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Abstract: Ground-based multichannel microwave radiometers (GMRs) can observe the atmospheric
microwave radiation brightness temperature at K-bands and V-bands and provide atmospheric
temperature and humidity profiles with a relatively high temporal resolution. Currently, microwave
radiometers are operated in many countries to observe the atmospheric temperature and humidity
profiles. However, a theoretical analysis showed that a radiometer can be used to observe solar
radiation. In this work, we improved the control algorithm and software of the antenna servo
control system of the GMR so that it could track and observe the sun and we use this upgraded
GMR to observe solar microwave radiation. During the observation, the GMR accurately tracked
the sun and responded to the variation in solar radiation. Furthermore, we studied the feasibility
for application of the GMR to measure the absolute brightness temperature (TB) of the sun. The
results from the solar observation data at 22.235, 26.235, and 30.000 GHz showed that the GMR
could accurately measure the TB of the sun. The derived solar TB measurements were 9950 ± 334,
10,351 ± 370, and 9217 ± 375 K at three frequencies. In a comparison with previous studies, we
obtained average percentage deviations of 9.1%, 5.3%, and 4.5% at 22.235, 26.235, and 30.0 GHz,
respectively. The results demonstrated that the TB of the sun retrieved from the GMR agreed well
with the previous results in the literature. In addition, we also found that the GMR responded to
the variation in sunspots and a positive relationship existed between the solar TB and the sunspot
number. According to these results, it was demonstrated that the solar observation technique can
broaden the field usage of GMR.

Keywords: microwave radiometer; brightness temperature; solar observation

1. Introduction

The sun is an important source of the energy for the earth and the atmospheric system
and the sun continuously emits radio emissions at all wavelengths. The solar brightness
temperature (TB) represents a basic property of the solar atmosphere. At millimeter and
submillimeter wavelengths, the solar emission primarily originates in the chromosphere,
which is an approximate blackbody of 6000 to 20,000 K. Solar emission measurements
at multi-frequencies are useful for emissions that arise from different layers of the solar
atmosphere [1]. Additionally, the observations of the thermal radio emission of the sun
at millimeter wavelengths are important in evaluations of theoretical atmospheric and
surface models [2–4].
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The measurements of the solar TB at the microwave and millimeter bands have a
long history and a number of observational results and methods have been reported to
have utilized interferometers and large telescopes at different frequencies [4–8]. Although
interferometers and telescopes can achieve higher spatial resolution information, these
devices are large, complex, and expensive.

A ground-based multichannel microwave radiometer (GMR) is a typical atmospheric
passive remote sensing device that can continuously measure the atmospheric microwave
radiation TB at the K-bands and V-bands. It is able to rapidly retrieve and provide high
temporal atmospheric temperature, humidity, water vapor, and cloud liquid water profiles,
as well as integrated water vapor and cloud liquid water. Many studies have shown that
the results of atmospheric temperature and humidity profiles retrieved from the measured
TB of the GMR have been consistent with the observation of the radiosonde [9–14].

Currently, GMRs are widely used for meteorology, air-quality and climate monitoring,
and wave-propagation studies in many countries [9–16]. The GMR has become a popular and
important instrument in the last few decades for remotely sensing the atmosphere [12,15,16].
In addition, based on the theory of atmospheric radiation and TB remote sensing using
GMR, Wang et al. (2014) proposed a method to measure the microwave radiation of a hot air
cylinder caused by lightning. Jiang et al. (2018, 2019) observed microwave heating and the
duration of artificial rocket-triggered lightning using a GMR [17–19]. Marzano et al. (2016)
and Mattioli et al. (2016) attempted to observe solar radiation and to measure the brightness
temperature of solar radiation [1,20] and these were new applications of the technology.
In general, GMR is only used to measure the TB of the atmosphere at the K-bands and
V-bands; it has rarely been used to measure the characteristics of solar radiation [1]. However,
a theoretical analysis and experiment demonstrated that the radiometer could respond to
variations in solar radiation [1,20,21]. Therefore, in this study, we attempt to automatically
track and observe the sun using a GMR and the results of these observations will broaden the
field usage of GMRs.

In order to observe solar radiation, we made improvements in the control algorithm
and the software of the antenna servo control system of the GMR so that it can point and
track the sun automatically. Thus, it can be used to observe and study the TB reaching
antenna due to the sun and even to monitor the variation in solar microwave radiation. In
addition, the sun is a good natural source and the solar monitoring method can be used to
measure the antenna pattern, monitor the antenna alignment, and to evaluate the receiver
stability of the GMR in operational field applications [1,21]. This solar observation method
demonstrates a potential application for GMR system stability assessments and broadens
the application field of the radiometer.

In this study, we introduced an experiment and theory that solar radiation can be
remotely sensed by using the GMR and propose a method to measure the antenna pattern
and absolute TB of the sun by using the GMR; the results are compared with previously
available results. In addition, sensitivity analysis is proposed to examine the predicted
performances with respect to the solar TB uncertainties. In order to estimate solar TB,
long-term solar observations were performed using a GMR installed at the Xi’an field
experimental site (34.091◦N, 108.89◦E) in China from December 2019 to February 2020.
The long-term observation results demonstrated that the method of measuring the solar
TB with the GMR had the advantages of simple operation and feasibility. During the
experiment, we found that the GMR can be used to monitor the variations in the solar
microwave radiation and that it can also respond to the variation in sunspots during active
episodes. Based on this experiment and on the solar observations collected, it is shown
that the field usage of the GMR can broaden and enhance the field of solar observations.



