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Abstract

:

Haiyang-2A (HY-2A) has been working in-flight for over seven years, and the accuracy of HY-2A calibration microwave radiometer (CMR) data is extremely important for the wet troposphere delay correction (WTC) in sea surface height (SSH) determination. We present a comprehensive evaluation of the HY-2A CMR observation using the numerical weather model (NWM) for all the data available period from October 2011 to February 2018, including the WTC and the precipitable water vapor (PWV). The ERA(ECMWF Re-Analysis)-Interim products from European Centre for Medium-Range Weather Forecasts (ECMWF) are used for the validation of HY-2A WTC and PWV products. In general, a global agreement of root-mean-square (RMS) of 2.3 cm in WTC and 3.6 mm in PWV are demonstrated between HY-2A observation and ERA-Interim products. Systematic biases are revealed where before 2014 there was a positive WTC/PWV bias and after that, a negative one. Spatially, HY-2A CMR products show a larger bias in polar regions compared with mid-latitude regions and tropical regions and agree better in the Antarctic than in the Arctic with NWM. Moreover, HY-2A CMR products have larger biases in the coastal area, which are all caused by the brightness temperature (TB) contamination from land or sea ice. Temporally, the WTC/PWV biases increase from October 2011 to March 2014 with a systematic bias over 1 cm in WTC and 2 mm in PWV, and the maximum RMS values of 4.62 cm in WTC and 7.61 mm in PWV occur in August 2013, which is because of the unsuitable retrieval coefficients and systematic TB measurements biases from 37 GHz band. After April 2014, the TB bias is corrected, HY-2A CMR products agree very well with NWM from April 2014 to May 2017 with the average RMS of 1.68 cm in WTC and 2.65 mm in PWV. However, since June 2017, TB measurements from the 18.7 GHz band become unstable, which led to the huge differences between HY-2A CMR products and the NWM with an average RMS of 2.62 cm in WTC and 4.33 mm in PWV. HY-2A CMR shows high accuracy when three bands work normally and further calibration for HY-2A CMR is in urgent need. Furtherly, 137 global coastal radiosonde stations were used to validate HY-2A CMR. The validation based on radiosonde data shows the same variation trend in time of HY-2A CMR compared to the results from ECMWF, which verifies the results from ECMWF.
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1. Introduction


Haiyang-2A (HY-2A) is the first marine dynamic environmental satellite of China, which was launched in August 2011. It is equipped with an altimeter, a calibration microwave radiometer (CMR), a microwave scatterometer, and a scanning microwave radiometer, which could measure ocean water vapor, sea surface wind field, sea surface height, and sea surface temperature, etc. [1,2,3]. The distance to the sea surface, i.e., altimeter range, is measured by an onboard dual-band (13.58 GHz and 5.2 GHz) radar altimeter (RA). An onboard CMR, across three bands (18.7 GHz, 23.8 GHz, and 37 GHz) is used for the correction of the wet part of excess path delay in altimeter range, i.e., wet tropospheric correction (WTC) [4]. WTC is caused by the water vapor and cloud water (precipitable water vapor, PWV) in the troposphere [5] and it is hard to model due to its high variation in space and time. Thus WTC is usually derived from the brightness temperature (TB) by the onboard CMR. The algorithm to calculate WTC and PWV from TB is usually developed before satellite launching and regular validation and calibration should be performed during the in-flight satellite period. Such kind of validation/calibration has been performed on other satellite altimetry missions. Ruf et al. [6] evaluated in-orbit TOPEX/POXSIDON microwave radiometer (TMR) with ground-based microwave radiometer, radiosondes and numerical weather model (NWM), and an accuracy of 1.1 cm for TMR WTC was demonstrated. The standard deviation of WTC of the Jason-1 microwave radiometer (JMR) was revealed to be over 1.2 cm and the system bias was 5 mm by comparing with radiosonde data [7]. The Jason-2 advanced microwave radiometer (AMR) data were compared with the European Centre for Medium-Range Weather Forecasts (ECMWF) data on the coastal area with a new retrieval method, which showed that the error was less than 0.8 cm for up to 15 km and less than 1.5 cm at the coastline [8].



