
3134 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 10, NO. 7, JULY 2017

Retrieval of Sun Brightness Temperature and
Precipitating Cloud Extinction Using Ground-Based

Sun-Tracking Microwave Radiometry
Vinia Mattioli, Member, IEEE, Luca Milani, Member, IEEE, Kevin M. Magde, George A. Brost,

and Frank S. Marzano, Fellow, IEEE

Abstract—Sun-tracking (ST) microwave radiometry is a tech-
nique where the Sun is used as a microwave signal source and it
is here rigorously summarized. The antenna noise temperature of
a ground-based microwave radiometer is measured by alternately
pointing toward-the-Sun and off-the-Sun while tracking it along
its diurnal ecliptic. During clear sky the brightness temperature
of the Sun disk emission at K and Ka band and in the unexplored
millimeter-wave frequency region at V and W band can be esti-
mated by adopting different techniques. Using a unique dataset
collected during 2015 through a ST multifrequency radiometer,
the Sun brightness temperature shows a decreasing behavior with
frequency with values from about 9000 K at K band down to about
6600 K at W band. In the presence of precipitating clouds the
ST technique can also provide an accurate estimate of the atmo-
spheric extinction up to about 32 dB at W band with the current
radiometric system. Parametric prediction models for retrieving
all-weather atmospheric extinction from ground-based microwave
radiometers are then tested and their accuracy evaluated.

Index Terms—Atmospheric extinction, ground-based mi-
crowave radiometry, microwave and millimeter-wave frequencies,
Sun brightness temperature, Sun-tracking.

I. INTRODUCTION

THE Sun-tracking (ST) microwave (MW) radiometry tech-
nique consists in spatially varying the observation angle on

and off the Sun by means of a ground-based radiometer antenna
[1], [2]. In this respect, ST uses the Sun as a signal source of
radiation transmitting through the atmosphere [1]. The interest
of the ST microwave radiometry is typically twofold. First, by
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properly choosing the switching time interval and taking into
account the main lobe aperture under clear-sky conditions, it is
possible to estimate the effective brightness temperature of the
Sun, which is a valuable data in radio astronomy [3]. Second,
the ST technique allows the retrieval of the atmospheric extinc-
tion in all weather conditions with an upper limit depending on
the radiometric accuracy [4].

In radioastronomy MW observations of the Sun are domi-
nated by large multielement arrays [5], which have the advan-
tage of high spatial resolution, high sensitivity, and ability to
make maps on very short timescales, discriminating the rather
weak signal of the quiet Sun from the strong active region sig-
nals [6]. Indeed, most solar radio observations have focused on
active region phenomena such as flares and coronal mass ejec-
tions, demonstrating powerful diagnostic capabilities of large
microwave arrays to address open issues regarding the quiet
Sun [7], [8]. At submillimeter frequencies Sun observations
have historically been performed with single-dish antennas thus
showing comparatively a poorer spatial resolution [9]. Solar
measurements at multiple frequencies are useful as the emitted
brightness arises from different layers of the solar atmosphere.
For instance, the lower chromosphere is typically detected at
frequencies of 100–1000 GHz, the middle chromosphere at
20–100 GHz, and the upper chromosphere at frequencies of
2–20 GHz. The solar corona is usually measured at frequencies
of 2 GHz and below [3].

The application of a ST microwave radiometry technique
for the retrieval of the atmospheric properties was envisaged
in early works to complement Sun observations with radiote-
lescopes [10]. In the seventies Hogg and Chu [11] proposed
the ST technique as an independent way to measure rain at-
tenuation with a good dynamic range. Shimada et al. [12] pro-
posed a method to provide clear-sky absorption statistics. The
potential of ground-based MW radiometry in radiopropagation
and remote sensing applications has been also demonstrated by
Marzano et al. [4], [13], who proposed it to develop and validate
retrieval models for estimating the total atmospheric extinction
due to precipitation and its associated rainfall rate [14]–[16].
However, the difficulty to assess the capability of ground-based
MW radiometry for atmospheric parameter estimation is typi-
cally linked to the lack of collocated beacon measurements at the
same observation frequency [17]. In this respect, ST microwave
radiometry is a self-consistent approach where atmospheric path
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attenuation estimates can be also verified in almost all weather
conditions and even in the unexplored range of millimeter and
submillimeter wavelengths.

A few operational ST multifrequency microwave radiometers
are currently operational. One of these is the system recently
installed in Rome (NY, USA) at Air Force Research Laboratory
(AFRL) [34]. This AFRL ST-microwave radiometer (ST-MWR)
has four channels with receivers at K band (23.8 GHz), Ka
(31.4 GHz), V band (72.5 GHz), and W band (82.5 GHz) and
is a modified version of a commercial water-vapor and cloud-
liquid MWR series [23], to allow us an automatic Sun-switching
and tracking operation mode. A unique relatively long dataset
has been collected by the AFRL ST MWR in 2015. These data
represent an opportunity to test ground-based single-antenna
ST for both radioastronomy and radiopropagation. Moreover,
as an additional application, ST microwave radiometry can be
used as a system calibration tool to determine receiving systems
noise temperature [18] as well as antenna boresight pointing
errors [19].

This work has several purposes: 1) to summarize the basics of
ST microwave radiometry by investigating the issues of antenna
pattern beam-filling, error sensitivity, and estimate limitations;
2) to illustrate the data processing of the AFRL available mea-
surements in 2015 and the need to apply proper radiometric
approaches to exploit ST potential; 3) to estimate the brightness
temperature of the Sun at K, Ka, V, and W band using the col-
lected dataset at AFRL in 2015 and comparing with available
radioastronomical data; 4) to propose the parametric retrieval
of the atmospheric extinction at K, Ka, V, and W band due to
precipitating clouds and validating it with ST measurements in
different weather conditions.

The paper is structured as follows. In Section II two differ-
ent techniques, based on elevation scanning and surface mete-
orological data, are rigorously proposed to estimate the Sun
brightness temperature and the atmospheric extinction from
ST-MWR measurements. Section III is devoted to the descrip-
tion, quality control, and processing of the available ST-MWR
data. Section IV describes the application of the two methodolo-
gies for the Sun brightness temperature estimate and discusses
the results. Section V shows the retrieval of atmospheric ex-
tinction in cloudy and precipitating conditions. Finally, in Sec-
tion VI conclusions are discussed. Sensitivity and error budget
analyses are carried out in the Appendix, with respect to antenna
pattern, beam filling, atmospheric attenuation uncertainties, and
instrument spectral response.

II. ST MICROWAVE RADIOMETRY

Considering ground-based observations, the measured an-
tenna noise temperature TA along the radiometer antenna point-
ing angle (θ0 , ϕ0) is the convolution between the received sky
brightness temperature and the normalized antenna power radi-
ation pattern Fn (θ0 , ϕ0 , θ, ϕ) [20]:

TA (θ0 , ϕ0) =

∫
4π TB (θ, ϕ) Fn (θ0 , ϕ0 , θ, ϕ) dΩ

∫
4π Fn (θ0 , ϕ0 , θ, ϕ) dΩ

(1)

with
∫

4π

Fn (θ0 , ϕ0 , θ, ϕ) dΩ = ΩPant (2)

where ΩPant is the antenna radiation-pattern solid angle. All
the involved parameters are also dependent on frequency,
which is neglected in the formulations in favor of geometric
considerations.

When pointing out-of-the-Sun (ooS), the sky brightness tem-
perature TB ooS , impinging upon the antenna along the zenith
angle θ and azimuth ϕ [20], can be written as

TB ooS (θ, ϕ) = Tmr (θ, ϕ)
[
1 − e−τ (θ,ϕ)

]
+ Tcose

−τ (θ,ϕ)

(3)
where Tmr is the sky mean radiative temperature (that can be
defined in all-weather conditions [17], [36]), τ is the atmo-
spheric optical thickness (in Neper), and Tcos is the brightness
temperature of the cosmic background (equal to about 2.73 K).

