapor Profiling

Again, the branch and bound feature selection algorithm was

applied to water vapor WFs in the range from 10 to 200 GHz

to determine the major contributing frequencies for retrieval of

water vapor profiles. The first 10 selected major contributing

frequencies for a nadir-pointing airborne radiometer are shown

in Fig. 11 and listed in Table III.

The plots show that there are major contributions from fre-

quencies from 180 to 200 GHz for all clear-sky weather condi-

tions studied, but there are also some significant contributors in

the window region in the range of 130–165 GHz. Measurements

in the latter frequency range can be used for accurate ret-

rieval of profiles of water vapor in the upper troposphere

(5–10 km) where the water vapor density is less than 0.5 g/m3.

This is because frequencies close to the strong water vapor

absorption line are highly attenuated, even when a small amount

of water vapor is present.

However, the atmosphere is more transparent near the weak

water vapor absorption line (in the range of 20–23 GHz), so

21.3 GHz can be used for retrieval of water vapor profiles in

the lowest 10 km of the troposphere. The number of DOF cal-

culated for each value of n (from 2 to 50) corresponding to
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Fig. 12. Number of DOF for water vapor profile retrieval from airborne

measurements under four different clear-sky weather conditions, i.e., winter

day/night and summer day/night, for the frequency range of 10–200 GHz.

Fig. 13. Vertical resolution for water vapor profile retrieval from airborne

measurements as a function of altitude for (a) winter and (b) summer daytime.

all weather conditions studied is shown in Fig. 12. The maxi-

mum number of mean DOF for all weather conditions studied

is approximately 8–9, lowest for winter night and highest for

summer day. The maximum number of mean DOF is greater

than that for zenith-pointing ground-based radiometers.

The vertical resolution is computed for frequencies selected

for water vapor profile retrieval using a nadir-pointing airborne

radiometer. The spread of the averaging kernel determined for

first 2, 3, 4, 5, and 10 frequencies selected for daytime is shown

by the black, red, green, blue, and orange curves, respectively,

in Fig. 13(a) for winter and (b) for summer.

The vertical resolution in this case is better at 10 km above

ground level than at ground level due to the difference in the

radiative transfer integral, resulting in nadir-pointing airborne

and spaceborne radiometers providing more information in the

upper troposphere.

The vertical resolution is best for 10 measurements and is

approximately 0.2–0.5 km from 6 to 10 km above ground level

for winter, and it is 0.2–1 km for similar altitudes in summer.

The vertical resolution is degraded closer to the ground.

WFs corresponding to the major contributing frequencies are

shown in Fig. 14. Those corresponding to frequencies close to

the strong water vapor absorption line at 183.31 GHz as well

as the window channels peak at various altitudes, are most

Fig. 14. Water vapor weighting functions for frequencies selected for water

vapor profile retrieval from nadir-pointing airborne measurements in the

10–200 GHz range.

TABLE IV

FIRST 10 FREQUENCIES (IN GHZ) SELECTED FOR TEMPERATURE

PROFILE RETRIEVAL FROM AIRBORNE MEASUREMENTS FOR WINTER

DAY/NIGHT AND SUMMER DAY/NIGHT CONDITIONS

Fig. 15. Main contributing frequencies for temperature profiling from airborne

measurements selected using the feature selection method for the frequency

range 10–200 GHz. The width of the horizontal axis divisions is 5 GHz. The

bandwidth is assumed to be 100 MHz.

sensitive to changes above 4 km altitude and can be used for

retrieval of water vapor profiles in the upper troposphere.

B. Determining Measurement Frequencies for Airborne

Temperature Profiling

Analysis of the temperature WFs in the range of 10–200 GHz

results in the first 10 frequencies selected for a nadir-pointing

airborne radiometer shown in Table IV and Fig. 15. They

show that frequencies close to 60 and 118.75 GHz temperature
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Fig. 16. Number of DOF for temperature profile retrieval from airborne

measurements under four different clear-sky weather conditions, i.e., winter

day/night and summer day/night, for the frequency range of 10–200 GHz.