The HY-2A WTC retrieval algorithm was first developed with the simulated TB and ECMWF product before launching, and an agreement of ~1 cm was achieved [9]. While the environment between laboratory and in-flight is quite different, Zhang et al. [10] retrieved WTC from the empirical models using Jason 1/2 data for the first two years of data with an accuracy of ~1.5 cm. Different empirical models, including log-linear regression, the genetic algorithm (GA) optimization, and the artificial neural networks (ANN) were evaluated with data from 2011 to 2013. The results showed the accuracy of HY-2A was ~1 cm compared with JMR and CMR and the accuracy variation from different retrieval models was 1–2 mm [5,11]. Using products of Jason-2 and Envisat, the first two years’ WTC of HY-2A was validated and an agreement of 1.5 cm was demonstrated [12].. However, a comprehensive evaluation of HY-2A for the past 7 years is not available for now, and a throughout validation of all the available data is still needed on the global scale. Moreover, the TB measurement and derived WTC/PWV suffer drift due to hardware aging. The drift has been shown in other altimetry satellites. The ENVISAT microwave radiometer shows a WTC drift of ~1mm/y for the first three years [13]; the JMR on Jason-1 exhibit 6 mm/y drift and AMR shows a drift of 1 mm/y [14].



HY-2A CMR played an important role in SSH and wave height measurements for the past 7 years after launching [2,15], but a comprehensive evaluation has not been conducted. As the accuracy of CMR WTC is extremely important for RA, such kind of validation is in need. The WTC/PWV observation problem, whether it exists or not, should also be investigated as it has had a direct impact on sea level rise estimation. Moreover, HY-2A CMR PWV products can further enrich marine water vapor observation and improve ocean water vapor monitoring. In this study, the WTC and PWV products of 7 years worth of HY-2A CMR data from October 2011 to February 2018 are evaluated using the ERA(ECMWF Re-Analysis)-Interim products from ECMWF. The overall agreement and spatial distribution are investigated, and the potential drift is also detected and two radiosonde sites are used to validate the calibration.



In the following, Section 2 introduces the HY-2A WTC/PWV data and ECMWF products. The results are presented in Section 3 with detailed discussions, including the general agreement, the distribution of biases in particular areas, the accuracy of observation over the 7 years. Section 4 describes the main achievements of this paper and future work. Finally, in Section 5, the conclusions are given together about HY-2A WTC/PWV validation.




2. Materials and Methods


2.1. HY-2A CMR Data


HY-2A is a sun-synchronous orbit satellite and has two phases in orbit. Before March 2016, the HY-2A orbit height was 971 km and the revisiting time was 14 days. After that, the orbit height changed to 973 km and the revisiting time switched to 168 days [15]. HY-2A was firstly designed for 3 years, while it is still operating now. The subsequent HY-2 series satellite HY-2B was launched in October 2018 and HY-2 C/D are scheduled to launch on 2019 and 2020, respectively. HY-2A CMR is a three-band nadir-looking passive radiometer, the main performance indicators of HY-2A CMR are shown as Table 1 [1].



HY-2A CMR data processing mainly includes three steps, which are antenna temperature adjustment, TB calibration and CMR products retrieval, respectively. The WTC and PWV products of HY-2A CMR are derived from TB observations by empirical regression models [16], which includes a neural network algorithm and log-linear regression. TMR, JMR and AMR adopt log-linear regression and ENVISAT uses a neural network algorithm [12], while HY-2A CMR applies the log-linear regression model [17]. In the paper, the HY-2A CMR secondary products, i.e., the level-2B WTC/PWV from October 2011 to February 2018 (cycle 1 to cycle 122) were used. These products are provided by the National Ocean Satellite Application Service (NSOAS), Ministry of Natural Resources (MNR) of People’s Republic of China.




2.2. Introduction of Numerical Weather Model


The numerical weather model we used in the paper is ECMWF, which is an independent intergovernmental organization that operates the world’s largest archive of numerical weather prediction. ERA-Interim is a widely used atmosphere reanalysis data from ECMWF, with improved quality of the reanalysis product [18]. ERA-Interim surface product provides integrated vertical water vapor (IVWV) with a temporal resolution of 6 h, and the horizontal resolution of 0.25° × 0.25° was used in the study, which is demonstrated with an accuracy of 2~3 mm globally [19].