Remote Sens. 2021, 13, 2968 3 of 22

2. Materials and Methods
2.1. Principle of the Solar TB Measurement Using a GMR

In general, a GMR can be used to observe the TB of the atmosphere and the antenna
cannot be aimed near the sun. When the antenna is pointed at the sky and the sun is not in
the beam, the atmospheric TB can be calculated as follows:

T′sky(ϕ, θ) = Tbge−τ(θ) + Tm

[
1− e−τ(θ)

]
, (1)

where ϕ and θ are the antenna azimuth and the elevation angle, respectively; Tm and Tbg are
the atmospheric mean radiating temperature and the cosmic background TB (Tbg= 2.75 K),
respectively; and τ(θ) is the atmospheric opacity of each direction and it can be calculated
by using the observed TB of the sky. It can be used according to the following previously
published method [22–24].

τ(θ) = ln[
Tm − Tbg

Tm − T′sky(θ)
]. (2)

Traditionally, Tm can be calculated by using a radiative transfer model (MonoRTM,
version 5.4) and the radiosonde profile as follows:

Tm =

∫ ∞
0 T(z)β(z)e−τ(0, z)dz

1− e−τ(0,∞)
, (3)

where β(z) is the absorption coefficient; and T(z) and e−τ(0,∞) are the physical temperature
profile and the total opacity along the slant path, respectively. Tm has slight angular
dependence and this effect can be ignored for low-opacity channels [25].

The observed TB of the sun found using the radiometer can be estimated by using the
radiative transfer equation. When the antenna is pointed at the sun, the TB received from
both the sun and the atmosphere can be calculated as follows [1,22,26]:

T′sun(ϕ, θ) ∼= Tbge−τ(θ) + Tm

[
1− e−τ(θ)

]
+

ΩSTsun

ΩA
e−τ(θ), (4)

where Tsun is the average TB of the sun; and ΩS and ΩA are the solid angles of the sun and
antenna, respectively.

After the calibration of the atmospheric opacity and considering that the atmospheric
opacity is zero (e−τ(θ) = 1), the maximum TB increment, ∆Tmax, without atmospheric
attenuation by the radiometer can be obtained by subtracting (1) from (4), as described
as follows.

∆Tmax =
ΩS
ΩA

Tsun. (5)

Measurements in the direction of the sun and in another direction (sky background)
are differentiated to obtain an estimate of the solar TB increment. This is the simplified
model for estimating the TB increment reaching antenna due to solar radiation [1,20]. Since
the antenna size of a GMR is relatively small and the beam subtending solid angle is larger
than that subtended by the solar disk, only the average TB of the sun can be observed
and determined.

In general, the solar solid angle can be easily calculated [1,20], but the antenna solid
angle is difficult to determine. However, we can assume a Gaussian antenna pattern to
calculate the antenna solid angle [27].

2.2. Atmospheric Mean Radiating Temperature

In general, Tm must be determined prior to an observation in real-time. However, it
cannot be determined from the GMR itself. In order to reduce the uncertainties, Tm can be
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predicted from the surface air temperature, pressure, and relative humidity by using linear
regression analysis [1,23]. It can be estimated by the following equation:

Tm = a0 + a1Ts + a2RHs + a3Ps, (6)

where Ts, RHs, and Ps denote the temperature, relative humidity, and pressure of the
ground, respectively, and a0, a1, a2, and a3 are the regression coefficients.

In order to evaluate the accuracy of the regression results, the accuracy of the regres-
sion data was quantified statistically by using the mean bias (BIAS) and root-mean-square
error (RMS) as follows:

BIAS =
1
n

n

∑
i=1

∣∣Treg, i − Tsim,i
∣∣, (7)

RMS =

√
1
n

n

∑
i=1

(
Treg,i − Tsim,i

)2, (8)

where n represents the number of samples; i indicates the i-th sample; Treg,i denotes the
regression value; and Tsim,i is the simulation result obtained by using the radiative transfer
model. The BIAS and RMS were used to evaluate the deviation between the regression
value and the simulation results by using the radiative transfer model.

2.3. Measurement of the Antenna Pattern

The antenna pattern measurement is important for reliable and accurate solar TB
measurements and it is typically evaluated in a microwave anechoic chamber. However,
measurement using an anechoic chamber is complex and this traditional method cannot be
used to measure the antenna pattern in operational field applications after installation.

The existing research demonstrates that the sun can be used to measure the antenna
pattern, calibrate antenna pointing, and to verify the performance and stability of the
receiver system [21,28–30]. The sun can be seen as a point source for the antenna pattern
measurement and, by assuming a Gaussian antenna pattern, the normalized antenna
pattern can be given as follows [24,25]:

G(x, y) = exp[−4 ln 2
(

x2 + y2

θA
2

)
], (9)

where G is the antenna pattern; x and y are the solar azimuth and elevation angle
radial distance from the antenna beam center, respectively; and θA is the 3 dB antenna
half-power beamwidth.

The antenna of the GMR is a relatively small antenna and the antenna solid angle
is larger than the solar solid angle. By considering the relationship between the antenna
beamwidth and the angular diameter of the sun, we can only measure the average TB of
the sun by using the GMR. Since the solar disk does not completely surround the antenna
beam, the ratio between the TB increment received by the antenna and the TB of the sun is
proportional to the ratio of the solar solid angle to the antenna solid angle [22]. The ratio is
an important factor required to calculate the TB of the sun.

