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Abstract

:

Ground-based multichannel microwave radiometers can observe the atmospheric microwave radiation brightness temperature and continuously provide temperature and humidity profiles of the troposphere. At present, microwave radiometers are operated in many countries for monitoring climate and meteorological phenomena, and there have been many microwave radiometers of this kind presently implemented in China, but they lack a unified monitor for their operational condition, which is necessary if they are taken as a network. For this reason, a real-time monitoring receiving system of radiometer is fundamental and important. In order to check the system stability and the antenna performances, this paper studied the feasibility of applying the solar signals to monitor the antenna alignment, antenna pattern and stability of a radiometer system in working for operational field applications. An experiment was performed and the results from the analysis of the annual variation features with long-term solar observation data at four frequencies, 22.235, 26.235, 30.000 and 51.250 GHz, show that an antenna pattern retrieved from solar observations agrees well with that retrieved from the traditional method. In addition, a daily analysis of the solar signals in online data of a radiometer can be used for monitoring the alignment of the antenna and the stability of the ground-based microwave radiometer system.
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1. Introduction


Ground-based multichannel microwave radiometers (GMRs) can continuously observe atmospheric radiation brightness temperature (TB) in K- and V-bands, and provide valuable data on the temperature, water vapor, cloud liquid and humidity structures of the troposphere [1,2,3,4]. The microwave radiometer is a typical remote sensing device and provides very useful data for the detection of mesoscale phenomena that require high spatial and temporal capabilities (e.g., nowcasting convective activity and heavy rain events, boundary layer meteorology, clouds and assimilating GMR data into the WRF precipitation model) [5,6,7]. In addition, Wang et al. presented the theoretical research for the lightning TB response of a GMR [8], and Jiang et al. remotely sensed artificially triggered lightning events with a GMR to research the lightning heating radiation for the first time [9].



The GMR has become a popular and efficient instrument for remotely sensing the atmospheric temperature and humidity profiles. In order to obtain the fine detection atmospheric temperature and humidity profiles, GMRs have been operated in many countries for monitoring climate and meteorological phenomena in the last few decades [6]. At present, the megacities meteorological observation network of microwave radiometers is gradually being implemented in China, but they lack a unified monitor for their operational condition. In general, common practice monitoring antenna alignment, system gain and receiver stability rely on either target source or methods. For instance, we can measure the antenna pattern to determine the antenna alignment and gain in a microwave anechoic chamber. The performance of the radiometer can be assessed by comparison of the observed TBs against modeled values, and the radiative transfer model can be used to calculate the modeled values with the radiosonde sounding, and the liquid nitrogen is a good target source for calibration and assessing system stability. However, if frequent checks are required, then these methods have the drawback of greater complexity and higher costs for the observation network of microwave radiometers [6,10]. Therefore, a simple, low-cost and automatic monitoring GMR system method is a necessary and important work.



At present, solar microwave radiation observation has long been used to good advantage by radar operators as a convenient radiation source to check out radar system performance according to literature. For example, Darlington et al. detected the method with operational weather radars and the results showed that the solar radiation can be used for health automatic checks of a radar [11]. Holleman et al. made use of solar radiation to check the antenna alignment and the stability of the receiver system of a weather radar [12]. It is said that the azimuth, elevation and effective antenna system gain could be determined with 0.1°, 0.2° and 1.3 dB [12]. This solar monitoring method has been implemented successfully to determine the antenna alignment, check system gain, monitor receiver stability and the differential reflectivity offset [13,14]. Along these lines, we can see that the solar radiation method has revealed to be potentially useful for the GMR system assessment.