Vienna Mapping Functions 3 (VMF3) is the latest version of the troposphere products from Technische Universitat Wein [20]. Among which, VMF3 data on a global 1° × 1° grid derived from ERA-Interim NWM data in an epoch-wise format (6 h), i.e., the VMF3-EI product was used in this paper, including the tropospheric wet delay. The grid data resolution of the previous version (VMF1) was 2° × 2.5°, which is generated using the ERA-40. VMF1 is demonstrated with an accuracy of 1.2 cm in ZWD (zenith wet delay) [21]. As the successor of VMF1, the VMF3-EI with higher accuracy and better spatial resolution is suitable for the validation of HY-2A WTC in this study.



HY-2A CMR observes from the sea surface, and the grid height of ERA-Interim surface data is interpolated from a global digital elevation model Global 30 Arc-Second Elevation(GTOPO30) [22], which is the height over mean sea surface in meters (less than 10 m globally) [23]. VMF3-EI grid height is from a file with mean ellipsoidal heights (http://vmf.geo.tuwien.ac.at/station_coord_files/orography_ell_1x1. After adding the geoid undulation from the EGM96 (Earth Gravitational Model 96), the height difference between grid height and mean surface height is less than 10 m. Therefore, HY-2A CMR products can be compared with NWM directly. Bilinear interpolation is applied in the horizontal direction to obtain the WTC/PWV of HY-2A tracking points and cubic spline method is applied in temporal interpolation.




2.3. Radiosonde Data


In this paper, radiosonde data were used to validate the result from ECMWF. The daily observation times from radiosonde is relatively lower because most stations measure data less than four times each day. Therefore, to have enough crossover points to evaluate, in the paper the threshold is set as 200 km in space and 2 h in time. The distance is the range between radiosonde stations and HY-2A sub-satellite points. As shown in Figure 1, 137 radiosonde stations were selected.





3. Results


In this section, we present the validation results of the HY-2A WTC and PWV product using the NWM data. The global distribution of WTC and PWV are first presented briefly, as WTC and PWV usually suffer considerable noise and should be excluded when compared toNWM data. The data cleaning method and results are also presented. The detailed agreements between the WTC/PWV and NWM are investigated.



3.1. Gglobal Distribution of Wet Tropospheric Delay and Water Vapor


The global distribution of WTC/PWV is first presented, which provides a background for the spatial analysis of HY-2A CMR products. Here the average NWM values from 2011 to 2012 were used, which is shown as Figure 2. The WTC and PWV temporal changing rate (per hour) are also presented in Figure 2. WTC is mainly influenced by water vapor, therefore WTC and PWV had a very strong correlation with each other, and the distribution and changing rate of WTC and PWV were quite similar. Global WTC varied from less than 5 cm in the polar region to ~35 cm in tropical regions, and the average value was ~15 cm. The average PWV was ~20 mm and the peak value was ~60 mm. The global average changing rate was ~1.2 mm/h in WTC and ~0.25 mm/h in PWV. However, the changing rate shows a different distribution compared to the total amount. The most abundant PWV area, i.e., the tropical area, and the most scarce area, i.e., the polar area showed a lower changing rate than mid-high latitude area, and the most dramatic changing rate occurred in the mid-high latitude area around 45° with a changing rate of ~ 4 mm/h in WTC and ~0.7 mm/h in PWV, respectively.




3.2. HY-2A CMR Products Preprocessing


Before comparison, HY-2A raw data flagged as land, ice, and rain, were all removed. The total number of useful points of 7 years was about 95 million. However, there are still some obvious outlier points of HY-2A WTC/PWV with huge values. We applied a rough data cleaning procedure on the HY-2A products, where PWV larger than 500 mm and WTC larger than 3 m were excluded, which accounts for 0.066% of the original points. Figure 3 shows the temporal and spatial distribution of the excluded outlier points. As shown in Figure 3a, the outlier points are constant values with 3.277 m in both WTC and PWV. The distribution of the outlier points is not random, but usually appeared as a whole ascending or descending track, and the duration was relatively long. These outlier points appear only before 2014, indicated that HY-2A CMR data is not stable during the first three years.