According to Equation (5), we must accurately calculate the ratio of the solar solid
angle relative to the antenna solid angle in order to calculate the solar TB. The ratio
represents the sun filled-beam factor of the GMR antenna. In general, this ratio is typically
difficult to calculate. However, by assuming a Gaussian antenna pattern, we can easily
determine the ratio. Thus, the ratio of the solar solid angle to the antenna solid angle, R,
can be given as follows [27,28]:

R =
Ωs

ΩA
=

∫
Ωs

G(x, y)dxdy∫
4π G(x, y)dxdy

∼= 1− exp

[
−4 ln 2

(
θs

θA

)2
]

, (10)
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where θs is the angular radius of the sun and it is a function of the Earth-Sun distance; and
the ratio, R, represents the sun filled-beam efficiency of the GMR antenna.

During scanning of the sun at the azimuth and the elevation by the GMR, the antenna
pattern, beamwidth, and the maximum TB increment can be easily fitted by using the
least-square method. That is to say that the sun can be used to measure the antenna pattern
of the radiometer and the sun filled-beam factor of the GMR antenna. Considering that the
beamwidths of the GMR are less than 5◦, we simulated the relationship between the sun
filled-beam factor and the antenna beamwidth. Since the beamwidths of the GMR are in
the order of 3–5◦ at the K-band, the sun filled-beam factor was less than 0.02.

2.4. Calibration of the Earth-Sun Distance

Since the orbit of the earth around the sun is elliptical and the angular radius of the sun
is a periodic function of the Earth-Sun distance, the observed TB of the sun are modulated
by the changing Earth-sun distance [31]. According to the relationship between the sun
and the earth, the angular radius of the sun has to be calculated as follows:

θs = tan−1(
r
d
), (11)

where r and d are the solar radius and the Earth-Sun distance. Since the earth’s orbit is
an ellipse, the angular radius of the sun varies with the Earth-Sun distance and we must
calibrate the variation. In polar coordinates, the equation of the elliptical orbit of Earth can
be given by the following [32]:

d =
a
(
1− e2)

1 + e cos(ω)
, (12)

where e and a are the eccentricity (e=0.01672) and the length of the semi-major axis of earth
orbit, respectively; ω is the polar angle; and ω and d are the periodic functions of time.
According to the Kepler’s laws and the equation of the elliptical orbit, we can obtain a
good approximation expression [32,33]:

t =
T

2π
(ω− 2e sin ϕ), (13)

where t is a time since 1 January; and T is the duration of the year. When the orbit of the
earth is circular, the eccentricity is equal to 0.

According to Equations (12) and (13), we can use an iterative method for computing the
ω and d for each day and the relationship between the polar angle and time is approximately
linear. It was found from the result of the simulation calculation that if we assume a circular
orbit, the maximum error of the polar angle calculation is approximately 2◦.

2.5. Data and Instrument for Observations

The MWP967KV GMR used for this observation was developed by our research team
and continuously observes the atmospheric TB in the 21 K-band and 14 V-band frequencies.
In addition, it can retrieve the atmospheric temperature, humidity, and cloud liquid water
structure of the troposphere by using the neural-network retrieval algorithm. The GMR
can measure the surface temperature, humidity, and pressure and it includes an infrared
radiometer and a rain detector to observe the cloud-base temperature and rain time. In
addition, it is calibrated by using liquid nitrogen (LN2), hot load, a noise diode, and
the Tipping curve method. These corrections have been found to largely reduce or avoid
calibration uncertainties [21,34].

The GMR also contains a high-precision elevation and azimuth stepping scanning
system to scan the sky and the angular resolution is 0.1◦ for both the elevation and azimuth.
In order to scan the sun, we improved the control algorithm and software of the antenna
servo control system so that it could point and track the sun. After upgrading, the GMR
can measure the TB at any antenna position and the solar observation was performed by
using the upgraded GMR installed at the Xi’an field experimental site in China, as shown



Remote Sens. 2021, 13, 2968 6 of 22

in Figure 1. The period considered in this study was from December 2019 to February 2021.
During the observation, the GMR underwent regular maintenance and the LN2 calibrations
were performed twice a year.

Figure 1. The microwave radiometer (MWP967KV) used in this experiment.

The upgraded GMR works on two modes: the meteorological observation mode and
the solar observation mode. Generally, the GMR works on the meteorological observation
mode to observe the atmospheric temperature and humidity profiles.

The solar observation was made by collecting drift scans through the center of the
solar disk by using the Polar Plane Indicator (PPI) and Range Height Indicator (RHI) and
scanning was conducted by adding the step angle. In addition, a number of scanning
points were made to correct for small residual pointing errors. In addition, the antenna
was adjusted so that the sun was completely out of path of the beam. The sky was scanned
using RHI scanning and these scanning data were used to calibrate the atmospheric opacity
at different elevations by using the Tipping method [23].

Since the sun was moving along the sky within the scanning time interval, we needed
to re-calculate the solar azimuth and elevation prior to changing the antenna pointing
position in real-time. This was used to derive the relative position between the antenna
beam pointing position and the sun for each observation. During the experiment, the solar
observations were typically performed once or twice a week on sunny days. The sun was
observed for more than 3 h a day and the observations were repeated every 10 min.