In this paper, we attempted to apply the solar radiation method to monitor the health automatic checks of a ground-based microwave radiometer and evaluate the antenna performances; an experiment was also performed with the GMR installed at Xi’an field experimental site (N34.091°, E108.89°), in China. Firstly, we introduce the theory and experiment that the solar microwave radiation was remotely sensed with the GMR. The solar radiation TB increment arriving at the antenna without atmospheric attenuation can be observed by the GMR. Secondly, this paper presents what we have done with the solar method to determine the GMR antenna pattern and to monitor antenna alignment of GMR networks operating in the field. Thirdly, based on the measurement of the antenna pattern with the solar radiation, we extended the solar radiation method to online monitoring of the health automatic checks of the GMR system on a long-term observation. Moreover, the solar radiation method was applied to evaluate the stability and relative sensitivity of the receiving system. The experimental results show that the method of the GMR health checks based on solar observations has the advantages of simple operation and high accuracy.




2. Instrument for Observation


2.1. The System of GMR


The GMR (model MWP967KV) used for this experiment, shown in Figure 1, was developed and manufactured by our research team, and the system performance parameters are given in Table 1. The GMR comprises an antenna system, two sensitive heterodyne receivers, a detector unit, a data retrieval system and additional sensors. 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. The schematic internal structure is shown in Figure 2. To ensure high observation accuracy of atmospheric radiation, it is calibrated by liquid nitrogen (LN2), hot load, noise diode and the Tipping curve method. These calibrations can provide an absolute accuracy of at least 0.5 K [15].



The GMR receiver system consists of two heterodyne receivers covering K- and V-bands, it is nominally a 22-channel instrument, the centre frequencies of the channels are given in Table 1, each band is received and detected, and all channels use a common Local Oscillator signal. The antenna system contains a parabolic reflector, beam splitter and the compactness of a corrugated feedhorn, and it is shown in Figure 2. The parabolic reflector can focus the beam and be used to scan the beams in elevation. The corrugated feedhorn offers a wide bandwidth, low cross-polarization level, low sidelobe level, and a rotationally symmetric beam. In order to scan the sun, we tried to improve the antenna servo control system of the GMR so that it could point and track the sun. Hence, it was possible to implement not only meteorological observation mode, but also innovative ones. The upgraded GMR was set up at the Xi’an field experiment site, as shown in Figure 1. We used the GMR to observe the solar microwave radiation.



The period considered in this study extends from December 2019 to January 2021. During this period, the GMR undergoes regular maintenance, including antenna radome cleaning, sanity checks and absolute LN2 calibration. The LN2 calibrations were performed twice a year.




2.2. The GMR’s Solar Observation Mode


The GMR adopts the stable elevation-over-azimuth antenna positioner system and we improved the antenna servo control system of the GMR so that it could track and observe the solar microwave radiation. It works on two modes, i.e., the meteorological observation mode and the solar observation mode.



(1) Meteorological observation mode. Generally, the GMR works on meteorological observation mode to obtain atmospheric TBs which are used to retrieve atmospheric temperature and humidity profiles.



(2) The solar observation mode. This observation mode is specially developed for tracking and observing the solar radiation. The azimuth and elevation observing angles are sent to the antenna servo control system so that the antenna beam can scan the sun once the radiometer enters the solar observation mode. Firstly, the antenna system would be adjusted to control its antenna beam pointing to the position of the sun and tuning the antenna beam to scan the sun. During azimuth scanning, the antenna is moved to around the actual sun position using several Polar Plane Indicator (PPI) scans in the same elevation, by adding a step angle   Δ  θ A    on the azimuth of the sun. In order to obtain a raster scanning for the sun, we need to repeat PPI scanning at different elevations. Secondly, the antenna is adjusted so that the sun is completely out of the beam to scan the sky using Range Height Indicator (RHI) scanning by adding an elevation step angle   Δ  θ E    on the antenna elevation. Measurements in the direction of the sun and in another direction (sky background) were differenced to get an estimate of the solar TB increment. The antenna azimuth and elevation angle can be given as:


  A  z  G M R   = A  z  S U N   + Δ  θ A  ,  



(1)