Moreover, the points larger than the mean value over three-time standard deviation (STD) were excluded. Figure 4 shows the spatial distribution of the outlier points. Compared with Figure 2, the area with fewer outlier points is consistent with the region with lower PWV contents and a slower changing rate. Also, an outlier points band was formed around the North Pole and the South Pole, which is the edge of the observation, and the HY-2A CMR products were larger than the model values in the region with ~20 cm in WTC and ~20 mm in PWV. Moreover, many outlier points were found along with the coastal areas, which means that the accuracy of HY-2A CMR products in coastal areas and the polar area are relatively lower. Ice or land had different TB characteristics with ocean [24], and the footprint of HY-2A CMR was 40 km, which could contain the signal from ice or land and contaminate the TB measurements. Thus, the accuracy of HY-2A CMR products was influenced.




3.3. Comparison between HY-2A CMR and Numerical Weather Model


3.3.1. Overall Accuracy Assessment of HY-2A Calibration Microwave Radiometer


After applying the three-time STD criterion, the valid points were about 95 million. There were 877,577 points for WTC data which accounted for 0.93% of the original data, and 955,269 points for PWV data which accounted for 1.01% of the original data that were excluded. Figure 5 shows the scatter diagram of HY-2A WTC/PWV products and NWM with an accuracy assessment, respectively. In this paper, the differences were the HY-2A CMR values minus NWM values.



From the comparison results of 122 cycles in-flight data in Figure 5, HY-2A CMR WTC had a root-mean-square (RMS) of 2.29 cm with a systematic bias of 0.71 cm and the PWV in RMS was 3.59 mm with a systematic bias of 1 mm. HY-2A CMR data were larger than NWM during 7 years comparison. The linear fit line also reveals a systematic deviation between HY-2A WTC/PWV and NWM. The correlation coefficients between HY-2A WTC/PWV and ECMWF was higher than 97%, which means they had a high positive correlation. In summary, comparing with the NWM, the accuracy of HY-2A WTC was 2.29 cm, the PWV accuracy was 3.59 mm, while a systematic bias existed between HY-2A and NWM.




3.3.2. HY-2A CMR Products Spatial Analysis


HY-2A CMR products range from approximately 80° S to 80° N. To analyze the spatial distribution of HY-2A CMR products, the differences between HY-2A CMR products and NWM were divided by 10° from 80° S to 80° N. As shown in Figure 6, the accuracy assessment of each part was obtained, which included mean values, RMS, STD and the relative RMS error, i.e., the mean proportion of RMS in the original observation.



From Figure 6a, the ratio of HY-2A WTC reached the bottom at (8%) between 0–10° and the overall trend of the ratio increased with the latitude, the top appeared in the Arctic (43%). The WTC STD varied from ~1.5 cm to ~2.3 cm, which decreased with the increase of latitude and the peak value appeared between 0–10°. The trends of RMS and mean values were almost the same from 40°S to 40°N. The symmetry area of the northern and southern hemispheres was in the 0–10° range. In the 10–20° region, the mean value and RMS reached a top value of ~1.3 cm and ~2.8 cm, respectively. Afterward, the value of RMS reduced with the latitude, with a minimum value of ~2 cm in polar regions. The lowest mean value occurred between 30° and 40° latitude with a value of ~0.2 cm and the mean value increased with latitude after the latitude over 40°. The result of RMS and relative RMS error in the Antarctic region are better than the Arctic region, which means the accuracy of HY-2A WTC in the Antarctic region is better than the Arctic. The HY-2A PWV variation trend of the four kinds of evaluation parameters with respect to (w.r.t.) latitude in Figure 6b is almost the same as that of WTC except for the largest ratio RMS which is located in the Antarctic (48%). PWV accuracy coefficients symmetrically distribute roughly at 0° N to 10° N area. The PWV STD maximum value was 3.72 mm (0–10°N) and the minimum one (~2 mm) was in the Antarctic. The minimum mean value was ~0.5 mm (between 10–20°) and the maximum value was ~1.5 mm (30–40°). The RMS ranged from ~4 mm (10–20°) to ~2.5 mm (Antarctic).



