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Abstract

:

Atmosperic profiles derived from Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) radio occultation (RO) measurements make up for the lack of operational radiosonde soundings with a high spatiotemporal distribution, and their performance over China is assessed in this paper. COSMIC-retrieved atmospheric wet profiles from 2014 to 2015 are compared to the contemporaneous radiosonde profiles from 120 stations, and the vertical mean differences are used. The results show that the vertical mean biases of temperature, pressure and vapor pressure are −0.10 K, 0.69 hPa and −0.01 hPa, respectively, and that for refractivity is 0.17 N. Moreover, the temperature differences are positively correlated with station altitude, yet both the pressure and vapor pressure differences are negatively correlated with station latitude, as is the refractivity difference. The large temperature difference arising from the Qinghai-Tibet Plateau (QTP) region may be associated with the complex topography of the area and the limitations in the background model used in the COSMIC profile retrieval. Furthermore, negative refractivity bias between COSMIC and radiosonde data occurs below 5 km and is large in wet southern China, with a value of less than 1%. This result may be related to more humid conditions and super-refraction.
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1. Introduction


Atmospheric temperature, pressure and humidity profiles are essential for meteorological research. Notably, accurate and stable long-term observations of the vertical structure of atmospheric temperature are crucial for climate change monitoring. Radiosondes are the only operational instruments that have provided these atmospheric profiles in the troposphere and lower stratosphere for more than three decades, and they have been widely used in climate studies [1,2,3,4]. However, radiosondes are launched only twice (00 and 12 UT) per day during operation, and their spatial distribution is inhomogeneous with a relatively low density, particularly over plateaus, deserts, oceans, and polar regions. Additionally, the atmospheric temperature trends estimated from radiosonde observations are sensitive to the objective selection of radiosonde samples [5,6,7,8]. The selection of radiosonde samples can result in differences in temperature trends, as radiosonde observations are obtained with various types of radiosondes manufactured by different countries. Therefore, it is critical to have accurate, consistent, and stable observations from different satellite missions to improve climate change monitoring. The Global Positioning System (GPS) radio occultation (RO) limb-sounding technique uses radio signals from the GPS satellites propagating through the Earth’s atmosphere. The GPS RO technique has the advantages of high accuracy, high precision and high vertical resolution, with no contamination from clouds, no system calibration requirement, and no instrument drift [9,10,11,12,13].These features make GPS RO particularly useful for climate studies [14,15,16,17,18,19]. Early studies have shown that GPS RO soundings from the first RO mission, GPS Meteorology (GPS/MET), agree with those from radiosondes and large-scale analyses to better than 1.5 K from 530 km of altitude [10,20,21,22,23]. Furthermore, GPS RO datasets are relatively new and are valuable sources of observational information on temperature and humidity [24,25,26,27,28,29,30].



The successful launch of the six satellites in the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC, also called FORMOSAT-3 in Taiwan) project in April 2006 began a new era of GPS atmospheric remote sensing [31,32,33,34,35,36,37]. COSMIC is a joint mission between Taiwan and the United States (U.S.) with the goal of demonstrating the use of constellation GPS RO data in numerical weather prediction (NWP), climate monitoring, and space weather forecasting. With the ability to perform both rising and setting occultation, COSMIC has produced approximately 2500 soundings per day with global coverage since mid-2007. However, the number of COSMIC soundings has been gradually decreasing since about 2010 as the COSMIC satellites reach the end of their designed 5-year lifetime. The median values of COSMIC-derived dry temperature differences are estimated to be better than 0.05 K from 8 km to 30 km [32,38]. According to previous studies, the temperature profiles of different radiosonde types generally agree well with those of COSMIC, with mean differences of less than 0.5 K and standard deviations of less than 2.0 K [4,11]. Because COSMIC RO can provide atmospheric temperature, pressure, and humidity profiles with a 100-m vertical resolution in all weather conditions, it makes up for the lack of operational radiosonde soundings with high spatiotemporal distributions, especially over deserts, oceans, and polar regions [4,11,29,38,39,40].