3. Results
3.1. Mean Radiative Temperature

In order to predict the mean radiative temperature, a regression analysis based on
regressions of all of seasons was conducted and we only refer to those regressions per-
formed during clear skies from 2014 to 2019 in Xi’an, China. We could find a correlation
between the simulated mean radiative temperature from radiative transfer model and the
regression mean radiative temperature from the surface meteorological observations. The
regression results are shown in Table 1 and Figure 2. As can be observed, the correlation
coefficients of Tm are 0.971, 0.982, and 0.979 for each frequency and the slops are 0.9434,
0.964, and 0.9593; therefore, the fit was slightly worse for the situations with clear-skies.
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Table 1. Regression coefficients and BIAS and RMS of calculating Tm a0, a1, a2, and a3 are the regres-
sion coefficients. The BIAS means the mean bias and the RMS means the root-mean-square error.

Frequency (GHz) a0 a1 a2 a3 BIAS (K) RMS (K)

22.235 184.9 0.797 0.187 −0.1547 2.09 2.65
26.235 132.5 0.862 0.200 −0.1208 1.66 2.17
30.000 108.7 0.855 0.204 −0.0968 1.75 2.26

Figure 2. The mean radiative temperature at different frequencies. A comparison of the regression method and radiative
transfer model using the sounding profiles when the sky was clear. The sample size (N), the correlation (Coff), and the
fitting are shown. (a) 22.235 GHz, (b) 26.235 GHz, and (c) 30.0 GHz.

Considering the importance of small variations in Tm, we calculated the BIAS and
RMS. The results for each of the frequencies are presented in Table 1. The BIAS were 2.09,
1.66, and 1.75 K and the RMS were 2.65, 2.17, and 2.26 with respect to the three frequencies.

3.2. Observation of the Solar TB Increment

On a sunny day, when we scan the sun at a fixed elevation with GMR in azimuth, we
can assume that the atmospheric attenuation is a constant and can be easily calculated and
calibrated by using Equation (2). Some observation examples at the three frequencies are
shown in Figure 3. The results demonstrated that the observation curves (circled by the
dashed line) were a Gaussian function and the maximum value indicates that the antenna
was pointed to the center of the sun. According to Equation (9), the scanning curve is
the antenna pattern. When the sun was scanned by the GMR at an elevation, the antenna
azimuth angle was equal to the solar azimuth and it was a fixed value. However, the
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atmospheric attenuation was not a constant and it had a different value as the antenna
elevation. Some elevation scanning examples are shown in Figure 4. Compared with
Figure 3, the azimuth and elevation scanning results had some obvious difference that
depended on the atmospheric attenuations at different elevation angles. The atmospheric
attenuation was more obvious with a lower elevation and it is shown in Figure 4 (blue
dotted line).

Figure 3. An example of the solar azimuth scanning observation on 18 June 2020, 12:00 a.m. (local time). The azimuth angle
distortion was calibrated. The pink dashed line is the scanning points value. The red solid line is the TB increment after
the atmospheric attenuation calibration and the black dash-dotted line is for the observational TB increment without the
atmospheric attenuation calibration. The markers represent the observed data and the origin represents the center of the
sun. The left axis is the solar TB increments (∆TB) at different azimuths. (a) 22.235 GHz, (b) 26.235 GHz, and (c) 30.0 GHz.

During the solar scanning observation, the observed TB increment of the sun was
observed after atmospheric attenuation. If we did not calibrate the attenuation, the solar
TB increment would be smaller than the real value and this is shown in Figures 3 and 4
(red solid and black dash-dotted lines). In a comparison of the process of the azimuth
and elevation scanning, the atmospheric attenuation calibration is obviously important.
The scanning results showed the following: (1) The azimuth scanning observation points
showed good consistency with the results from a fitting of the Gaussian function. The
elevation scanning points were not a perfect Gaussian function and the sky radiation TB
and the solar TB increment were larger with a lower elevation (pink dashed line in Figure 4).
(2) The maximum value of the solar TB increment was different for each frequency and they
were related to the antenna beamwidth. In addition, the TB increment was more obvious
with a narrower beamwidth. (3) In order to measure the absolute solar TB, the atmospheric
attenuation had to be calculated at different elevations. During the elevation scanning,
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the results showed good agreement with the Gaussian function after the calibration of the
atmospheric attenuation at different elevations (red solid line in Figure 4).

Figure 4. An example of the solar azimuth scanning observation on 18 June 2020, 17:10 p.m. (local time). The pink dashed
line is the scanning point values. The red solid line is the TB increment after the atmospheric attenuation calibration and the
black dash-dotted line is for the observational TB increments without the atmospheric attenuation calibration. The blue
dotted line is the atmospheric attenuations at different elevations. The markers represent the observed data and the origin
represents the center of the sun. The left axis is the solar TB increment (∆TB) at different elevations and the right axis is the
atmospheric opacity (τ) at different elevations. (a) 22.235 GHz, (b) 26.235 GHz, and (c) 30.0 GHz.

3.3. Measurement of the Antenna Pattern

The GMR antenna pattern measurement is important for an accurate solar TB mea-
surement. We used the GMR to track and scan the sun at various frequencies. Since the
beginning of December 2019, sun tracking and monitoring were performed on sunny days.
It was found that the GMR could observe the TB increment arising from solar radiation. In
order to reduce the impact of the atmospheric refraction and the side lobes of the antenna
beam, observations at low elevations were avoided (<25◦).

During the observation, the sun can be assumed a point source for the antenna and
can be treated as a homogeneous disk with an approximate angular diameter of 0.53◦.
According to Equation (9), the antenna pattern can be easily fitted by the least-square
method by using solar scanning data after calibration of the atmospheric attenuation.
During the sun scanning, the atmospheric attenuation is very obvious for the solar radiation
and the effect of the attenuation.