When pointing at the Sun, the toward-the-Sun (twS) sky
brightness temperature TB twS is given by the sum of two com-
ponents, the Sun brightness temperature TB sun , attenuated by
the atmosphere, and the brightness temperature of the sky

TB twS (θ, ϕ) = TB sune−τ (θ,ϕ) + Tmr (θ, ϕ)
[
1 − e−τ (θ,ϕ)

]

+ Tcose
−τ (θ,ϕ) . (4)

According to (1), the computation of the antenna noise tem-
perature TAtwS , measured observing the Sun, implies that the
TB twS is observed by the antenna within the solid angle Ωsun
subtended by the Sun. Therefore, it holds:

TAtwS (θ0 , ϕ0) =
1

ΩPant

∫

Ωsu n

[
TB sune−τ (θ,ϕ) + Tmr (θ, ϕ)

×
(
1 − e−τ (θ,ϕ)

)
+ Tcose

−τ (θ,ϕ)
]

× Fn (θ0 , ϕ0 , θ, ϕ)dΩ +
1

ΩPant

×
∫

4π−Ωsu n

(
Tmr (θ, ϕ)

[
1 − e−τ (θ,ϕ)

]

+ Tcose
−τ (θ,ϕ)

)
· Fn (θ0 , ϕ0 , θ, ϕ) dΩ

(5)

which can be rewritten as:

TAtwS (θ0 , ϕ0) =
1

ΩPant

∫

Ωsu n

TB sune−τ (θ,ϕ)

· Fn (θ0 , ϕ0 , θ, ϕ) dΩ +
1

ΩPant

×
∫

4π

(
Tmr (θ, ϕ)

[
1 − e−τ (θ,ϕ)

]

+ Tcose
−τ (θ,ϕ)

)
Fn (θ0 , ϕ0 , θ, ϕ) dΩ. (6)

It is useful to introduce the beam-filling factor fΩ as the
ratio between the Sun radiation-pattern solid angle ΩP sun and
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the antenna beamwidth radiation-pattern solid angle ΩPant , it
holds

fΩ =

∫
Ωsu n

Fn (θ0 , ϕ0 , θ, ϕ) dΩ
ΩPant

=
ΩP sun

ΩPant
. (7)

If it is assumed that the Sun has a uniform brightness tem-
perature within the beam (e.g., Ωsun is much smaller than the
antenna main beam half-power solid angle), then, using (7), we
can approximate (6) as

TA tw S (θ0 , ϕ0) ∼= fΩTB sune−τ (θ0 ,ϕ0 ) + Tmr (θ0 , ϕ0)

×
[
1 − e−τ (θ0 ,ϕ0 )

]
+ Tcose

−τ (θ0 ,ϕ0 ) . (8)

In ground-based radiometry, it is also commonly assumed
that the atmospheric contribution is constant within the main
beam and TAooS is approximated by the TB ooS at (θ0 , ϕ0).

Analogously, for the ooS mode, we can simplify

TAooS (θ0 , ϕ1) =
1

ΩPant

∫

4π

(
Tmr (θ, ϕ)

[
1 − e−τ (θ,ϕ)

]

+ Tcose
−τ (θ,ϕ)

)
Fn (θ0 , ϕ1 , θ, ϕ) dΩ

∼= Tmr (θ0 , ϕ1)
[
1 − e−τ (θ0 ,ϕ1 )

]

+ Tcose
−τ (θ0 ,ϕ1 ) . (9)

In the ST technique, the radiometer antenna is pointing alter-
natively on and off the Sun, and between these two measure-
ments, the elevation angle θ0 is kept constant, while the azimuth
angle is switched from ϕ0 (twS) to ϕ1 (ooS). Then, after a few
observations, the elevation angle is varied, in accordance with
the Sun movement along its diurnal ecliptic.

The ST antenna noise temperature difference for each point-
ing angle can then be expressed by:

ΔTA (θ0 , ϕ0 , ϕ1) = TAtwS (θ0 , ϕ0) − TAooS (θ0 , ϕ1) . (10)

If the switching between ooS and twS observation modes
is fast enough and the azimuth distance is chosen so that the
Sun is just outside the field of view of the instrument, it can
be assumed that the mean radiative temperature and optical
thickness do not change between the two observation modes
(i.e., Tmr(θ0 , ϕ0) ∼= Tmr(θ0 , ϕ1) and τ(θ0 , ϕ0) ∼= τ(θ0 , ϕ1)).
Substituting (8) and (9) into (10) we obtain:

ΔTA (θ0 , ϕ0) ∼= fΩ (θ0 , ϕ0) TB sune−τ (θ0 ,ϕ0 ) (11)

where the beam-filling factor fΩ depends on the point-
ing angle. Previous equation gives the basis for estimating
TB sun and the atmosphere path attenuation, as described in
Section II-A and II-B.

A. Estimation of Sun Brightness Temperature in Clear Sky

During clear-sky conditions, the ST technique can be used
to estimate the brightness temperature TB sun emitted by the
Sun. Two different approaches can be applied: 1) the Langley
elevation-based self-consistent method and 2) the Tmr−based
meteorologically-oriented method. Both methods are able to

provide reliable results with the availability of radiometric mea-
surements in clear air conditions, when TB sun estimates are
less affected by the atmosphere variability. In both methods, a
plane-parallel horizontally stratified and azimuthally homoge-
neous atmosphere is assumed and the “secant law” is applied to
describe the elevation angle dependence of the optical thickness.

The Langley technique is commonly used in Sun-photometry
for determining the Sun radiance at the top of the atmosphere
with ground-based instruments [1], [2]. It exploits the antenna
noise temperature difference in (11) according to:

ln [ΔTA (θ0)] = ln [fΩTB sun ] − τ (θ0)

= ln [T ∗
B sun ] − τz m (θ0) (12)

where T ∗
B sun is the brightness temperature of the Sun weighted

by the filling factor fΩ and m(θ0) stands for atmospheric air
mass, equal to sec(θ0). Under the plane-parallel atmosphere as-
sumption, it holds that ln[ΔTA (θ0)] is linearly dependent on the
air mass m(θ0) and we can estimate T ∗

B sun through the expo-
nential of the intercept of the linear best-fitting curve. Finally,
exploiting the beam-filling factor fΩ , as given in (7), the sun
brightness temperature TB sun is computed:

ln [ΔTA (θ0)] = a + bm (θ0) → TB sun =
T ∗

B sun

fΩ

=
exp (a)

fΩ
. (13)

The meteorological technique is based on the radiometer (9)
in clear air [1], [34]. In a horizontally-stratified clear air, we can
obtain the atmospheric extinction τ(θ0) according to:

τ (θ0) = ln
[

Tmr (θ0) − Tcos

Tmr (θ0) − TAooS (θ0)

]

. (14)

In (14), the mean radiating temperature Tmr of the atmosphere
is needed. It can be interpolated from concurrent radiosonde ob-
servation (RaOb) or estimated directly from surface temperature
Ts , pressure ps , and relative humidity RHs in clear air [21], [22].
Details on the computation of the Tmr are given in Section III-B.
From (11), using the ST measurements, the Sun brightness tem-
perature is computed according to:

TB sun =
T ∗

B sun

fΩ
=

1
fΩ

(
ΔTA (θ0) · eτ (θ0 )

)
. (15)

Note that, with respect to the Langley technique, which pro-
vides one estimate from the fitted regression line, the meteoro-
logical technique provides a time series of TB sun .

In order to compute TB sun , the filling factor fΩ in (7) must be
evaluated. Note that the Sun radiation-pattern solid angle ΩP sun
can be computed according to (7):

ΩP sun =
∫

Ωsu n

Fn (θ0 , ϕ0 , θ, ϕ) dΩ. (16)

A typical assumption is that Fn (θ0 , ϕ0 , θ, ϕ) ∼= 1 over Ωsun ,
so that the effect of the radiometer antenna pattern can be
neglected. In this case the filling factor is given by fΩ ∼=
Ωsun/Ωant being ΩP sun ∼= Ωsun . The Sun solid angle Ωsun can
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be then obtained from:

Ωsun ∼= π

4
Θ2

sun
∼= πr2

sun

R2
ES

(17)

where rsun is the radius of the Sun, approximated as a circular
disk, and RES is the Earth–Sun average distance, and Θsun is the
zenithal-plane angle subtended by the Sun. The last right-hand
side term of (17) is obtained by approximating the solid angle as
the ratio between the object cross area and its square distance.