  E  l  G M R   = E  l  S U N   + Δ  θ E  ,  



(2)




where   A  z  G M R     and   E  l  G M R     are the antenna azimuth and elevation angle.   A  z  S U N     and   E  l  S U N     are the solar azimuth and elevation angle. The azimuth and elevation step angle   Δ  θ A    and   Δ  θ E    are the relative position between the antenna beam pointing and the sun. Since the sun is moving along the sky within this time interval, we adjusted to control the antenna pointing to scan the sun, and we need to re-calculate the solar azimuth and elevation in real time and it is used to derive the relative position between the antenna beam pointing and the sun for each recorded data point. Each azimuth and elevation scanning can last up to 3 min at each frequency in 29 scanning angles, and the observations were made in a totally automated fashion. The solar observations are typically performed once or twice a week on sunny days and the sun is observed for more than 3 h a day.





3. Theory and Method


3.1. The TB from the Sun Arriving at the Antenna


Based on the theory of microwave radiation transfer in the atmosphere, the observed TB by radiometer can be estimated by the radiative transfer equation. When the antenna is pointed directly at the sun, the TB received by the antenna can be determined as follows [16,17]:


   T  s u n  ′   (  φ , θ  )  =  T  b g    e  − τ  ( θ )    +  T m   [  1 −  e  − τ  ( θ )     ]  +    Ω S   T  s u n      Ω A     e  − τ  ( θ )    ,  



(3)




where   φ , θ   are the antenna azimuth and elevation angle, respectively,     T m    and    T  b g     are the atmospheric mean radiating temperature and cosmic background TB (   T  b g    = 2.75 K), respectively,     T  s u n     is the average TB of the sun,    Ω S    and    Ω A    are the solid angle of the sun and antenna, respectively.   τ  ( θ )    is the atmospheric opacity of each direction and it can be calculated by the Tipping calibration method [17,18,19].



When the antenna scans the sky and the sun is not in the beam, the atmospheric TB can be calculated as follows:


   T  s k y  ′   (  φ , θ  )  =  T  b g    e  − τ  ( θ )    +  T m   [  1 −  e  − τ  ( θ )     ]  .  



(4)







The TB increment because of the solar radiation arriving at the antenna without atmospheric attenuation can be obtained by subtracting (4) from (3):


  Δ  T  s u n    (  φ , θ  )  =    Ω S   T  s u n      Ω A    ,  



(5)




where   Δ  T  s u n     is the TB increment because of the solar radiance, and it is the received solar power as a function of the angle radius from the center of the antenna beam. The TB increment received by the antenna is proportional to the ratio of the solar solid angle to the antenna solid angle [16].




3.2. The Antenna Beamwidth


The GMR antenna beamwidth measurement is important for reliable and accurate antenna temperature measurement but is usually carried out in a microwave anechoic chamber. Measurement using an anechoic chamber is complex and expensive, and especially this cannot be used to monitor the antenna pointing of a radiometer in operational field applications after installation. Existing research shows that the sun can be used to not only calibrate radar antenna pointing but also measure antenna patterns. The use of the solar radiation for checking the antenna specifications has been a well-established method in the radar field. [12,13,20,21]. Therefore, we suggest using the sun method in our study in order to improve the accuracy of a ground-based GMR observation by automatically checking the antenna alignment and system stability.



The position of the sun can be accurately calculated according to literature [22,23]. The sun can be assumed to be in the far-field region and a point source for the antenna, and can be treated as a homogeneous disk with an approximate angular diameter of 0.53°. During the observing of the sun, the received solar power as a function of the radial distance to the antenna beam axis is approximated by a Gaussian function while the GMR antenna is scanning in azimuth and elevation [12,24]. Assuming a uniform disk for the sun and the simplest reasonable model of the actual solar power and antenna power pattern can be parameterized by


  Δ  T  s u n    (  x , y  )  =  A d  G  (  x , y  )  ,  



(6)






  G  (  x , y  )  = exp [ − 4 ln 2  (     x 2     θ H 2    +    y 2     θ E 2     )  ] ,  



(7)




where    A d    is the TB increment of the antenna beam pointing to the center of the sun and it is the peak solar power.    θ H    and    θ E    are the half-power beamwidth of the H-plane (azimuth scanning) and E-plane (elevation scanning), respectively.  x  and  y  are the solar azimuth and elevation angle radial distance from the beam center, respectively. Thus, the sun data can be easily fitted to this equation by the least-square method.