Moreover, HY-2A data were divided into three parts, which includes polar area (>66.5°), mid-latitude area (23.5° to 66.5°) and tropical area (between −23.5°N and 23.5°S). The accuracy evaluation of each region is shown in Table 2. The accuracy of HY-2A WTC/PWV in the mid-latitude and polar areas are similar in value, while the ratio of RMS to observation at the polar area (~42%) is much larger than that in the mid-latitude region (~26%), which indicates HY-2A CMR agrees better with NWM in mid-latitude areas than polar area. In the tropical region, HY-2A products accuracy assessment values are much larger than the other two parts, while relative RMS error is much lower (~11%). Therefore, for the three climatic zones, it is noteworthy that HY-2A WTC/PWV data gets worse performance in the polar region, which may because of the ice in the polar area.



Furthermore, all the differences were resampled into a grid of 0.25° × 0.25°, which includes the STD and mean values at each grid. The spatial distribution of the difference values is shown in Figure 7.



As shown in Figure 7, the global mean value distribution of WTC and PWV was nearly unanimous. In most area of the tropics and polar region, HY-2A CMR data was larger than NWM, while in the mid-latitude area it was the exact opposite. When HY-2A CMR got closer to a higher latitude, the bias became larger, which led to the same conclusion as Section 3.2. While the STD of WTC/PWV distribution shows a different pattern, the STD in the polar region was small, which was caused by the low PWV content in the polar area. Moreover, the areas with abundant PWV contents and high changing rates displayed higher STD values. Among which, the west coast of Atlantic had lower mean values but a higher STD, which is mainly caused by the high changing rate of WTC/PWV. Moreover, the STD of WTC showed a higher bias in the southeast India Ocean compared to the STD of PWV, which indicated that the HY-2A PWV product was more stable than WTC in the area. Also, the agreement between HY-2A CMR products and NWM was not good in the coastal region. This is consistent with the results of Figure 4, which indicated that HY-2A nearshore data need further improvement.




3.3.3. HY-2A CMR Products Temporal Analysis


HY-2A CMR has been in orbit for more than 7 years, while due to the aging of hardware, the observation drift is inevitable because of the aging of equipment, which occurred at other microwave radiometers [13,14]. Here, data of each month were extracted separately to explore the accuracy of HY-2A CMR products. Figure 8 shows the comparison results between HY-2A products and NWM of each month. Meanwhile, since the observation target is the ocean, the global average TB of each day should be similar. Here the average TB from three bands every single day was achieved, which is shown as Figure 9. Moreover, to show the annual changing of HY-2A CMR products globally, the global distribution of the yearly average differences between HY-2A WTC/PWV and NWM from 2011 to 2018 were obtained, which are shown in Figure 10 and Figure 11.



Figure 8 shows that the accuracy of the WTC/PWV decreased dramatically during the first three years, the maximum biases were in August 2013 with an RMS of 4.8 cm in WTC and 7.6 mm in PWV. The lower accuracy before 2014 was caused by the systematic bias of TB measurements at 37 GHz band. As the TB bias at 37 GHz band was a systematic error, the STD of the WTC/PWV difference between the HY-2A CMR products and NWM remained relatively stable, and ranged from ~1.5 cm to ~2.0 cm in WTC and ranged ~2.0 mm to ~2.9 mm in PWV. Analyzing the annual average global time series, in the first three years from 2011–2013, the differences between HY-2A CMR WTC/PWV and NWM gradually increased. Among which, in 2013, most of the WTC exceeded more than 3 cm, and most of the PWV exceeded 5 mm.



From April 2014, the systematic bias of 37 GHz band was removed, therefore HY-2A CMR products show a very good agreement with NWM. The mean biases between HY-2A and NWM became very small with 0.03 cm in WTC and 0.01 mm in PWV from April 2014 to May 2017. In addition, the STD between HY-2A CMR and NWM also decreased. Globally, the accuracy of HY-2A CMR products in the Antarctic of 2014 was poor, especially for PWV products. The difference between HY-2A CMR PWV and NWM was more than 5 mm and WTC product biases were also more than 3 cm. The year 2015 was the year with the best data quality after the HY-2A satellite launched. The differences between the HY-2A and NWM in the Antarctic were reduced.