However, if the antenna beamwidth cross section is compara-
ble with the diameter of the Sun, such assumption is no longer
valid. To account for it, a Gaussian shape has been used to model
the radiometer antenna normalized pattern FnML main beam, as
suggested by the radiometer manufacturer [23]. Thus, we can
express FnML as [27]:

FnML (θ, ϕ) = e
−ln(2)

(
2 θ

Θ M L

)2

(18)

where ΘML is the half-power beamwidth of the antenna main
beam. Then, assuming sinθ ∼= θ:

ΩP sun =
∫ 2π

0

∫ Θ su n
2

0
FnML (θ, ϕ) sinθdθdϕ

∼= π

4ln (2)
Θ2

ML

[

1 − e
−ln(2)

(
Θ su n
Θ M L

)2 ]

. (19)

The antenna radiation-pattern solid angle ΩPant can be ob-
tained from (2) by considering the antenna main beam efficiency
ηML and calculating the antenna main lobe radiation-pattern
solid angle ΩPML for the Gaussian-shape beam in (18)

ΩPant =
ΩPML

ηML
=

∫4π FnML (θ, ϕ) dΩ
ηML

∼= 1
ηML

π

4ln (2)
Θ2

ML

[

1 − e
−ln(2)

(
2 π

Θ M L

)2 ]

∼= 1
ηML

π

4ln (2)
Θ2

ML (20)

where ηML is defined as the ratio between the main lobe radiation
solid angle and the antenna one. It is possible to neglect the
exponential term for ΘML values up to 20°.

Summarizing, the expression of the filling factor fΩ is ob-
tained from the following expression:

fΩ = ηML

[

1 − e
−ln(2)

(
Θ su n
Θ M L

)2 ]

(21)

using (19) and (20). The possible effects of antenna pattern side
lobes are modeled and discussed in the Appendix.

B. Atmospheric Extinction in Precipitating Clouds

Starting from (11), provided that estimates of T ∗
B sun are avail-

able for instance from ST measurements obtained during clear
sky, the extinction AST (in dB) in all weather conditions can
be retrieved from the ΔTA differences between ooS and twS

measurements, according to

AST(θ0 , ϕ0) = 4.343 τ (θ0 , ϕ0) = 4.343 ln
[
T ∗

B sun (θ0 , ϕ0)
ΔTA (θ0 , ϕ0)

]

.

(22)
In the presence of clouds or precipitation, as the atmospheric

extinction significantly increases, the Sun signal is also increas-
ingly attenuated, and therefore the antenna noise temperature
difference between the two measurement modes ooS and twS
decreases. For heavy precipitation, the contribution of the Sun
is completely masked by the rain attenuation and the ΔTA dif-
ferences are only dependent on the radiometer noise and the
atmosphere variability, providing an upper limit to the applica-
tion of the technique for the retrieval of rain attenuation [4].

III. MEASUREMENT DATASET

The available dataset consists of 163 days of measurements
collected by the ground-based AFRL ST-MW radiometer from
May to October 2015 in Rome, NY, USA (43.2°N, 75.4°W)
at angles between 20° and 70°. The AFRL ST-MWR has four
channels with receivers at 23.8, 31.4, 72.5, and 82.5 GHz and
is a modified version of the RPG LPW-U72-82 water-vapor and
cloud-liquid MWR [23], [28]. It is provided with an azimuth
positioner allowing a scan step of 0.15° in elevation and 0.1°
in azimuth. The track of the Sun along the ecliptic is based
on input data (latitude, longitude, time) and it is performed in
a Sun-switching operation mode, keeping the elevation angle
θ0 constant, and varying the azimuth angle from ϕ0 (twS) to
ϕ1 (ooS) according to (10). The integration time of each mea-
surement is set to 1 s and the azimuth positioner switches every
6 s in order to perform the integration with fixed antenna posi-
tion. The processing and quality-control procedures applied to
the radiometer data are described in the following.

A. Clear-Air Data Discrimination

Both Langley and meteorological techniques need measure-
ments in clear-sky to estimate TB sun . The discrimination has
been carried out through a scalar quantity named Status Sky
Indicator (SSI), purely based on the measured brightness tem-
peratures. The method has been successfully applied in several
applications with ground-based radiometers [29], [30]. SSI is
defined as

SSI (θ0) =
TAooS(31.4 GHz) (θ0) − c (θ0)

TAooS(23.8 GHz) (θ0)
(23)

with

c (θ0) = −0.13 m2 + 6.3 m + 2.1 (24)

where c is a parameter dependent on air mass m = sec(θ0) and
θ0 is the elevation angle. A clear air condition is assumed if SSI
is less than a given threshold SSIth given by

SSIth (θ0) = −0.00012 m2 + 0.0066 m + 0.31. (25)

A clear-sky day is assumed if the number of measurements
for which the SSI value is below the threshold is larger than the
98% of available samples (neglecting the non-clear-air samples
in the TB sun estimation).
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TABLE I
MONTHLY CLASSIFICATION OF CLEAR, CLOUDY, AND RAINY DAYS DURING

AFRL ST-MWR AVAILABLE MEASUREMENTS

Month Clear Cloudy Rainy Total

May 2016 5 13 4 22
June 2016 0 19 10 29
July 2016 2 22 7 31
August 2016 0 21 6 27
September 2016 1 21 8 30
October 2016 7 12 5 24

Table I details the available measurement dataset providing a
monthly classification in terms of clear, cloudy, and rainy days.
The clear-air days have been identified by using the SSI criterion
as described before, whereas the discrimination of rainy days
has been carried out by looking at the rain flag directly provided
by the radiometer.

B. Radiosounding Dataset

SSI parameterization in (23) has been set up by performing
radiative transfer simulations of brightness temperatures at 23. 8
and 31.4 GHz at several elevation angles applied to a long-term
available RaOb dataset. The closest RaOb site to Rome, NY,
USA, is located at Albany County Airport, NY, USA (WMO
station ID code 72518, WBAN ID code 14735). RaOb data be-
longing to the period 1994–2012 have been collected for this
study. Downwelling brightness temperatures have been gener-
ated using a plane parallel radiative transfer equation (RTE)
scheme [31] with an updated version of Rosenkranz [32] for gas
absorption and a cloud model as given in [33].

The RaOb dataset has been also used to generate correspond-
ing mean radiating temperatures Tmr at the same frequencies
and angles. Monthly regression coefficients for each frequency
and angle were computed to relate Tmr values to the surface tem-
perature Ts , pressure ps , and relative humidity RHs provided
by the radiosondes:

Tmr (θ0) = a0 (θ0) + a1 (θ0) Ts + a2 (θ0) ps + a3 (θ0) RHs

(26)
where the regression coefficients ai are dependent on the eleva-
tion angle θ0 . Finally, the regression coefficients have been fitted
with respect to air mass m to provide the final coefficients ai .
Those coefficients were then applied to the concurrent surface
measurements from the meteorological sensors that are part of
the radiometer equipment.

C. Filtering Toward-the-Sun Observations in Clear Air

The maximum TA tw S values were held on for each elevation
angle to compute TB sun with both Langley and Meteorological
technique. AFRL-MWR ST mode maintains a constant eleva-
tion for a certain time and the Sun does not remain stationary
during that period. The best matching observation corresponds
to the maximum value, where the Sun disk is centered with
respect to the antenna beamwidth. Only for the Langley tech-
nique, a binning average with respect to air mass (steps of 0.1)
was performed to achieve an equal distribution of samples with
airmass and not to influence the linear regression in (13).

Fig. 1. Time series of ST-MWR measurements in terms of antenna noise
temperatures for a case studies referring to a clear air (October 10, 2015) at the
four AFRL-MWR available frequencies. (a) 23.8 and 31.4 GHz. (b) 72.5 and
85.5 GHz.