When the antenna scans the sun, a rotation of the antenna in azimuth with constant elevation is not a great circle in the sky-sphere, and there are some distortions in the scanning path. The rotation azimuth angle will turn out greater than the true azimuth angle in the sky-sphere and it has to be calibrated. There is an extreme case when the azimuth of the antenna is rotated at an elevation angle of 90°, but the antenna beam will not move in the sky. Reimann and Hagen provided an accurate method to calibrate the angle distortion [21], we calculated the distortion with their method and the result is shown in Figure 3. It can be seen that the distortion is small for low elevation and it is more obvious with a large rotation angle of the antenna in azimuth.




3.3. The Calibration Method of the Gain


The antenna maximum direction gain  G  can be easily calculated by using the following formula when we have the beamwidth of the antenna [25]:


  G =   4 π R    Ω D   C r    ,  



(8)




where    Ω D    is the solid angle of the sun, and    C r    is the correction factor that accounts for the partial resolution of the disk image by the main lobe of the antenna pattern. We can ignore the effect of antenna efficiency, a misalignment between the horn and the parabolic reflector and the non-uniform distribution of the solar TB, and assuming a Gaussian antenna pattern of half-power beamwidth    θ A    and solar angular diameter    θ D   ,    C r    can be closely approximated by


   C r  =   1 − exp  [  − ln 2      (   θ D  /  θ A   )   2   ]    ln 2      (   θ D  /  θ A   )   2    ,   i f    θ D  <  θ A  .  



(9)







The ratio R of the measured power difference is defined as follows:


  R =     ∬    Ω D     G  (  x , y  )  d Ω     ∬   4 π    G  (  x , y  )  d Ω   .  



(10)







At the same time, the antenna effective collecting area    A e    in m2 and the aperture efficiency  η  are calculated from [12]:


   A e  =    λ 2  G   4 π   ,  



(11)






  η =  A e  /  A g  ∗ 100 ,  



(12)




where    A g    is the antenna physical area, and the effective area of the antenna is typically around 50%~60% of the physical area, it is a function of the feedhorn and it is usually very difficult to determine [26]. The popular method is to use the identical antennas to calibrate and measure the effective area in a microwave anechoic chamber and it is complex. However, the effective area can be easily measured by the sun-based monitoring method in operational, field applications after installation, as described above.





4. Result and Discussion


4.1. Antenna Alignment


The maximum amplitude of the TB is received by the GMR when the antenna beam points to the center of the sun. Then, the azimuth and elevation biases of the antenna beam between the peak TB and the predicted sun position are the corresponding calibration angle of antenna pointing. During the beam scanning of azimuth and elevation, the sun is located by an automatic search method until a maximum is found, and the pointing bias can be determined by this method. In addition, we can use this result to automatically check and calibrate the pointing of GMR that is deployed in the field. The difference between the observed antenna elevation (reading) and the calculated elevation of the sun is the calibration value of the antenna alignment, and the same as elevation calibration for the azimuth calibration.