However, since June 2017, TB measurements at the 18.7 GHz band became unstable, which led to the biases between the two sets becoming very large again. The average bias between HY-2A and NWM reached −1.52 cm in WTC and –3.02 mm in PWV from June 2017 to February 2018, and the STD value also increased. In most parts of the world in 2017, the HY-2A product was obviously smaller than NWM. The WTC of HY-2A was smaller than the NWM with ~3 cm and in PWV it had reached 5 mm in the middle and higher latitudes. In 2018, only one and a half months of HY-2A data was available, hence the spatial resolution was relatively lower than in other years, which shows a similar distribution to last year. When the three bands were in good condition, HY-2A CMR products showed high accuracy with a RMS of 1.68 cm in WTC and 2.65 mm in PWV from April 2014 to May 2017, therefore, a new adjustment on the HY-2A CMR should be conducted and is in urgent need.




3.3.4. Validation of HY-2A CMR Products based on Radiosonde


Moreover, WTC/PWV data from 137 radiosonde stations were used to validate the products from HY-2A CMR, the results are shown as Figure 12. As shown in Figure 12, the monthly variation of WTC/PWV based on radiosonde data was similar to the result from ECMWF. Before April 2014, HY-2A CMR showed a relatively lower accuracy and the maximum bias was in August 2013. From April 2014 to May 2017, HY-2A showed a better agreement with RMS in WTC of 2.37 cm and in PWV of 3.9 mm. The agreement between HY-2A CMR and radiosonde was relatively worse than the result from ECMWF, which was because of the time gap (average gap ~49 min) and horizontal distance (average distance ~137 km) in the comparison crossovers. While since June 2017, the agreement became worse again. The validation results show the same trend in time, which verify the results based on ECMWF.






4. Discussion


WTC is the critical factor for high-precision altimetry products, therefore, the validation of CMR WTC is very important. HY-2A has been working in-orbit for over 7 years, while the comprehensive validation for HY-2A CMR has not been conducted. HY-2A CMR WTC is higher than NWM in the tropical area and lower than NWM in the mid-latitude area. The accuracy in the polar region is lower than the tropical area and mid-latitude area, and the accuracy of HY-2A CMR WTC is relatively lower in coastal areas, which are caused by TB contamination by land or sea ice. The improvement for HY-2A CMR products in these areas should be carried out. Previous studies have been done on improving the accuracy of altimeter data on other satellites [25,26] and it will also be covered by our future work on HY-2A CMR, which includes applying the existing method on HY-2A CMR and improving the algorithm furtherly.



During October 2011 to March 2014, a systematic bias was revealed because of the TB bias from the 37 GHz band. After April 2014, the TB from 37 GHz band became normal again. Since June 2017, TB measurements from the 18.7 GHz band became unstable, which make the HY-2A CMR data quality inaccurate again. Therefore, the calibration for HY-2A CMR is urgent, and if the 18.7 GHz band fails, the accuracy of HY-2A CMR products from dual-band should be discussed compared to three-band products. Moreover, the aging of hardware is inevitable, hence high temporal resolution monitoring method for HY-2A CMR data is also needed. The reanalysis NWM has three months delay and numerical weather forecast accuracy is not satisfactory [27]. The time resolution of radiosonde data is relatively low. Global wet delay and PWV data with high accuracy could be derived from the global navigation satellite system (GNSS) observations [28]. Moreover, ship-borne GNSS data could also supplement open-ocean validation [29,30]. Therefore, the calibration and validation model based on GNSS can monitor HY-2A CMR products with high temporal resolution and furtherly serve the application of HY-2A data in marine science, which is also the future work.




5. Conclusions


HY-2A CMR data is very important for the application of HY-2A altimetry data, therefore, the evaluation for HY-2A CMR data is necessary. Meanwhile, the high accuracy PWV product from HY-2A CMR can enrich the ocean PWV measurement method. This paper focused on the validation of HY-2A CMR products with 7 years of in-flight data with NWM. The RMS between HY-2A CMR and NWM in WTC was 2.29 cm with a system deviation of 0.71 cm and in PWV is 3.59 mm with the system deviation of ~1 mm. The accuracy of the northern and southern hemispheres were symmetrical in the range of 0–10 °N, STD and RMS were getting larger when closer to 0–10°N, while relative RMS error was getting smaller when closer to 0–10°N. HY-2A CMR WTC/PWV accuracy in the polar regions showed a worse agreement compared to the tropical area and mid-latitude area, and the differences between the HY-2A CMR products and NWM in the coastal area were also significant, which were all caused by land/ice TB contamination.