D. Evaluation of Antenna Beamwidth

The AFRL MWR antenna is a feedhorn/parabola system
shaped to reduce the sidelobes to less than –30 dB at K-band
and less than –40 dB at V and W band [23]. The antenna ra-
diation pattern results approximately Gaussian, following the
approximation given in (18). In order to evaluate the filling
factor in (21), both the Sun disk angle Θsun , and the half-
power beamwidth Θ3dB values must be retrieved [34]. Higher
accuracy is needed in knowing ΘML exact values with respect
to the ones provided by RPG LPW-U72-82 technical speci-
fications (3.7°, 3.3°, 1.3°, and 1.3°, at 23.8, 31.4, 72.5, and
82.5 GHz, respectively). The radiation pattern has been mea-
sured by scanning the radiometer across the Sun, i.e., letting the
Sun drift across the radiometer path. From the known ephemeris,
it has been possible to determine the relative angular position
of the Sun assuming a uniform disk Θsun of 0.533° arch. Fi-
nally, the measured brightness temperatures have been fit to a
Gaussian profile convolved with the sun to obtain ΘML mea-
surements for each frequency. The AFRL full-width half-power
beamwidth values are equal to 3.74°, 2.97°, 1.47°, and 1.30° at
23.8, 31.4, 72.5, and 82.5 GHz, respectively, with a main beam
efficiency ηML of 0.969 at Ka band and 0.979 at V and W band
[24]. In the appendix, detailed theoretical sensitivity analysis
and error budget have been reported, with particular emphasis
on side lobe contributions.

IV. SUN BRIGHTNESS TEMPERATURE ESTIMATES

The analysis of the measured antenna noise temperature time
series can give an insight on the ST concept and MW radiometric
data behavior. Fig. 1 shows the time series of ST TA measure-
ments of both ooS (lower curves) and twS (upper curves) for
the case study of October 10, 2015 at the four AFRL-MWR
available frequencies. The trend observed at 23.8 and 31.4 GHz
with respect to elevation [see Fig. 1(a)] is similar for both TAooS
and TA tw S : at the beginning of the daily Sun-tracking, higher
TA values are observed at low elevation due to a larger atmo-
spheric contribution, reaching their minimum at the solar noon
(i.e., maximum tracking elevation).

In Fig. 1(b), the time series at 72.5 and 82.5 GHz shows an
opposite trend with elevation for TAooS and TA tw S , with the
latter reaching their maximum values at the solar noon. Such
behavior is explained by recalling (8) and the increasing im-
pact of T ∗

B sun contribution at K, Ka and V, W band, because of
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Fig. 2. Estimate of T ∗
B sun using the Langley technique (128 samples equally

spaced in terms of air mass), as discussed in Section II-B, for each frequency
on October 10, 2015. (a) 23.8 (R2 = 0.9367) and 31.4 GHz (R2 = 0.9630).
(b) 72.5 (R2 = 0.9984) and 85.5 GHz (R2 = 0.9909).

Fig. 3. Estimates of T ∗
B sun using the meteorological technique for each

frequency on October 10, 2015.

the increasing filling factor fΩ . At K and Ka band, the atmo-
spheric contribution with air mass still dominates over that one
due to the Sun, whereas in V and W band it is the reverse. The
behavior in the presence of clouds or precipitation is described
in Section V.

Fig. 2 shows the estimate of T ∗
B sun using the Langley tech-

nique for each frequency and for the case study of October 10,
2015, exploiting the natural logarithm of the antenna noise tem-
perature difference versus air mass. The fitted linear regressions
are shown as black dashed lines, and R-squared statistics are also
given. As discussed in Section II-A, T ∗

B sun is computed accord-
ing to (13) from the intercept of the fitted line, while the slope
is an estimate of the daily average atmospheric zenith extinc-
tion. Fig. 3 shows the estimate of T ∗

B sun for October 10, 2015,
by using the meteorological technique for each frequency. The
average values of T ∗

B sun are also shown as black dashed lines.
Daily T ∗

B sun estimates obtained by the two techniques for
all the available clear-sky dataset are given in Table II. Then,
TB sun values were computed by diving those estimates by the
Sun filling factor fΩ . The average estimates for both T ∗

B sun and
TB sun are given in Table III. The values of the estimated beam
filling factors are also reported and these were computed using
AFRL-derived values described in Section III-D.

Table IV reports minimum and maximum deviations of the
15 examined clear-air days for both techniques. A standard de-
viation (std) over the daily time series has been carried out to
provide the Meteorological deviation. To put deviations on a
comparable scale, the Langley deviations have been computed
supposing a Normal-distributed percentile associated to the lin-
ear regression in (13). By evaluating the 68.27% confidence
intervals we are able to obtain deviation values equivalent to the
Meteorological ones.

TABLE II
LANGLEY AND METEOROLOGICAL DAILY ESTIMATES OF T ∗

B sun

LANGLEY T ∗
B sun [K]

23.8 GHz 31.4 GHz 72.5 GHz 82.5 GHz

06/05/15 121.70 185.99 590.18 745.83
08/05/15 120.54 182.17 573.24 716.34
21/05/15 122.16 184.11 578.43 727.40
23/05/15 120.71 182.49 563.58 703.72
24/05/15 117.69 179.05 545.31 681.66
03/07/15 122.04 181.61 559.67 710.62
16/07/15 118.18 178.29 566.02 711.41
26/09/15 122.19 191.52 586.17 729.72
02/10/15 122.45 189.36 578.12 706.84
08/10/15 122.59 193.28 586.96 727.22
10/10/15 119.79 189.91 571.63 702.97
11/10/15 122.56 193.01 587.58 728.51
15/10/15 122.70 192.86 587.14 727.15
23/10/15 120.76 186.50 572.84 698.24
26/10/15 121.74 188.88 582.65 712.93

METEOROLOGICAL T ∗
B sun [K]

23.8 GHz 31.4 GHz 72.5 GHz 82.5 GHz

06/05/15 124.05 189.68 564.22 704.09
08/05/15 121.64 185.33 570.65 710.55
21/05/15 119.84 184.21 571.80 709.88
23/05/15 119.66 184.29 570.71 707.81
24/05/15 119.62 183.63 567.61 707.61
03/07/15 120.44 184.48 565.26 705.74
16/07/15 119.74 184.19 564.30 703.32
26/09/15 123.86 191.05 589.66 730.19
02/10/15 124.26 190.89 592.92 723.28
08/10/15 123.59 191.30 582.63 726.86
10/10/15 123.47 190.93 585.69 727.18
11/10/15 124.56 192.41 593.56 734.70
15/10/15 124.56 191.80 581.76 729.38
23/10/15 124.17 190.58 602.84 735.99
26/10/15 123.77 190.03 586.08 726.32

TABLE III
LANGLEY AND METEOROLOGICAL AVERAGE ESTIMATE INTERCOMPARISON

Langley Meteorological

f [GHz] fΩ T ∗
B sun [K] TB sun [K] T ∗

B sun [K] TB sun [K]

23.8 0.0136 121.19 8942 122.48 9037
31.4 0.0214 186.60 8719 188.32 8799
72.5 0.0853 575.30 6741 579.31 6788
82.5 0.1078 715.37 6638 718.86 6670

When comparing the Langley and the meteorological meth-
ods, we note that they provide very similar results. Differences
exist because of the assumptions underlying their applicabil-
ity. In the Langley technique, the daily attenuation variability
affects the slope estimations and in turns the intercept (ideally,
it should be independent as air mass is extrapolated to zero).
As such, only the most stable days in clear-sky can be used
for the estimate. Conversely, the meteorological technique has
fewer constraints, with the price that it provides much larger
uncertainty to the associated average value. The advantage of
the Langley technique is that it is a stand-alone method, without
the need of resorting to RTE models or the need of additional
ancillary measurements.