Fig. 17. Vertical resolution for temperature profile retrieval from airborne

measurements as a function of altitude for (a) winter and (b) summer daytime.

absorption lines provide the greatest amount of information

for temperature profile retrieval from nadir-pointing airborne

radiometers.

The number of independent pieces of information from the

selected frequency set can be determined by calculating the

number of DOF for each weather condition studied, as shown

in Fig. 16. The maximum number of mean DOF for all weather

conditions studied is approximately 5–6 for temperature pro-

file retrieval from an airborne radiometer. The number of DOF

increases as the number of measurements is increased from 2

to 20, but there is no significant increase in number of DOF for

more than 20 measurements.

The spread of the averaging kernel is computed for temper-

ature profile retrieval from nadir-pointing airborne radiometer

measurements. The vertical resolution is determined for first 2,

3, 4, 5, and 10 frequencies selected shown by the black, red,

green, blue, and gold curves, respectively, in Fig. 17. Similar

to water vapor retrieval from nadir-pointing airborne measure-

ments, the vertical resolution in this case is better at 10 km

above ground level than it is at ground level. The vertical

resolution is best for 10 measurements and is approximately

0.2–0.5 km in winter from 6 to 10 km above ground level and

0.2–1 km for similar altitudes in summer.

WFs for the major contributing frequencies are shown in

Fig. 18. The WFs corresponding to 55.3, 56.9, and 60.1 GHz

Fig. 18. Temperature WFs for nadir-pointing airborne measurement frequen-

cies in the range of 10–200 GHz.

Fig. 19. Variation in the number of DOF for a range of instrument noise values

for a zenith-pointing ground-based microwave radiometer.

peak at various altitudes well above ground level and hence

can be used to retrieve temperature profiles. The WFs at 64.5

and 117.7 GHz are more sensitive to temperature in the lowest

2 km of the troposphere and therefore are complementary to the

frequencies closer to the 60-GHz oxygen complex.

C. Effect of Variation in Measurement Noise and Uncertainty

on the Number of Independent Measurements and Vertical

Resolution

1) Effect of Variation in Instrument Noise on the Number of

DOF: All of the previous results have been calculated assum-

ing a radiometric resolution of 0.5 K and a diagonal matrix Sε.

However, in this section, an analysis has been performed to

determine the variation in the number of DOF for 50 measure-

ment frequencies selected using the branch and bound selection

algorithm described in Section III for a zenith-pointing ground-

based radiometer when the instrument noise is varied from

0.1 to 1.2 K. The results are shown in Fig. 19. The number

of DOF decreases from 7.8 to 6 for temperature measurement
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Fig. 20. Variation in the number of DOF for a range of measurement uncer-

tainties for a nadir-pointing airborne radiometer at 10 km above ground

level.

frequencies, whereas the number of DOF decreases from 6.45

to 5.5 for water vapor measurement frequencies as the instru-

ment noise is increased from 0.1 to 1.2 K. Therefore, an

increase in instrument noise has a negative effect on the number

of DOF, as expected.

2) Effect of Variation in Measurement Uncertainty on the

Number of DOF for an Airborne Radiometer: Airborne

microwave radiometer measurements are affected by varia-

tions in atmospheric conditions as well as by the emissivity of

land and sea surfaces. Measurements performed by an airborne

microwave radiometer can be represented by

TBMeasured
= TBIdeal

+ εTB
(14)

where TBMeasured
is the measurement, TBIdeal

is the measure-

ment due to atmospheric parameters, and εTB
is the uncertainty

associated with the measurement, representativeness error and

radiative transfer model errors. The uncertainty in the measure-

ment is due to instrument noise, and the uncertainty associated

with the land and sea surface emissivity is shown below

εTB
= ∆TB + TBSurface_uncertainty

(15a)

εTB
= ∆TB + (1− ǫ)T ↓

B + ǫTph + εr (15b)

where ∆TB is the uncertainty due to measurement noise, ǫ is

the land emissivity, TB
↓ is the downwelling brightness temper-

ature measured at ground level, Tph is the surface temperature,

and εr represents the uncertainty due to representativeness error

and radiative transfer model errors.