The scanning solar power as a function of the radial distance to the antenna beam axis is approximated by a Gaussian function. Because there are some biases in antenna alignment, the scanning solar power data exhibit a Gaussian pattern with a maximum in the center but slightly offset from the origin. This offset points to a small bias in the GMR antenna alignment. Therefore, Equation (7) becomes


  G  (  x , y  )  = exp { − 4 ln 2  [       (  x +  Δ  a z    )   2     θ H 2    +      (  y +  Δ  e l    )   2     θ E 2     ]  } ,  



(13)




where    Δ  a z     and    Δ  e l     are the biases of the azimuth and elevation, respectively. Thus, the antenna gain can easily be fitted to this equation by the least-square method because a scanning antenna simply cannot point optimally at the sun all of the time. Figure 4 shows the pointing bias from fitting the Gaussian pattern at each frequency from December 2019 to January 2021. The pointing bias data exhibit a slight offset as is still seen in the center, the mean azimuth and elevation could be determined with 0.17° and 0.1°. The results show that the solar radiation can be used for monitoring and calibrating the alignment of the GMR antenna.




4.2. Scanning the Sun and Measuring the Antenna Pattern


GMR antenna pattern measurement is important for reliable and accurate antenna temperature measurement. We used the GMR to track and scan the sun at some frequencies. Figure 5 shows an example of scanning the sun on 14 March 2020, and the maximum solar elevation is about 40°. Measured TB increment distributions for a 29 by 29 matrix of measurement scatterplots and corrected the angle distortion are shown in Figure 5. There are more raster scanning points to collect a sufficient number of points for fitting near the sun, and this scanning method will help to get the complete 3D antenna pattern. The solar power data exhibit a radial pattern with a maximum in the center; this maximum value and the size of the halo are different for each frequency, and they are related to the antenna beamwidth and solar radiation.



Figure 6 shows the results from fitting the Gaussian model, and the 3D pattern of the antenna can be obtained by least-square fitting of the antenna raster scanning data. From the observation results, the scanning data are relatively symmetrical, the maximum value of TB increment is different for each frequency and they are related to the antenna beamwidth, and TB increment is inversely proportional to the beamwidth. The azimuth and elevation cut position for the sun is chosen to be the expected main beam direction (Figure 7).



Generally, the antenna power pattern is measured in at least two principal planes (H- and E-plane). Therefore, we only observed the solar azimuth and elevation scanning data to determine the beamwidth of the antenna through the center of the sun as it can save a lot of scanning time. Besides the sun measurement, a point source measurement was performed for comparison in the microwave anechoic chamber. We measured the antenna pattern at 30 GHz, the pattern derived from the sun and a point source were compared, and the maximum error was less than 0.1° at 30 GHz (Figure 8). It is shown that the main-lobe matches well to the pattern based on the point source measurements. The results show that when the antenna gain decreases more than 25 dB, the GMR cannot measure the TB increment from the sun. The results show that the sun method is simple to employ, especially when the antenna cannot be moved from its staged installation site.




4.3. Long-Term Observation and the System Stability Analysis


During the experiment, the TB increment because of the solar radiation was observed by the GMR and recorded at four frequencies. In the operational use of the method, the solar radiation collected over a certain period (typically solar elevation >25°) was analyzed. We observed and recorded data every 10 min, the daily mean and the standard deviation were calculated and analyzed.



Figure 9 and Figure 10 show the annual variation of daily mean beamwidth, gain and aperture efficiency from December 2019 to January 2021, the sun tracking and monitoring was typically performed once or twice a week on sunny days and the solar observations were taken on a total of 53 days. The observation elevation was more than 25° and the maximum elevation angle was 79° on 18 June 2020. As the atmospheric refraction and attenuation both depend on elevation pointing, the sun observation at low elevations should be avoided. Scans under different solar elevations and seasons have been completed in order to study the effect of the solar elevation and season variation to the measurement of antenna pattern. It can be seen that these parameters do not have obvious seasonal variations. The statistics of the antenna parameters are shown in Table 2. One can see that the gain is greater than 30 dB at each frequency, the beamwidth is less than 5°, and the GMR aperture efficiency is around 45%~55%. The results of measurement indicate that the parameters of the antenna pattern comply with the design specification. Comparison of the beamwidth between H- and E-planes shows that the antenna beam is circular in general. These results show that we can monitor the antenna and receiving system of the GMR based on the sun monitoring.