The estimated TB sun values decrease with increasing fre-
quency ranging from about 9000 K down to about 6600 K. These



3140 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 10, NO. 7, JULY 2017

TABLE IV
LANGLEY AND METEOROLOGICAL ESTIMATE DEVIATIONS INTERCOMPARISON

Langley Deviation Meteorological Deviation

f [GHz] Min [K] Max [K] Min [K] Max [K]

23.8 0.30 0.91 0.48 1.19
31.4 0.31 0.82 0.70 1.90
72.5 1.22 5.57 3.05 11.34
82.5 1.62 8.97 4.34 16.33

Fig. 4. Time series of ST-MWR measurements in terms of antenna noise tem-
peratures for a case studies in presence of clouds or precipitation (29 September
2015) at the four AFRL-MWR available frequencies. (a) 23.8 and 31.4 GHz.
(b) 72.5 and 85.5 GHz.

values are consistent with those from radiotelescope observa-
tions [5], [18], and models [35]. TB sun values at W band agree
with a radiation originating from the Sun lower chromosphere.
In particular, K-band measurements are available in previous re-
searches: 1) comparing the result at 23.8 GHz in Table III with
respect to the results at 20.7 GHz in [25] and [26], we have ob-
tained percentage deviations of 14.2% and 20.9%, respectively;
2) comparing the result at 31.4 GHz in Table III with respect to
the results at the same frequency in [25] and [26], we have ob-
tained percentage deviations of 4.0% and 11.7%, respectively.
It is pointed out here that in the ST technique, at frequencies
above 10 GHz, the Sun appears as a rather uniform disk [3]
and the solar activity in our observations has little effect due
to a large field of view of the radiometer antenna main-beam.
Therefore, the Sun can be considered as a constant source in our
application, apart from multiyear solar cycles.

V. EXTINCTION ESTIMATES IN PRECIPITATING CLOUDS

Sun brightness temperatures have been set to fixed values
according to Table III, in particular the Langley results have
been taken into account during the following analysis.

Fig. 4 shows the time series of the ST-MWR measurements
of both ooS (lower curves) and twS (upper curves) antenna noise
temperatures for the case study of September 29, 2015 at the
four AFRL-MWR available frequencies. With respect to the
clear-sky case shown in Fig. 1, it is shown how in the presence
of clouds or precipitation, the brightness temperature difference
between the two measurement modes ooS and twS decreases
when the atmospheric extinction significantly increases, this
behavior being more dominant at V and W band than at K and
Ka band. Indeed, the ooS brightness temperature increases be-
cause of the contributing emission from clouds and precipitation
while correspondingly the Sun signal is attenuated in the twS

brightness temperature. The decrease in TA is clearly evident
at V- and W-band, where the Sun provides the larger contribu-
tion. Conversely at K band, where the atmosphere signal is also
providing a strong contribution, the twS noise temperatures also
increases, although with less impact.

The ST-MWR technique is able to estimate a valid atmo-
spheric extinction, according to (22), only if consistent antenna
noise temperature differences are available. During intense rain
events ΔTA differences can reach zero or even negative, which
limits the application of this technique. The maximum atmo-
spheric extinction value AST max depends on both considered
frequency and std std(ΔTA ) and it can be computed from (22).
By considering a measurement deviation equal to the MW ra-
diometric brightness temperature absolute accuracy (equal to
0.5 K at K-band and 1 K at W-band), we can evaluate the std of
the noise temperature difference from (10) according to:

std (ΔTA ) =
√

var (TAooS) + var (TAtwS) (27)

where “var” stands for the noise variance equal to the square
of the absolute accuracy. By properly substituting std(ΔTA )
values (0.7 at K and Ka band and 1.4 at V W band) in
(22), the maximum atmospheric extinction values result about
22 dB, 24 dB, 26 dB and 27 dB, at 23.8, 31.4, 72.5 and
82.5 GHz, respectively. The percentages of ΔTA values lower
than its std result less than 0.1% at K and Ka band and 0.6% at
V and W band, taking into account the entire available dataset
described in Section III.

As described in [4] and [13], the ST-MWR technique can
offer a very interesting framework to validate parametric re-
trieval models, especially at frequency bands above K band
due to the unavailability of satellite-to-Earth beacon campaigns.
Previous works already proposed physically-based prediction
models (PPM) for estimating atmospheric parameters based on
the nonlinear regression fit of numerical simulations [17], [36].
Sky-noise Eddington radiative transfer model (SNEM) has been
considered in an absorbing and scattering medium such as
gaseous, cloudy, and rainy atmosphere [37], [31]. The exploita-
tion of the closest RaOb dataset has been used to statistically
characterize the local meteorology in terms of temperature, pres-
sure, and humidity average and standard-deviation profiles. The
latter statistics is then imposed in the Monte Carlo pseudo-
random generation of vertical cloud structures where average
profiles and cross correlation among hydrometeor concentra-
tion are imposed [36], [37].

The PPM general approach has been adapted for Rome
(NY, USA) using our available radiosonde dataset described in
Section III-B and performing SNEM simulations at 23.8, 31.4,
72.5, and 82.5 GHz and for eight elevation angles between 20°
and 90° in in terms of both brightness temperature and atmo-
spheric extinction.

The multifrequency PPM-PolDEx model [4] is based on a
polynomial regression on SNEM dataset, reinforced with a dou-
ble exponential single-frequency term, able to achieve better
results in heavier rainy cases. This multifrequency weighted ap-
proach polynomial is able to balance the use of two different
models depending on the weather conditions. The PPM-PolDEx
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TABLE V
ATMOSPHERIC EXTINCTION INTERCOMPARISON BETWEEN ST-MWR AND

PPM-POLDEX MODEL FOR THE AVAILABLE DATASET IN 2015 IN ROME, NY,
USA ALL-WEATHER CASES

f [GHz] AvE[dB] RMSE[dB] CC IA

23.8 0.0069 0.1721 0.9800 0.9893
31.4 –0.0500 0.2441 0.9846 0.9860
72.5 0.0593 0.7061 0.9791 0.9793
82.5 0.0513 0.6242 0.9808 0.9861

atmospheric extinction estimates are given by:

APolDEx (f) = m
{(

1 − SSI + h
)
APol (f)

+ (SSI − h) ADEx (f)
}

(28)

where

APol (f) =
4∑

i = 1

ai TAooS (fi) + bi T 2
AooS (fi) (29)

ADEx (f) =
[
c1ec2 TA o o S (f ) + d1ed2 TA o o S (f )

]
(30)

where fi=1,2,3,4 = 23.8, 31.4, 72.5, 82.5 GHz and f is one of
four available frequencies fi , whereas the coefficients are all
function of the air mass m. A first comparison is here performed
among all-weather conditions available from the six months of
measurements. Table V quantifies the comparison in terms of
average error (AvE) and root-mean-square-error (RMSE), with
the error defined as the difference between the PPM model and
the ST time series. We can clearly note how the PPM-PolDEx
parametric model shows solid results at all frequencies and for
the entire range of elevation angles. In order to stress the last
consideration, the correlation coefficient (CC) and the index of
agreement (IA) have been also considered to better evaluate the
percentage accuracy. IA is a standardized measure of the degree
of model prediction error and it varies between 0 and 1. An
agreement index score of 0 suggests no agreement between the
PPM model and the SNEM dataset, while an agreement score of
1 suggests complete match between the model and the dataset
[38]. For the PPM-PolDEx model in Table V, IA goes from
about 0.99 at 23.8 GHz to about 0.98 at 72.5 GHz.

Measurements, described in Section III, are available at differ-
ent elevation angles since the ST technique is intrinsically based
on a variable antenna pointing in order to follow the Sun move-
ment along its ecliptic. Both ST and PPM-PolDEx estimates are
able to provide valid results for a wide range of elevation angles.
In particular, the measurements result equally distributed with
about 33.9% between 70° and 54°, 43.1% between 53° and 38°
and 22.5% between 37° and 20° in elevation.

In order to focus the emphasis on cloudy and rainy conditions,
the threshold criterion described in Section III-A has been used
to define the total percentage of clear-air samples (30.5%), as
well as the one of cloudy/rainy situations (69.5%).

Fig. 5(a)–(d) shows the scatterplot of PPM-PolDEx model
atmospheric extinction estimates for each frequency versus the
corresponding ST-MWR ones for all the available dataset for
only cloudy/rainy situations. A saturation effect is shown in the

Fig. 5. Scatterplot of ST-MWR atmospheric extinction for each frequency
versus extinction estimates from PPM-PolDEx for all cloudy/rainy conditions.