After calibrating the atmospheric attenuation, we obtained the solar TB increment
when the antenna beam was pointed near the sun and the antenna beamwidth was obtained
with the results from a fitting of the Gaussian function. Figures 5 and 6 show some examples
of the solar observation values with azimuth and elevation scanning at three frequencies
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and the antenna pattern could fit in accordance with the Gaussian function. The results
showed that the scanning data was relatively symmetrical and the peak TB increment was
inversely proportional to the beamwidth.

Figure 5. An example of the solar scanning observation on 18 June 2020, 12:00 a.m. (local time). The angle distortion was
calibrated. The solar elevation was 78.1◦.The markers are for the observed TB increments and the lines are for fitting with
the Gaussian function by using the least-square method. The origin represents the center of the sun. (a) Azimuth scanning
and (b) elevation scanning.

Figure 6. The same as Figure 5 but for 18 June 2020, 17:10 p.m. (local time). The angle distortion was calibrated and the
solar elevation was 31.5◦. (a) Azimuth scanning, and (b) Elevation scanning.

In order to study the effect of the different elevations for the scanning observation,
we continuously scanned the sun throughout the day at different solar elevation angles.
Figure 7 shows the daily variations in the peak TB increments, the beamwidth, and the
ratio, R, on 18 June 2020, as shown in Table 2. No elevation dependence of the TB in-
crement, beamwidth, and the ratio, R, could be found. Based on the statistical data, the
maximum standard deviation (STD) of the TB increment was 1.54 K at 30.0 GHz and the
maximum STD of the beamwidth was 0.1◦ at 22.235 GHz. The low STD found for the GMR
demonstrated the stability of the sun-based monitoring and the GMR receiving system.
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Figure 7. The daily variation of the maximum TB increment and beamwidth on 18 June 2020. The “Peak TB” is the maximum
TB increment when the antenna beam points to the center of the sun. The ratio R is the sun filled-beam factor of the GMR
antenna. All times were local time. (a) The maximum TB increment, (b) antenna beamwidth, and (c) the ratio R.

Table 2. The statistical results of the beamwidth and the ratio of the solar solid angle to the antenna
solid angle (R) on 18 June 2020 at the three frequencies. The “Peak TB” is the maximum solar TB
increment when the antenna beam was pointed to the center of the sun. The “Mean” and “STD” are
the mean value and standard deviation, respectively.

Frequency (GHz)
Peak TB (K) Beamwidth (◦) R

Mean STD Mean STD Mean STD

22.235 84.3 0.99 4.58 0.10 0.0087 0.00027
26.235 136.5 1.25 3.68 0.08 0.0135 0.00037
30.000 147.6 1.54 3.34 0.08 0.0164 0.00052

3.4. TB of the Sun

Assuming a uniform disk for the sun, we observed and calculated the absolute TB
of the sun, which was analyzed by using the data of the daily mean TB and STD on
18 June 2020. The results of the solar TB are shown in Figure 8 and the statistical daily mean
and STD of the solar TB are shown in Table 3. The maximum solar TB was 10,119.3 K at
26.235 GHz, and the maximum STD was 396.9 K at 22.235 GHz. As shown in Table 2, the
STD of the beamwidth was also the largest value at 22.235 GHz. Figure 8 shows that the
solar TB observation did not depend on the variation in the solar elevation. However, the
side lobes of the antenna beam may have received the radiation from the ground at the low
elevation. For this reason, solar observations should avoid low elevations.
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Figure 8. The variation in the solar TB on 18 June 2020 at 22.235, 26.235, and 30.0 GHz. Tsun is the
solar TB.

Table 3. The statistical results of the solar TB (Tsun) on 18 June 2020 at the three frequencies. The
“Mean” and “STD” are the mean value and standard deviation, respectively.

Frequency (GHz)
Tsun (K)

Mean STD

22.235 9622.8 396.9
26.235 10,119.3 296.9
30.000 9015.4 294.4

4. Discussion
4.1. Effect of the Mean Radiative Temperature

The mean radiative temperature, Tm, plays a role in many applications of the GMR.
The uncertainties in the Tm are typically not a significant factor for zenith observation
because the TBs are very small [24]. In a study by Han and Westwater, they presented a
comprehensive analysis of the effect of the mean radiative temperature and the regression
method provided an observation accuracy of 1.0 K or better for the zenith observation [24].
However, the TB can be large at a low elevation in the Tipping calibration. During the
solar observation and considering the sun filled-beam efficiency being less than 0.02, the
observation error of the solar TB may be obvious.

Figure 9 shows an example of how the Tm uncertainties affected the observation of the
solar TB. In order to evaluate the effect of the Tm, we added some error to the regression
Tm. The results showed that the effect was different at different frequencies and when the
error of the Tm was 10 K, the solar TB observation error can be around 50–100 K. However,
according to our simulation, the Tm uncertainties can be reduced by using the regression
method and the solar TB observation error may be less than 50 K. For a solar TB that is
over 6000 K, the calibration error can be ignored.
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Figure 9. The mean calibration error on June 18, 2020 at the three frequencies. The calibration errors
depend on the mean radiative temperature, Tm. The origin represents the mean radiative temperature
according to the regression method, and the error was 0.