Temporally, the accuracy of HY-2A CMR products decreased from October 2011 to March 2014 and reached the top of RMS 4.62 cm in WTC and 7.61 mm in PWV in August 2013, which was caused by unsuitable retrieval coefficients and the TB measurement biases from the 37 GHz band. After April 2014, the TB bias corrected, the systematic bias between HY-2A CMR and NWM was eliminated, and STD was also reduced. However, the quality of HY-2A CMR products decreased after June 2017 because of the TB problem from the 18.7 GHz band. Overall, HY-2A showed high accuracy with RMS of 1.68 cm in WTC and 2.65 mm in PWV when the three bands were in good condition, and further calibration for HY-2A CMR should be conducted. Moreover, 137 global coastal radiosonde stations were used to validate HY-2A CMR, which shows the same variation trend in time of HY-2A CMR compared to the results from ECMWF, and thus proves the results from ECMWF.
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Figure 1. Global Radiosonde stations distribution, the red triangles represent radiosonde stations. 
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Figure 2. Global content and changing rate distribution of precipitable water vapor (PWV)/wet troposphere delay correction (WTC). (a) Global PWV distribution; (b) PWV changing rate; (c) global WTC distribution; (d) WTC changing rate. 
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Figure 3. Figure 3. The distribution of HY-2A WTC/PWV outlier points in time (a), and space (b), the color in the bar of (b) represents the time of outlier points. 
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Figure 4. Spatial distribution of HY-2A WTC/PWV outliers: (a) WTC; (b) PWV. The color represents the difference between HY-2A and the numerical weather model (NWM). 
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Figure 5. Scatter diagrams of HY-2A and NWM: (a) WTC; (b) PWV. The red line is fitted line between HY-2A CMR products and NWM, the dotted red line represents simulated line y = x, the accuracy assessment is in the bottom-right and correlation of two sets in the up-left. The color from dark to light describes the absolute bias between HY-2A CMR and NWM. 
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Figure 6. HY-2A CMR products accuracy assessment in latitude: (a) WTC; (b) PWV. The left axis is the average ratio of root-mean-square (RMS) and observation values, the blue line represents relative RMS error. The right axis is the mean values, standard deviation (STD) and RMS, whereas the solid red line describes mean values, the long dotted red line describes RMS and the short-dotted line represents STD. 
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Figure 7. Global distribution of the WTC/PWV differences between HY-2A CMR products and NWM; (a,b) describe mean value and STD of WTC differences, respectively; (c,d) describe mean value and STD of PWV differences, respectively. 
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Figure 8. HY-2A CMR products accuracy with respect to (w.r.t.) time: (a) WTC; and (b) PWV. The green circle represents the mean value, the purple hexagonal represents STD and dark pentagram represents RMS. 
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Figure 9. Daily average brightness temperature (TB) of HY-2A CMR for the three bands: Upper: 18.7 GHz; middle: 23.8 GHz; bottom: 37 GHz. 
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Figure 10. The global distribution of WTC differences between HY-2A CMR and NWM; (a–h) from 2011 to 2018, respectively. Since there are less than three months in the years 2011 and 2018, the resolution is relatively lower. 
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Figure 11. Global distribution of PWV differences between HY-2A CMR and NWM; (a–h) from 2011 to 2018, respectively. The lower resolution of 2011 and 2018 is because of less data. 
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Figure 12. Validation for HY-2A CMR based on radiosonde data: (a) WTC; (b) PWV. 
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Table 1. Main Performance Indicators of Haiyang-2A (HY-2A) calibration microwave radiometer (CMR).
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	Main Performance Indicators
	Channel 1
	Channel 2
	Channel 3





	Center Frequency
	18.7 GHz
	23.8 GHz
	37 GHz



	Bandwidth
	250 MHz
	250 MHz
	500 MHz



	Antenna Bea