Figure 10a presents the daily analysis of the system gain. The standard deviation of the daily average gain varies within roughly 0.15 dB at K-band and 0.28 dB at V-band during this period. The low standard deviation found for the GMR demonstrates the stability of the sun-based monitoring and the GMR receiving system. The standard deviation of the estimated gain serves as a sensitive quality measure of the daily analyses.



In addition, the Tipping curve calibration has been widely applied to absolute calibration in order to improve the long-term stability and reduce the retrieval error. However, the antenna beamwidth and pointing errors are very important influential factors for Tipping curve calibration uncertainties [15,18]. When Tipping curve calibration is enabled, the radiometer performs a scan from zenith to 30° elevation, the calibration uncertainties increase by increasing beamwidth [27]. In this case, the TB calibration needs the antenna pattern of a radiometer in operation and its pointing. On the other hand, we need to check whether the performance of an antenna in-field operation complies with the design specification. The traditional method for antenna performance measurement needs an anechoic chamber, which is complex in order to construct a special environment without wave reflections from the ground and surrounding area. Furthermore, in case the antenna is very large or the final assembly occurs at the installation site, the traditional method is extremely difficult [28]. Especially, the chamber method cannot be used to measure the antenna pattern of a radiometer in-field operation. Therefore, it is a simple and effective method to measure antenna pattern by using solar observation.



Due to the spatial variations of the cloud and the horizontal inhomogeneity of the water vapor, a large observation uncertainty is produced under cloudy-sky condition, specially the middle and low cloud. According to our experiment, the effect is smaller for high cloud. Therefore, this method is feasible under the high-cloud condition.




4.4. Measurement Errors and Methods to Reduce them


4.4.1. Systematic Errors


Measurement errors may be caused by source from the GMR system noise. In principle, this bias can be calibrated using the Tipping curve calibration and LN2 calibration. These calibrations can provide an absolute accuracy of at least 0.5 K [15,18,27]. The radiometer calibration is fundamental work to determine the link between the TB and output voltage. During this observation, the LN2 calibrations were twice a year and the Tipping curve calibration was applied to clear-sky condition. Thus, the impact of the system error can always be reduced.



In addition, a radiometer is able to point in any direction. During the Tipping calibration and the solar observation, the pointing errors cause larger uncertainties. To calibrate the pointing errors, the difference between the antenna pointing and the calculated position of the sun is the calibration value of the antenna alignment. According to our method in Section 4.1, the calibration error is better than 0.2° and the effect of the pointing error can often be reduced significantly.




4.4.2. The Effect of Atmospheric Refraction


For the observation of the sun, we have to know the solar position without the effect of atmospheric refraction. However, the observed radiation of the sun is refracted during its propagation through the atmosphere. Under normal conditions, the vertical gradient of the refraction causes the beam to bend downward [18]. During the observation, the refraction has to be taken into account, especially at the low elevation. The true solar elevation   e  l t   , apparent elevation   e  l a    and refraction    δ r    are related by


  e  l t  = e  l a  −  δ r  ,  



(14)







The refraction is a function of the elevation and depends on the relative humidity. Huuskonen and Holleman studied the atmospheric refraction model and this atmospheric refractive model is accurate enough for the requirement of antenna calibration [29]. Assuming a horizontally stratified atmosphere, we can calibrate the refraction with their calculation model and the result is shown in Figure 11. The effect of atmospheric refraction on the radiative transfer process is shown as well. The refraction curves have been calculated with different elevation for the U.S. Standard Atmosphere, 1976, that is, for an ambient temperature of 25 °C, a relative humidity of 85% and a surface pressure of 1013.25 hPa. The results show that radiation is influenced by atmospheric refraction, especially for antenna pointing with a lower elevation, and the influence becomes weaker with the increasing of antenna elevation.