Emissivity models of land and sea surfaces can be used to

reduce the emissivity uncertainty. However, some residual error

will persist. The effect of uncertainty on the number of DOF of

measurements is analyzed and is shown in Fig. 20. The figure

shows the variation in the number of DOF for 50 measurement

frequencies when the measurement uncertainty is increased

from 0.1 to 10 K. The number of DOF decreases from 10.9 to

4.9 for water vapor measurement frequencies as the uncertainty

is increased from 0.1 to 10 K. Similarly, the number of DOF

for temperature measurement frequencies decreases from 6.7

to 2.2 as the uncertainty is increased from 0.1 to 10 K. Lower

Fig. 21. Variation in the number of DOF and vertical resolution with noise for

a zenith-pointing ground-based radiometer.

values of uncertainty estimate the effect of variation in sea sur-

face emissivity. However, high values of uncertainty estimate

the effect of variation in land surface emissivity.

3) Effect of Variation in Measurement Uncertainty on the

Number of DOF and Vertical Resolution: The vertical reso-

lution of the measurements has been optimized in Sections III

and IV using the Backus–Gilbert method without taking the

measurement error into account. Measurement error affects the

vertical resolution as well as the number of DOF. Therefore,

a study has been performed in which the measurement noise

is varied from 0.1 to 1.2 K and its impact on the number of

DOF and vertical resolution at 2 km above ground level for a

ground-based radiometer and 8 km above ground level for an

airborne radiometer is analyzed for n = 2, 5, 7, 10, and 20
measurements.

To include the impact of noise, the gain function is changed

according to (16) and substituted into (9)

ga(z) =

(

Qa(z) + Sε

)−1

ū

ūT

(

Qa(z) + Sε

)−1

ū

. (16)

The results of the analysis are shown in Figs. 21 and 22,

which relate the number of DOF to vertical resolution for

ground-based and airborne radiometers, respectively. The left-

most end of each curve in Fig. 21 shows the case when the

noise is maximum, and the rightmost end of the curve shows

the case when the noise is minimum. As the noise of the

system is decreased, the number of DOF increases and the

vertical resolution at 2 km above ground level improves. For

two measurement frequencies for a ground-based radiometer,

as the noise is reduced from 1.2 to 0.1 K, the number of DOF

increases from 1.7 to 2 while the corresponding vertical resolu-

tion improves from 8.8 to 7 km. Similarly, for 7 measurement

frequencies, the number of DOF increases from 2.5 to 4.5 and
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Fig. 22. Variation in the number of DOF and vertical resolution with noise for

a nadir-pointing airborne radiometer.

the vertical resolution improves from 5.4 to 4 km. For 10 mea-

surements, the vertical resolution improves from 4.8 to 1.7 km

and the number of DOF increases from 2.8 to 6.3. For 20 mea-

surements, the number of DOF increases from 3.5 to 6.9 and

the vertical resolution improves from 5.6 to 1 km.

Fig. 22 shows that for two measurements of an airborne

radiometer, as the noise is reduced from 1.2 to 0.1 K, the num-

ber of DOF increases from 1.7 to 2, whereas the corresponding

vertical resolution improves from 5.6 to 4.6 km for 8 km above

ground level. Similarly, for five measurement frequencies, the

number of DOF increases from 2.2 to 3.7 and vertical resolution

improves from 4.6 to 3.5 km. For 10 measurements, the vertical

resolution improves from 3.3 to 2.1 km and the number of DOF

increases from 6.5 to 8.0. For 20 measurements, the number

of DOF increases from 8.5 to 10.9 and the vertical resolution

improves from 3.2 to 1.2 km. These plots show that for assess-

ing vertical resolution the important parameter is the number of

DOF. Fewer frequency channels with smaller uncertainty have

similar performance to a larger number of frequency channels

with greater uncertainty.