TABLE VI
ATMOSPHERIC EXTINCTION INTERCOMPARISON BETWEEN ST-MWR AND

PPM-POLDEX MODEL FOR THE AVAILABLE DATASET IN 2015 IN ROME, NY
CLOUDY AND RAINY CASES

f [GHz] AvE[dB] RMSE[dB] CC IA

23.8 0.0093 0.2014 0.9778 0.9881
31.4 –0.0315 0.2820 0.9848 0.9864
72.5 0.0933 0.8421 0.9790 0.9780
82.5 0.0893 0.7425 0.9796 0.9849

ST extinction retrieval, especially at V and W-band, attesting the
limits of the ST technique in terms of the maximum attainable
extinction. It generally occurs for heavy rain at K-band, but it
may occur for light rain at 72.5 and 82.5 GHz. In such conditions
antenna noise temperature differences ΔTA between twS and
ooS are minimal and can reach the noise level.

Table VI quantifies the comparison in terms of AvE and
RMSE, CC, and the IA. Both scatterplots and numerical re-
sults confirm that the exclusion of the clear-air samples in the
comparison has a minimum impact on the comparison and the
PolDEx approach shows a good correlation with respect to ST
data for all frequencies in cloudy/rainy situations.

VI. CONCLUSION

Two possible applications of STmicrowave radiometry have
been explored in this paper. The ST technique has been
introduced to estimate the Sun brightness temperature at K,
Ka, V, and W band. In the Appendix, a detailed theoretical
framework has been proposed to evaluate the overall error bud-
get with respect to several uncertainties due to radiative pa-
rameters, spectral response, actual antenna patterns and beam
filling factor. This approach has clearly identified the critical
assumptions behind the ST-MW radiometric data processing
such as the precision of the pointing at the Sun with the change
in elevation, the atmospheric stationarity within each ST switch,
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as well as the accurate knowledge of the antenna characteris-
tics, which is the most significant factor affecting the estimation
accuracy.

Two methods have been applied, the elevation-scanning Lan-
gley method and surface meteorological data method. The two
techniques showed comparable results, but the first one need a
careful selection of candidate clear-air days whereas the sec-
ond one is depending on the external weather station data. Both
techniques are affected by the daily variability of clear air ex-
tinction. The use of the two methods allowed us to give an
uncertainty indication related to different adopted techniques.
Since ST measurements are currently still being collected, it
is intriguing to speculate the possibility of observing solar cy-
cles in the retrieved Sun brightness temperature, although such
variability is partly masked by the intrinsic accuracy of the
estimates.

ST-MWR has been also applied to estimate the atmospheric
path attenuation in all-weather conditions at K, Ka, V, and W
band. In the presence of precipitating clouds, the technique
allowed the estimate of the atmospheric extinction of about
25 dB at K-band and up to about 30 dB at V- and W-band.
The method has been applied, as a source of validation, for
estimating the accuracy of the multifrequency PPM-PolDEx
model, showing a very good agreement with the ST retrievals
in cloudy and rainy conditions, with an rms agreement of about
0.2 dB at K-band and 0.7 dB at V-band.

With the availability of a larger dataset of measurements,
the ST-MWR technique will be useful in further developing
the physically-oriented parametric models. In particular, open
issues are related to the analysis of cloudy and rainy events at
low elevation angles, where prediction models generally have
large errors, as well to the discrimination between heavy clouds
and light rain. In case of precipitation, ST-MWR can be also use
to assess the capability of MWR to estimate rainfall rate and
to relate the latter to atmospheric path attenuation. Finally, a
longer time series of Sun brightness temperature estimates can
provide a better confidence of the performed estimates using
ground-based ST-MWR.

APPENDIX

ERROR SENSITIVITY ANALYSIS

The sensitivity analysis of sun brightness temperature esti-
mate to residual errors or uncertainties of ST-MWR measure-
ments is fundamental to understand the expected accuracy of the
technique. The following Section A of this Appendix is devoted
to this analysis. Further considerations are also provided in the
next Sections B and C where the impact of the instrument spec-
tral response and the radiometer antenna side lobes is discussed,
respectively.

A. Theoretical Analysis of Error Sources

Several sources of uncertainty in ST-MW radiometry can
be identified: 1) different adopted techniques; 2) beam filling
factor; 3) antenna pattern; 4) elevation scanning. In order to
perform this error budget analysis, we can use the first-order

Fig. 6. Sensitivity analysis of ST-MWR performances for a set of values
which are those expected between Ka and W band.

error propagation theory by assuming a statistical independence
among the error sources.

Primarily, uncertainties of the beam-filling factor fΩ have
to be considered to evaluate its impact in the TB sun estima-
tion, considering that TB sun = T ∗

B sun/fΩ . In a general way,
these are related to errors associated to the Sun radiation solid
angle ΩP sun and the antenna radiation solid angle ΩPant . Start-
ing from (7), the uncertainty in TB sun because of variation in
ΩP sun is given by δTB sun = (T ∗

B sun/ΩP sun)δΩPant , where
the variations in ΩPant are mainly due to the knowledge of
the antenna radiation pattern and the half-power beamwidth
values. Analogously, TB sun uncertainty because of variations
in ΩP sun can be obtained from (7) leading to δTB sun =
−T ∗

B sun(ΩPant/Ω2
P sun) δΩP sun and variations in ΩP sun shall

be computed considering the simplified expression in (17) or the
general expression for a Gaussian beam in (19). The latter de-
pends on both the Sun disk diameter and half-power beamwidth
values. For this reason, a more general sensitivity analysis can
be achieved from (21) considering δTB sun because of variation
in ΘML , which yields the following uncertainty:

δTB sun =
2ln (2) ηML T ∗

B sun

f 2
Ω

Θ2
sun

Θ3
ML

e
−ln(2)

(
Θ su n
Θ M L

)2

δΘML .

(A.1)
Fig. 6(a) shows the previous expression using the AFRL

half-power beamwidth values and the Sun zenithal plane angle
described in Section III-D and using T ∗

B sun values in Table IV.
It can be noted that the uncertainty in the value of ΘML pro-
vides a large source of error for the estimate of TB sun . For an
uncertainty of ΘML up to 0.3◦, the error in estimating TB sun
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TABLE VII
EXPECTED ERRORS IN TB sun DUE TO FILLING FACTOR VARIATIONS

δTB sun versus δΘM L δTB sun versus δΘsun

f [GHz] δΘM L [°] δTB sun [K] δΘsun [°] δTB sun [K]

23.8 0.41 1946 0.0019 –63.3
31.4 0.33 1915 0.0030 –97.0
72.5 0.17 1489 0.0119 –287.5
82.5 0.14 1348 0.0152 –356.9

goes from 1424 K at Ka band up to 2888 K at W band. In
a more quantitative way, δTB sun has been be evaluated from
(A.1) considering a difference of 11% in ΘML (worst case at
31.4 and 72.5, as the differences among AFRL values described
in Section III-D and RPG LPW-U72-82 ΘML values from man-
ufacturer specification). The results are given in Table VII (left
side). Furthermore, starting from (21), errors in TB sun due to
main beam efficiency ηML variation have to be taken into ac-
count according to:

δTB sun = − T ∗
B sun

ηMLfΩ
δηML . (A.2)

Fig. 6(b) shows the previous expression using values of in-
terest in Table IV and ηML described in Section III-D. For an
uncertainty of ηML up to 0.05, δTB sun goes from –330 K at
W band up to –450 K at Ka band. Error sources in both (A.1)
and (A.2) imply that the AFRL-MWR antenna pattern should
be known with a high degree of accuracy.

Analogously, the uncertainty in TB sun , because of variations
in Θsun , can be computed from (21) yielding the following
uncertainty:

δTB sun =
−2ln (2) ηML T ∗

B sun

f 2
Ω

Θsun

Θ2
ML

e
−ln(2)

(
Θ su n
Θ M L

)2

δΘsun .

(A.3)
Since the Earth–Sun distance changes over the year, the disk

angle subtended by the Sun varies between 0.526° and 0.545°.
This leads to a maximum Θsun variation of 0.019°.