4.4.3. The Effect of Antenna Beamwidth


For a radiometer, the observed TB is a weighted average of the TB over the antenna pattern, but the radiometer does not have an infinitesimal beamwidth, the observed TB will turn out greater than the TB at the antenna beam center [15,18]. Assuming a Gaussian antenna pattern, the amount of calibration   δ  T b    can be given as [18]:


  δ  T b   ( θ )  =   B  W 2    16 ln  ( 2 )     (   T m  −  T  b g    )   e  − τ  ( θ )     [  2 +   2 − τ  ( θ )    tan    ( θ )   2     ]  τ  ( θ )  ,  



(15)




where   B W   is the full width half-maximum power of the power pattern. This correction is proportional to the zenith opacity and it is generally small (<0.1 K). However, the effect of the beamwidth grows exponentially for elevation angles lower than 30° [18], which is best calibrated. In practice, the side lobes of antenna beam may pick up radiation at low elevation from the ground source. For this reason, the observation should avoid low elevation angles.






5. Conclusions


In this paper, we presented a method for determining the GMR antenna pattern, calibrating antenna alignment and checking the system stability using the solar radiation signals. Experiment to track and scan the sun was carried out by using the GMR at the Xi’an experiment field. The use of the sun for the GMR antenna alignment and checking the effective antenna system gain and stability are suited for routine application to overcome the disadvantages of complexities and high costs in operational field applications after installation.



As a successful application example of the sun-based monitoring for GMR, an upgraded GMR has been discussed. It has been shown with the TB increment because of the fact that solar radiation can be observed and the 3D antenna pattern can be measured by raster scanning of the sun. A comparison between the sun and a point source measurement showed an agreement with each other in terms of the beamwidth in both H- and E-planes.



During the solar observation, operational the GMR can accurately observe the microwave signal of the sun to monitoring of the receiving system gain. We can use the system gain of the measurement as a check of the GMR system stability. During the observation, the standard deviation of the system gain is within 0.15 dB at K-band and 0.28 dB at V-band during this period. The low standard deviation found for the GMR demonstrates the stability of the sun-based monitoring and the GMR receiving system. Results from a daily analysis of the sun signals in radiometer data can be used for monitoring the alignment of the GMR antenna and the stability of the receiving system on sunny days or high-cloud condition. This method allows for daily quality monitoring of operational GMRs, which is becoming more and more popular in observational networks.



Because accurate monitoring receiving system of radiometer is a prerequisite for a national network of operational radiometer, it is recommended that the sun-based monitoring method be used, which can be done independently and automatically in the field. This method presented in this paper has great potential for routine monitoring of the GMRs in national or international networks.
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Figure 1. The ground-based multichannel microwave radiometer (GMR) used at this experiment. 
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Figure 2. Schematic internal structure of MWP967KV radiometer. 
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Figure 3. (a,b) The elevation distortion arises from the rotation of the antenna in azimuth with constant elevation. The horizontal axis is the rotation angle of the GMR antenna in azimuth and the origin represents the center of the sun. The vertical axis is the elevation distortion in the sky-sphere, and the curves indicate the distortion at different antenna elevations. 
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Figure 4. Scatterplots of the pointing bias at each frequency. The observations were taken on a Table for 53 days from December 2019 to January 2021. (a) 22.235 GHz, (b) 26.235 GHz, (c) 30.0 GHz, (d) 30.0 GHz. The vertical axis gives the difference between the observed antenna elevation and the calculated elevation of the sun, and the horizontal axis gives the same for the azimuth. 
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Figure 5. Two-dimensional distribution of the TB increment observed from the sun raster scanning on March 14, 2020, 13:00 (local time), at four specific frequencies. The vertical axis is the elevation difference between the antenna and the sun, and the horizontal axis is their azimuth difference. (a) 22.235, (b) 26.235, (c) 30.000, and (d) 51.250 GHz. 
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Figure 6. The 3D antenna power patterns were fitted by the least-square method on March 14, 2020, 13:00 (local time), at four specific frequencies.    A d    is the maximum TB increment,    θ H    and    θ E    are the half-power beamwidth of the H- and E-planes (a) 22.235 GHz, (b) 26.235 GHz, (c) 30.000 GHz, and (d) 51.250 GHz. 
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Figure 7. The antenna power pattern on the H- and E-planes. The markers are for observed data and the lines are for fitting with the Gaussian function by least-square method, on March 14, 2020, 13:00 (local time). (a) H-plane and (b) E-plane. 
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Figure 8. The antenna patterns measured in the anechoic chamber as compared with the results from the solar scanning at 30 GHz. (a) H-plane and (b) E-plane. 
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Figure 9. The annual variation of daily mean beamwidth. The markers are observed daily mean and minus are standard deviation. Measurements were taken on a total of 53 days from December 2019 to January 2021. (a) H-plane and (b) E-plane. 