4.2. Effect of the Earth-Sun Distance

The orbit of the earth is an ellipse according to the distance between the sun and
the earth at the perihelion and aphelion. The Earth-Sun distance varies by approximately
6.5% throughout the year and the angular radius of the sun, θs, depends on the distance.
According to Equation (10) and Equation (11), the ratio, R, can be affected and the Earth-Sun
distance is an important factor for the measurement of solar TB.

Figure 10 shows that the ratio, R, varies with the angular radius of the sun and the
results showed that the ratio varied by approximately 6.88%, 6.86%, and 6.85% at 22.235,
26.235, and 30.0 GHz, respectively. According to Equation (5) and the TB of the sun,
this observation error was very obvious. Therefore, the Earth-Sun distance effect had to
be calibrated.

Figure 10. The ratio, R, varies with the angular radius of the sun throughout the year. θs is the angular
radius of the sun (left axis) and the ratio, R, is the ratio of the solar solid angle to the antenna solid angle
(right axis).

4.3. Effect of the Antenna Alignment

The pointing of the antenna beam has an error between the reading of the angle sensor
and the actual beam pointing position because of environmental changes and the effect
of other factors [35]. During tracking of the sun, the pointing error has to be calibrated
and monitored. The traditional calibration methods require other reference sources to
calibrate the pointing error, but these traditional methods are expensive and complex. In
particular, these methods cannot be used to monitor and calibrate the antenna pointing of
a radiometer in operational field applications after installation.
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Since the solar position can be accurately predicted, we can calibrate the antenna point-
ing position by scanning the sun. The calibration angles of the azimuth and elevation are
equivalent to the difference between the predicated solar position and the angle measured
when the TB received is maximized [35]. The maximum amplitude of the TB increment
is received by the GMR when the antenna beam points to the center of the sun. During
the beam scanning of the azimuth and elevation, the sun is located using an automatic
search method until a maximum TB is found and the pointing bias can be determined by
this method. In addition, this result can be used to automatically check and calibrate the
pointing of a GMR antenna that is deployed in the field.

Pointing errors can impact the accuracy of the Tipping calibration, but the effect of the
pointing error can be reduced by performing the Tipping observation on both sides and
the uncertainties caused by a 1◦ pointing error can be reduced to approximately 0.1◦ [21].
However, the pointing error cannot be ignored for sun tracking observations. According to
the measured antenna pattern in Section 3.3, the solar TB observation error can be simulated.
The simulated results showed that the pointing error and the beamwidth dependence of the
solar TB increment could be found at each frequency and the uncertainties in the pointing
error may cause a significant observation error for the solar TB. The solar TB observation
error could be over 20% when the pointing error is around 1◦, but if the pointing error is
less than 0.2◦, the observation error could not exceed 1%. Thus, the pointing error must
be calibrated.

In order to further reduce the influence of the pointing error, the solar radiation
fluctuation, the observation uncertainty, and the observed TB of the sun by scanning the
azimuth and elevation should be fitted by using the least-square method. This can help us
to obtain the maximum value position more accurately. In the calibration experiment, we
iteratively corrected the azimuth angle and then corrected the elevation angle. Figure 11
shows the real scanning data and the Gaussian fitting curve by using the least-square
method and the offset angle can be obtained at the azimuth and elevation. The results
showed that the offset angles were different at each frequency. After calibration by using
the solar scanning method, the pointing error was less than 0.2◦ and the effect of the
pointing error for the observation can often be reduced significantly [21]. The observation
results showed that the solar radiation can be used for monitoring and calibrating the
alignment of the GMR antenna.

Figure 11. Cont.
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Figure 11. The real solar scanning and calibrating examples at 22.235, 26.235, and 30.0 GHz and the Gaussian fitting curve
using the least-square method. The “Az” and “El” mean the antenna azimuth and elevation, respectively. The “Gau-fitting”
means the Gaussian fitting curve using the least-square method. “Offset” means the offset angle of the antenna pointing.
The horizontal axis is the rotation angle of the GMR antenna for the azimuth and elevation and the origin represents the
center of the sun. The vertical axis is the TB increment. (a)22.35 GHz, (b) 26.235 GHz, and (c) 30.0 GHz.

4.4. Calibration of the Angle Distortion in the Azimuth

When the antenna scans the sun in the azimuth, a rotation of the antenna in the
azimuth with a constant elevation is not a great circle in the sky-sphere. The rotation angle
is greater than the true azimuth angle in the sky-sphere and there are some distortions in
the scanning path [30]. The distortion is more obvious when the antenna elevation increases
and it has to be calibrated. Reimann and Hagen studied the calibration method [27] and
we calculated the distortion angle by using their method. The results showed that the
distortion was small for low-elevation and small-angle rotations in the azimuth. After
calibration of the angle distortion, the scanning results were in relatively good agreement
at the different solar elevations, as shown by the dashed line in Figure 12.

According to the simulation result, if we do not calibrate the angle distortion, it can
cause a large bias in the beamwidth measurement. Furthermore, the ratios, R, of the solar
solid angle to the antenna solid angle and to the calibrated TB of the sun were affected.

Figure 12. Cont.
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Figure 12. This is a real example of the scanning angle distortion on 18 June 2020. The azimuth distortion arises from
the rotation of the antenna in the azimuth at different solar elevations (40◦ and 70◦). The horizontal axis is the rotation
angle of the GMR antenna in the azimuth and the origin represents the center of the sun. The vertical axis is the TB
increment. “NonCal” means “before distortion calibration” and “Cal” means “after distortion calibration”. (a) 22.235 GHz,
(b) 26.235 GHz, and (c) 30.0 GHz.