Fig. 6(c) shows (A.3) using the same values of the previous
analyses, for Θsun variations of about 0.01° (maximum devi-
ation from the value reported in Section III-D), the error in
estimating TB sun is relatively small and it goes from –240 K
at 82.5 GHz up to –340 K at 23.8 GHz. Table VII (right side)
reports the uncertainty in TB sun because of Θsun variations in
more detail, considering δΘsun values obtained by calculating
the difference between the general formulation in (19) and the
approximation in (17). This approximation leads to small errors
in TB sun with respect to previous sources, especially at lower
frequencies where the effect of the radiometer antenna pattern
can be neglected in (16). Second, error analyses with respect to
radiating quantities have to be carried out. Sensitivity δTB sun
with respect to δΔTA is obtained from the governing (11) and
(15) of ST-MWR leading to:

δTB sun =
1
fΩ

eτ δΔTA . (A.4)

TABLE VIII
EXPECTED ERRORS IN TB sun DUE TO RADIATING QUANTITY VARIATIONS

δTB sun versus δΔTA δTB sun versus δτ

f [GHz] δΔTA [K] δTB sun [K] δτ [Np] δTB sun [K]

23.8 4 326 0.019 155
31.4 5 245 0.009 79
72.5 8 126 0.015 87
82.5 10 108 0.021 131

Fig. 6(d) shows the sensitivity to ΔTA , in which τ values ex-
pected in clear-sky situations between K and W band were used
(τ = 0.10, 0.05, 0.30, and 0.15 Np for the four available fre-
quencies, respectively). Since ΔTA values are much smaller at
K band with respect to V band, δΔTA uncertainties have larger
effects at lower frequencies with respect to higher frequencies.
Uncertainties are due to calibration errors and antenna mispoint-
ing during ST and atmospheric variability. The first is estimated
to be less than 0.5 K at K and Ka band and about 1 K at W
and V-band, whereas the latter goes from 4 K to 10 K with in-
creasing frequency, whose reduction has suggested the filtering
approach used in Section III-C. For an uncertainty in ΔTA of
about 8 K, the error in TB sun goes from 86 K at 82.5 GHz up to
652 K at 23.8 GHz. Quantitative analysis of (34) is reported in
the left side of Table VIII, considering TB sun uncertainties for
typical ΔTA in clear air. The latters have been derived from the
variability of AFRL-MWR data during the ooS and twS switch-
ing. In this case, δTB sun are less than 4% at all frequencies with
respect to the absolute values (worst case at 23.8 GHz).

Furthermore, we can obtain the uncertainty in TB sun due to
atmospheric extinction variations δτ from the same equations
as before:

δTB sun =
1
fΩ

ΔTA eτ δτ. (A.5)

Fig. 6(e) shows the relation for the same set of τ values and
for ΔTA values expected in clear-sky situations (ΔTA = 100,
180, 370, and 580 K for the four available frequencies, respec-
tively). For an uncertainty in τ of about 0.02 Np, the error in
TB sun goes from 117 K at 72.5 GHz up to 176 K at 31.4 GHz.
The two considered techniques use different methods to evalu-
ate the atmospheric extinction: 1) Langley technique estimates
τz through the slope of the linear regression in (13), represent-
ing a daily average atmospheric extinction (the associated error
is mainly due to the attenuation variability during the day and
ST antenna mispointing); 2) Meteorological technique needs an
estimate of τ to be computed according to (14). This means
that both mean radiating temperature and antenna noise tem-
perature ooS errors have to be taken into account. Note that for
the meteorological technique we can provide a daily averaged
value of Sun brightness temperature in order to mitigate the
punctual TB sun uncertainties due to δτ . Starting from (14), the
uncertainty in τ because of variation in TAooS is given by:

δτ = − δTAooS

(Tmr − TAooS)
(A.6)
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Considering a fixed mean radiating temperature of 270 K
and typical TAooS values expected in clear-air situations
(TAooS = 35, 20, 100, and 60 K for the four available fre-
quencies, respectively), we can estimate δτ associated to the
δTAooS absolute accuracies (equal to 0.5 K at K-band and 1 K
at W-band according to the manufacturer specifications). Re-
sulting δτ values are relatively small and they go from –0.0021
Np at 23.8 GHz up to –0.0059 Np at 72.5 GHz.

Furthermore, δτ uncertainty due to errors in estimating Tmr
leads to:

δτ =
Tcos − TAooS

(Tmr − Tcos) (Tmr − TAooS)
δTmr . (A.7)

Since TAooS assumes smaller values at K band with respect to
V band, δτ uncertainties have larger effects at higher frequen-
cies. This behavior is the opposite of what happens in (A.5),
where δTB sun grows with decreasing frequency. For an uncer-
tainty in Tmr of 3 K, the error in τ goes from –0.0008 Np at
31.4 GHz up to –0.006 Np at 72.5 GHz, using the same clear-air
values of the previous analysis.

On the right side of Table VIII, the error budget analysis
of TB sun is shown with respect to uncertainties δτ . The latter
have been derived from both τz confidence intervals of the linear
regression slope in (13) and the std of the estimated atmospheric
extinction time series in (14). The resulting values are very
similar for both techniques. Errors in Sun brightness temperature
are less than 2% at all frequencies with respect to the absolute
values (worst case at 82.5 GHz).

Further error should be considered whether different elevation
angles are assumed between off-the-Sun and twS observations
in the computation of the antenna noise temperature difference.
Considering an ooS observation in (9) performed at an eleva-
tion angle θ1 , the antenna noise temperature difference in (10)
depends on both elevation angles (or air-masses). The TB sun
uncertainty due to the air mass variation δm between the two
observations is given by:

δTB sun =
(Tcos − Tmr) τ

fΩ
δm. (A.8)

Note that the atmospheric transmittance ratio has been trun-
cated to the first order the Taylor expansion. Fig. 6(f) shows the
previous equation for the same set of values used before for the
four AFRL-MWR frequencies. For an air-mass uncertainty of
about 0.4 (worst case corresponding to a variation of about 3°
from the minimum admitted elevation angle of 20°), the error
in estimating TB sun increases with the frequency decrease and
goes from –14 K up to –79 K.

Finally, we estimated the error in assuming the horizontal
homogeneity in clear sky through the analysis of the estimated
atmospheric extinction time series in (14) at the same elevation
and different azimuths. Uncertainties of τ were estimated as
0.0039, 0.0016, 0.0053, and 0.0062 Np for an average azimuth
distance of 5 deg. As such, the assumption holds.

B. Impact of Radiometer Spectral Response

Radiometer characteristics, such as antenna pattern and re-
ceiver bandwidth, are relevant aspects to be considered when

dealing with the development of algorithms, intercomparisons
with radiative transfer model simulations and data assimilation
[39]. In order to rigorously approach these issues, the expres-
sion in (1) needs to be generalized to include the dependency on
frequency so that the band-averaged antenna noise temperature
is given by:

TA (θ0 , ϕ0) =
∫

B

∫
4π TBf (θ, ϕ, f) Fnf (θ0 , ϕ0 , θ, ϕ, f) dΩ

∫
4π Fnf (θ0 , ϕ0 , θ, ϕ, f ) dΩ

× Hn (f) df (A.9)

where Hn is the normalized spectral response function (SRF) of
the instrument within the bandwidth B so that

∫

B

Hn (f) df = 1. (A.10)

The band-averaged TA in (A.9) is now expressed, with respect
to (1), as the filtering of the spectral brightness temperature TBf

through the instrumental SRF within the frequency bandwidth
B. Moreover, in (A.9) the antenna power radiation pattern Fnf

is also dependent on frequency.
Generally speaking, instrument narrow bandwidths allow us

to apply the approximation that spectral functions TBf , Fnf ,
and Hn can be considered constant over B so that (A.9) re-
duces to (1). The impact of such approximation in our model
development is analyzed in this section. Note that the frequency
dependence of Fnf can be usually neglected without loss of
accuracy for the window frequencies, but for high-frequency
double-sideband channels around the absorption peak frequen-
cies, it may not be negligible and Fnf should be possibly mea-
sured for the low and high sidebands.

In our work we should consider that AFRL-MWR channels
at K-band at 23.8, 31.4 center frequency have relatively narrow
bandwidths of 230 MHz, but the V- and W-band channels at 72.5
and 82.5 GHz have a bandwidth as large as 2 GHz. As recognized
in [39], the errors associated to receiver channel bandwidth are
less important in K-band and W-band, but this is not necessarily
true for channels in the V-band or higher frequencies in the wings
of absorption lines. On the one hand, highly asymmetric SRF
can change the effective frequency of a radiometric channel,
whereas on the other hand, spectral brightness temperature TBf

due to the atmosphere can significantly vary within the same
bandwidth B [40], [41].