Figure 9. The annual variation of daily mean beamwidth. The markers are observed daily mean and minus are standard deviation. Measurements were taken on a total of 53 days from December 2019 to January 2021. (a) H-plane and (b) E-plane.



[image: Atmosphere 12 00447 g009]







[image: Atmosphere 12 00447 g010 550] 





Figure 10. The annual variation of daily mean gain and aperture efficiency. The markers are observed daily mean and minus are standard deviation. Measurements were taken on a total of 53 days from December 2019 to January 2021. (a) Gain and (b) Aperture efficiency. 
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Figure 11. The refraction curve as a function of elevation is calculated by model. The interval between data points is fixed (1°) on the horizontal axis. 
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Table 1. The system performance of the GMR used in this study.






Table 1. The system performance of the GMR used in this study.





	Parameter
	Specification





	Channel frequency
	K-band (22~30 GHz): 22.235, 22.5, 23.035, 23.835, 25.0, 26.235, 28.0, 30.0

V-band (51~59 GHz): 51.25, 51.76, 52.28, 52.8, 53.34, 53.85, 54.4, 54.94, 55.5, 56.02, 56.66, 57.29, 57.96, 58.8



	Parabolic reflector
	Size: 320.5 × 186.3 mm; Focal length: 180 mm



	K-feedhorn
	D = 80 mm; L = 115 mm; flare angle: 15°



	V-feedhorn
	D = 38.2 mm; L = 56 mm; flare angle: 15°



	Beamwidth
	K-band: ≤5°; V-band: ≤3°



	Gain
	≥25 dB



	Sidelobe level
	≤−25 dB



	TB accuracy
	0.5 K



	TB sensitivity
	K-band: ≤0.2 K (RMS);

V-band: ≤0.3 K (RMS)



	Integration time
	Typically 1 s



	Antenna scanning capability
	+/−180° stepping scanning



	Angular resolution
	0.1°



	Calibration method
	Hot load; Noise diode; Tipping method; LN2










[image: Table] 





Table 2. The statistical results of the GMR antenna parameters.
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Frequency

(GHz)

	
Gain

(dB)

	
η

(%)

	
Beamwidth (°)




	
H-Plane

	
E-Plane






	
22.235

	
32.69 ± 0.02

	
46.25 ± 0.31

	
4.62 ± 0.13

	
4.56 ± 0.11




	
26.235

	
34.59 ± 0.02

	
51.42 ± 0.25

	
3.70 ± 0.05

	
3.69 ± 0.03




	
30.000

	
35.42 ± 0.04

	
47.54 ± 0.39

	
3.31 ± 0.04

	
3.40 ± 0.04




	
51.250

	
40.33 ± 0.03

	
50.65 ± 0.33

	
1.90 ± 0.05

	
1.92 ± 0.03
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