4.5. Atmospheric Refraction and the Non-Stratified Atmospheric Condition

During the observation, the observed radiation of the sun was refracted during its
propagation through the atmosphere. The atmospheric refraction causes the beam to bend
downwards under normal conditions and the antenna azimuth bias does not depend on
the refraction. Therefore, the refraction introduces a bias in the solar position and this
has to be considered, especially at a low elevation. Huuskonen and Holleman studied the
atmospheric refraction model [36] and we can calculate the refraction from their calculation
model. In addition, the effect of the refraction for the beam can often be calibrated during
the solar scanning observation.

In this study, the refraction curves have been calculated by using different elevations
for the U.S. Standard Atmosphere, 1976, and this is shown in Figure 13. The results showed
that the atmospheric refraction had a significant influence on the beam pointing, especially
for the antenna pointing at the lower elevation. In addition, the radiometer did not have
an infinitesimal beamwidth and the side lobes of the antenna beam may have picked up
radiation at a low elevation from the ground source. Figure 13 shows that the refraction
angle was less than 0.05◦ when the antenna elevation was greater more than 20◦. In the
Han and Westwater study [21], this effect could be ignored. For these reasons, a solar
observation should avoid low elevation angles.

Figure 13. The refraction curve as a function of elevation was calculated by using the refraction
model. The interval between data points is fixed (1◦) on the horizontal axis.
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During the observation, the Tipping curve calibration and the refraction calibration
requires a horizontally stratified atmosphere. This is the reason why the Tipping calibration
is typically performed under clear-sky conditions [24]. Therefore, the solar observations
were performed on sunny days.

Due to the spatial variations in the cloud and the horizontal inhomogeneity of the
water vapor, a large observation uncertainty is produced under a cloudy-sky condition,
especially for middle and low clouds. According to our experiment, the effect was not
obvious for a high cloud. In order to reduce the effect of a non-stratified atmosphere,
observations should be avoided at low elevations.

4.6. Long-Term Observation

Figure 14 shows the annual variation of the daily mean beamwidth, the ratio of
the solar solid angle to the antenna solid angle and the solar TB from December 2019 to
February 2021 at the three frequencies. The statistical annual mean and standard deviation
of the beamwidth and the ratio, R, are shown in Table 4. The results showed that the
beamwidth was less than 5◦at each frequency. By comparing the difference between the
solar method and the traditional method, the difference between the two methods was
less than 0.1◦. The results of the measurement indicated that the measured beamwidth
matched well to the pattern based on the traditional method and the antenna complied
with the design specification [21]. The experimental results showed that the method of the
antenna pattern measurement based on solar observations had the advantages of simple
operation and feasibility in the field.

Figure 14. The annual variation of the daily mean beamwidth, the ratio R, and solar TB. The ratio, R, is the solar solid angle
to the antenna solid angle and Tsun is the solar TB at the different frequencies. The markers are the observed daily means.
(a) Beamwidth, (b) he ratio R, and (c) the daily mean solar TB.
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Table 4. The statistical results of the beamwidth, the ratio of the solar solid angle to the antenna solid
angle (R), and the solar TB (Tsun) from December 2019 to February 2021 at the three frequencies.

Frequency (GHz)
Beamwidth (◦) R Tsun (K)

Mean STD Mean STD Mean STD

22.235 4.59 0.06 0.0092 0.0002 9950 334
26.235 3.72 0.10 0.0140 0.0004 10,351 370
30.000 3.38 0.05 0.0168 0.0005 9217 375

After measuring the antenna beamwidth, we calculated the ratio, R, of the solar solid
angle to the antenna solid angle according to the Earth-Sun distance and Equation (5). This
was based on the calculation the absolute TB of the sun. The antenna pattern characteristics
are the most significant factor that affects the estimation. The result showed that the
proportion of the sun in the GMR antenna beam was less than 2% at the three frequencies
and the ratio was inversely proportional to the beamwidth.

Figure 14 and Table 4 show the annual variation of the daily mean TBs of the sun
and the STD from December 2019 to February 2021 at the three frequencies. The TBs of
the sun obtained were 9950 ± 334, 10,351 ± 370, and 9217 ± 375 K at 22.235, 26.235, and
30.0 GHz, respectively. The scans under different solar elevations and seasons have been
completed in order to study the effect of the solar elevation and seasonal variation on the
measurement TBs of the sun and the seasonal and elevation dependence is not obvious.

Figure 14 shows a long time series of solar observations. These results showed the
variation of the solar radiation at the different solar elevations and seasons and the mea-
surement results did not have obvious seasonal variations. The long-term observation
showed that the method can be used throughout the year. For long-term observations, a
little fluctuation in the beamwidth and the ratio, R, demonstrated the long-term stability
of the GMR receiving system. This can be used to evaluate the stability of the radiometer
according to the previous results [1,21,28,29,37,38]. Therefore, we can observe that the
solar radiation observation was revealed to be potentially useful for a GMR system assess-
ment. A long time series of the solar brightness temperature estimates can provide better
confidence in the performed estimates that use a GMR.