Regarding the SRF characterization of AFRL-MWR, the re-
ceivers are tuned by the manufacturer as a complete system so
that the radiometer channel central frequency is a good rep-
resentation of the filter response [23], [28]. For filter tuning a
calibrated monochromatic input signal is swept over the spec-
trum, the digital radiometer output is monitored and the effective
central frequency calculated. This implies that in our case the
use of the effective central frequency is a good approximation
for our purposes, provided that actual SRFs were not available
from the manufacturer.

Indeed, the spectral variability of TBf within the assigned
bandwidth B needs to be quantified to estimate the error due
to monochromatic approximation at effective central frequency.
To examine the SRF impact, we have simulated monochromatic
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brightness temperatures TBf in (A.9) with steps of 200 MHz at
V and W band and performed several band-averaging summing
them according to specific weights. We have modeled the SRF
weights Hn in (A.9) in order to reproduce the shapes of realistic
asymmetric spectral response functions, similar to those found
in literature (e.g., as in [42]). Differences between monochro-
matic and band-averaged simulations can be up to 1.5 K at 72
GHz and 0.1 K at 82.5 GHz. As previously stated, this result
is expected being the spectral variability more relevant for the
72.5 GHz channel as it is closer to the oxygen absorption wing.
According to our evaluations, it is highly advisable that the
radiometer characteristics, such as SRF and antenna patterns,
are made available to users, especially in future applications at
millimetre-wave frequency channels, as recommended in [41].

C. Impact of Radiometer Antenna Side Lobes

As described in Section II, the approximation of an antenna
Gaussian beam has been used for computing fΩ . Provided that
actual antenna patterns of AFRL-MWR were not available from
the manufacturer, the Gaussian shape antenna proposed here
has been favored with respect to other possible approximations,
such as a pattern described by Bessel functions, since: 1) the
main lobe of AFRL-MWR is well characterized by the Gaussian
shape, as suggested by the manufacturer [23], [28]; 2) the side-
lobe levels produced by the feedhorn/parabola system are below
–30 dB at 23.8 and 31.4 GHz and below –40 dB at 72.5 and
82.5 GHz [23]. This limits the use of Bessel functions which
generally provide higher side lobes unless additional tapering
by other functions is introduced.

The antenna radiation pattern is, however, characterized not
only by the main lobe. In this section the effect of neglecting
antenna pattern side lobes is evaluated. In our retrievals and in
clear sky conditions, the effect of side lobes may be relevant:
1) at very low elevations when side lobes can pick up ground
radiation (but typically the radiometer is not operated below
10°); 2) during the switch when the Sun can be picked up by the
side lobes (at least the first one) when observing in the “off the
sun” mode.

In order to take into account the side lobe contributions and
to evaluate them quantitatively, a Gaussian-shape has been also
employed to model both the main lobe and the side lobes cen-
tered in θi=1,...,m in the radiometer antenna normalized pattern
Fn

Fn (θ, ϕ) = FnML (θ, ϕ) +
m∑

i = 1

FnSLi (θ, ϕ)

= e
−ln(2)

(
2 θ

Θ M L

)2

+
m∑

i=1

Ai e
−ln(2)

(
2 θ −θ i

Θ S L i

)2

(A.11)

considering m side lobes in the general expression above, θi, ϕi

as the side lobe pointing angles and ΘML and ΘSLi=1,...,m as
the half-power beamwidth values for the main lobe and the
side lobes, respectively. In (A.11), it is reasonable to assume
negligible the tails of the Gaussian pattern shapes outside of
each respective beam, with an impact generally less than 0.1%.

The antenna radiation-pattern solid angle ΩPant can be obtained
from (2) using (A.11):

ΩPant = ΩPML +
m∑

i = 1

ΩPSLi (A.12)

where ΩPML and ΩPSLi stand for antenna main lobe radiation-
pattern solid angle and the antenna side lobe radiation-pattern
solid angles, respectively. By properly evaluating the integrals,
the following expressions have been obtained for the aforemen-
tioned antenna radiation-pattern solid angles:

ΩPML ∼= π

4ln (2)
Θ2

ML

[

1 − e
−ln(2)

(
2 π

Θ M L

)2 ]

(A.13)

ΩPSLi
∼= 2π Ai

{
Θ2

SLi

8ln (2)

(
e− ai

2 − e− bi
2
)

+
√

π ΘSLiθi

4
√

ln (2)
[erf (bi) − erf (ai)]

}

(A.14)

where

ai =
2
√

ln (2)
ΘSLi

θi ; bi =
2
√

ln (2)
ΘSLi

(π + θi) . (A.15)

As described in [24], corrugated feedhorns have traditionally
used a linearly tapered internal profile with main-beam efficien-
cies even greater than 98%. By including the parabola spillover,
we can estimate an overall main-lobe efficiency by means of

ηML = ηsη
′
ML = ηs

ΩPML

ΩPant
(A.16)

where ηML is the overall efficiency, ηs is the spillover efficiency,
and η

′
ML is the feedhorn main lobe efficiency. By properly eval-

uating (A.12) and (A.13) we can retrieve a reasonable value
of η′

ML = ΩPML/ΩPant for each considered frequency. In the
radiometer antenna normalized pattern Fn , we have considered
equally spaced side lobes with constant half-power beamwidth
values ΘSLi , equal to ΘML/2. Furthermore, in order to have an
upper boundary condition, we have assumed that the 99.9% of
the total power is received within 30° from the pointing angle of
the main lobe. The values of Ai have been set to –30 dB (10–3) at
23.8 and 31.4 GHz and to –40 dB (10–4) at 72.5 and 82.5 GHz,
according to [23]. Considering spillover efficiencies ηs of 0.98
at Ka band and 0.99 at V–W bands, we have obtained ηML val-
ues equal to 0.969, 0.969, 0.979, and 0.979 at 23.8, 31.4, 72.5,
and 82.5 GHz, respectively. The effect on TB sun estimates due
to uncertainty in ηML is also analyzed in (A.2) [see Fig. 6(b)].
By considering the side lobe contributions in (1), we obtain

TA (θ0 , ϕ0) = ηs
ΩPML

ΩPant
TBML (θ0 , ϕ0)

+ ηs

∑m
i = 1 ΩPSLiTBSL i

(θi, ϕi)
ΩPant

+ (1 − ηs) TB Spill

= ηsη
′
MLTBML (θ0 , ϕ0) + ηs (1 − η′

ML) TBSL

+ (1 − ηs) TB Spill (A.17)

where θi, ϕi represent the pointing angles of the side lobes,
TBSL is the averaged contribution of side lobes and TB Spill is
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the spillover brightness contribution. By supposing TB Spill ∼=
TBSL , we can retrieve from (A.17) the deviation δTA due to side
lobe and spillover effects

δTA = ηs (1 − η′
ML) TBSL + (1 − ηs) TB Spill

∼= (1 − ηML) TBSL . (A.18)

Referring to (A.17), the impact of an additive side lobe radi-
ation is negligible in (6) since, when the main lobe is pointing
toward the sun TBML = TB twS , all the side lobes are pointing
toward the same clear-air scenario TBSL ∼= TB ooS . This con-
dition gives brightness contributions from 20 K at 31.4 GHz
up to 100 K at 72.5 GHz, corresponding to δTAtwS going from
0.6 K to 2 K. Considering the same analysis carried out for
(5), we have to take into account the possibility that, during the
switch, the Sun can be picked up by one of the side lobes when
observing “off the Sun”, i.e., the contribution of the side lobes
is not uniform. We can rewrite (A.18) as

δTA = (1 − ηML)
[
wSL TB twS + (1 − wSL ) TBSL

]
(A.19)

where wSL is the weight of the side lobe picking up the Sun
radiation. To evaluate a worst-case scenario, we have supposed
to have the Sun precisely centered by the first side lobe that
contributes for the 80% (wSL = 0.8) with respect to the other
side lobes. Using typical clear-air TB twS values from 150 K at
23.8 GHz to 600 K at 82.5 GHz, we can obtain δTAooS values
going from 4 K to 10 K. These values of δTA lead to ΔTA errors
that affect the TB sun estimates as discussed in detail in (A.4) of
this Appendix.
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