V. ORTHOGONALIZING WATER VAPOR AND

TEMPERATURE MEASUREMENTS

The feature selection method has been used to determine the

frequencies that have the highest number of DOF in the fre-

quency range of 10–200 GHz. However, it is important to note

that there are a number of frequencies in that range at which the

measured brightness temperature has contributions from both

water vapor and temperature. This is because the absorption

lines for water vapor and temperature are sometimes similarly

close to those frequencies, particularly in the window regions.

Therefore, it becomes important to determine the particular fre-

quency channels for measuring water vapor or temperature, i.e.,

Fig. 23. Fractional contributions of water vapor and temperature to total

brightness temperature measurements.

the frequencies for which water vapor and temperature con-

tributions are orthogonal, to identify those with contributions

to brightness temperature from water vapor that are signif-

icantly larger than those from temperature, and vice versa.

To accomplish this, the percentage contribution to the bright-

ness temperature due to water vapor absorption is computed

using (17).

This relationship is used to compute the relative contribution

of water vapor to the total brightness temperature

Percentage water vapor contribution =
TBwv

TBtotal

× 100

=
ρ.Wwv

T.WT + ρ.Wwv

× 100 (17)

for each frequency. It has already been observed that water

vapor provides a strong contribution to brightness tempera-

ture measurements in the frequency ranges of 20–23 GHz and

165–200 GHz.

These frequency ranges can be used to determine the

major contributing channels. To calculate the contribution, 10

radiosonde measurements were performed at the ARM site. The

contribution from water vapor is shown in blue in Fig. 23, and

the contribution from temperature is shown in red.

Frequencies in the ranges of 20–23, 80–108, and 175–

184 GHz have water vapor contributions of more than 90%.

Temperature contributes only 10% or less to the total bright-

ness temperature in those frequency ranges. For the frequency

ranges of 50–70 and 115–130 GHz, the contribution due to tem-

perature is stronger than that due to water vapor. Frequencies in

the ranges of 57–60 and 115–121 GHz have temperature con-

tributions of more than 90% and 60%, respectively. The results

presented in Fig. 23 are for a zenith-pointing ground-based

radiometer. Similar results were also found for a nadir-pointing

airborne radiometer.
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VI. SUMMARY AND DISCUSSION

Feature selection methods have shown that the frequency

ranges of 20–23, 85–90, and 165–200 GHz provide the

maximum number of independent pieces of information for

water vapor profile retrieval from zenith-pointing ground-based

microwave radiometer measurements. The same frequency

ranges are useful for water vapor profile retrieval from nadir-

pointing airborne radiometers. On the other hand, for tempera-

ture profiling from ground-based measurements, the frequency

ranges of 55–65 and 116–120 GHz provide the maximum num-

ber of independent pieces of information. For temperature pro-

file retrieval from nadir-pointing airborne measurements, nearly

the same frequency ranges are needed, but the millimeter-wave

frequency range is more narrowly focused near 118.75 GHz.

To determine the number of independent pieces of infor-

mation and consequently the number of frequencies useful

for retrieval of water vapor, the number of DOF has been

determined for the selected frequencies in each case. From

this analysis, it is found that a limited number of frequency

measurements can be used to achieve fine vertical resolution

and good accuracy of retrieved water vapor profiles. The max-

imum number of independent pieces of information is 5–6

for water vapor profiling and 6–7 for temperature profiling

from zenith-pointing ground-based radiometer measurements.

For nadir-pointing airborne radiometer measurements, the max-

imum number of independent pieces of information is 8–9

for water vapor profiling and 5–6 for temperature profiling. If

additional measurement frequencies are chosen, they will pro-

vide redundant information since the information provided is

linearly dependent on that already measured at other frequen-

cies. Noise analysis has shown that increasing measurement

uncertainty and instrument noise reduces the number of DOF.

Similarly, increasing measurement uncertainty degrades the

vertical resolution. It was also found that vertical resolution is

inversely related to the number of DOF.
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