The TB of the quiet sun has been measured at many frequencies in the microwave
band, and the measured results are summarized in papers published by Shimabukuro and
Stacey [39]. In order to obtain better comparisons, the measured TB of the sun from 15 to
54.5 GHz were compiled and are plotted in Figure 15. In particular, K-band measurements
were available from previous literature [1,37,39]. The results showed that (1) a comparison
of the TB at 22.235 GHz with the previous results at 22 and 23.4 GHz showed that the
average percentage deviation was 9.1%. (2) A comparison of the TB at 26.235 GHz with
the previous result at 25.4 GHz showed that the average percentage deviation was 5.3%.
(3) A comparison of the TB at 30.0 GHz with the previous result at 31.4 GHz showed that
the average percentage deviation was 4.5%. The results were in relatively good agreement
with those found in the literature [1,39]. Mattioli et al. obtained the same results and
they also obtained a large percentage deviation at low-frequency [1]. The TB of the sun
showed a decreasing behavior with frequency values from approximately 10,000 K down
to approximately 6000 K from 15 GHz to 55 GHz, as shown in Figure 15. In addition, the
statistical results showed that the measured STD of the solar TB obtained by using the GMR
was less than that of former researchers’ results and this result showed that the measured
solar TBs obtained from the GMR were more stable.
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Figure 15. The solar TB versus frequency. The red rectangle represents the mean solar TB observed
by the GMR. The blue circle represents the mean TB summarized by Shimabukuro and Stacey (1968)
and Mattioli et al. (2016). Tsun is the solar TB and the error bar represents the standard deviation.
Some circles have zero standard deviation because the paper did not give the standard deviation
in literature.

4.7. Effect of the Solar Activity

During a long-term observation, we can observe that the TB of the sun is not constant
(see Figure 14c). This is because the solar radiation intensity varies on a daily basis and
it depends on the solar activity [30]. The sunspot number is a widely-used index of solar
activity [31,40]. By comparing the daily mean and the STD of the solar TB with the sunspot
number, we found that the daily mean and STD increased significantly in November and
December 2020. The obvious variation may have arisen due to the solar activity and
because there were many sunspots during these times, as shown in Figure 16. There was
a slight correlation between solar activity and solar radiation and a variation from solar
activity has been observed in the microwave band [26,41–44].

Figure 16. The correlation between the daily standard deviation (STD) of the solar TB and the sunspot
numbers (SN) (Source: WDC-SILSO, Royal Observatory of Belgium, Brussels).

In this study, the TBs of the sun exhibited a slight increase during the solar active
episode and the variation was more obvious with a narrower beamwidth at 26.235 and
30.0 GHz (see Figures 14c and 16). We found that the variations in the STD and the daily
TB of the sun were more obvious with an increased number of sunspots of greater than 20.
That is to say that the fluctuation in the solar TB significantly increased during the solar
active episode and this indicated a better sensitivity of the receiver. This demonstrated
that, even during active solar episodes, the operational GMR could accurately monitor the
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radiation signal of the sun. In addition, the sunspots had no obvious effect when measuring
the beamwidth and the ratio R (see Figure 14a,b and Figure 15).

In order to study the correlation between the solar TB and the sunspot number,
the observation data was fitted with a logarithmic function. A positive relationship ex-
isted between the solar TB and the sunspot number, as shown in Figure 17. Hence, the
solar observation by the GMR demonstrated a potential application for predicting the
sunspot number.

Figure 17. Correlation between the solar TB and the sunspot number. Tsun is the solar TB and SN is the sunspot number.
The dash line is logarithm trend-line fitting; (a) 26.235 GHz and (b) 30.0 GHz.

5. Conclusions

In this paper, we introduced an application for tracking and observing the sun that
utilizes the GMR. Based on the theory of thermal radiation and its transfer in the atmo-
sphere, we provided a convenient method to measure the absolute TB of the sun by using
observations from the GMR. This method featured simple computation and it obtained
results that had close accuracy with other results. Furthermore, we improved the antenna
servo control system of the GMR so that it could be used to track and scan the sun. We
conducted a long-term attempt to scan and observe the sun by using the upgraded GMR at
a Xi’an field experimental site from December 2019 to February 2021.

During the observation, we found that the solar observation method can be used to
measure the solar TB increment, the antenna pattern, and the sun filled-beam factor of
the GMR antenna at different frequencies. Based on the results, the TB of the sun can be
accurately measured by using the GMR at multi-frequency levels. The results showed that
the TBs of the sun were 9748 ± 340, 10,240 ± 365, and 9185 ± 370 K at 22.235, 26.235 and
30.0 GHz, respectively. In order to validate our results, the estimated TB of the sun was
compared with the previous results from the literature and the results showed that we
had obtained average percentage deviations of 9.1%, 5.3%, and 4.5% at 22.235, 26.235, and
30.0 GHz, respectively. These results were consistent with those of previous research.

In order to study the long-term variation in the solar TB, the annual and daily varia-
tions in the TB of the sun were analyzed at three frequencies. According to the daily TB of
the sun variations, the TB of the sun was not a constant at each frequency and it had a slight
fluctuation that the GMR could respond to. In addition, we found that the GMR could also
respond to the variation in the sunspots during active episodes and a positive relationship
existed between the solar TB and the sunspot number. In addition, the sunspots did not
have an obvious effect on the antenna pattern measurement.

By utilizing this method, it was possible to determine the TB of the sun and monitor
the solar radiation with the GMR. This means that the GMR can be used to not only observe
the atmosphere, but also to monitor the sun. Additionally, the solar radiation method
is potentially useful for a GMR system stability assessment. This method develops and
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extends the application field of the GMR and this will impel the utilization of GMR for
monitoring variations in solar microwave radiation.
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