Eastern China is mostly a plains region, but plateaus and deserts occupy most areas of western China, notably, the Qinghai-Tibet Plateau (QTP), which occupies approximately one fourth of China. The QTP is a source of dynamic and thermodynamic turbulence and has a profound influence on atmospheric circulation patterns at various temporal and spatial scales [41,42,43,44,45]. Many severe weather systems that have impacted China in the past have been linked to the dynamic and thermodynamic influences of the QTP [46,47,48,49]. Simulation studies have indicated that assimilated atmospheric moisture, temperature, and pressure information over the QTP and surrounding areas is very important and useful in the forecasting of precipitation in downstream areas [50]. However, as shown in Figure 1, the spatial distribution of operational radiosonde stations, while reasonably adequate in eastern China, is rather sparse in western China, especially over the QTP. As noted above, COSMIC RO can provide atmospheric temperature, pressure, and humidity profiles in all weather conditions, thereby overcoming the lack of operational radiosonde soundings with high spatiotemporal distributions, especially in the QTP and desert areas. Although some studies have compared COSMIC RO and radiosonde observations [4,11,51,52,53], they have focused on temperature, and few comparisons of pressure and humidity have been reported over China, especially for the QTP region. In this study, using radiosonde soundings with a high vertical resolution of ~10 m, we investigate the discrepancies in atmospheric temperature, pressure, and vapor pressure profiles obtained from COSMIC RO data compared to radiosonde observations in China. This paper is organized as follows. In Section 2, we briefly describe the instruments, measurements, and methods employed. Section 3 compares the COSMIC atmospheric wet profiles with matched radiosonde soundings in China. The results are presented and discussed in Section 4, and Section 5 summarizes our findings.




2. Data and Methodology


The GPS RO limb-sounding technique for sounding the atmosphere of the Earth was first demonstrated by the proof-of-concept GPS/MET experiment in 1995–1997 [21]. Preliminary results showed that accurate vertical temperature profiles from an altitude of approximately 40 km to about 5 km can be obtained using the GPS limb-sounding technique. The COSMIC mission placed six small microsatellites into six different orbits at 700–800 km above the Earth’s surface. These satellites formed a unique low Earth orbit (LEO) constellation that receives signals from U.S. GPS satellites. By measuring the phase delay of radio waves from GPS satellites as they are occulted by the Earth’s atmosphere, accurate and precise vertical profiles of the bending angles of radio-wave trajectories are obtained for the lower atmosphere. Under the assumption of the spherical symmetry of the refractive index in the atmosphere, vertical profiles of the bending angle, and therefore the refractivity, can be derived from the raw RO measurements of the excess Doppler shift of the radio signals transmitted by GPS satellites [9,12,54]. The profiles of refractivity can then be used to generate the so-called dry and wet atmospheric profiles. For dry air, the density profiles are first calculated using the relationship between density and refractivity. The dry temperature profiles are then derived from the density profiles based on the hydrostatic equation and the ideal gas law under the assumption that the partial pressure of water vapor is zero. The wet retrieval algorithm estimates both the temperature and water vapor profiles using the 1DVar (one-dimentional variation) algorithm [39,55,56]. 1DVar seeks the optimal solution that reproduces the observed refractivity most closely while satisfying other imposed constraints, amongst many physically admissible combinations of state variables.



The COSMIC data used in this study include the atmospheric profiles of temperature, pressure, vapor pressure, and analyzed refractivity in the wetPrf (wet profile) suite of products [51]. These profiles are based on 1D variational analysis using low-resolution analysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF). Gridded analysis or short-term forecasting is used to separate the pressure, temperature, and moisture contributions to refractivity. Finally, these wet profiles are interpolated to 100-m height intervals from the geometric height of sea level to 40 km.



Because operational radiosonde data are reported only at mandatoryand significant pressure levels and at a lower vertical resolution than COSMIC RO data [4], COSMIC atmospheric profiles are generally interpolated to the vertical levels of radiosonde profiles. This process results in fewer available data for COSMIC atmospheric profiles. In this study, high vertical-resolution profiles of temperature, pressure, and humidity are obtained from raw radiosonde soundings (launched twice daily at 00 and 12 UTC) with a vertical resolution of ~10 m or a 1-s temporal resolution [57]. This spatial resolution is higher than the 100-m vertical resolution of the COSMIC wetPrf profiles and can improve the analysis. Figure 1 shows the distribution and altitudes of the 120 radiosonde stations used in this study. The radiosonde profiles from 2014 to 2015 were collected and used to validate the contemporaneous COSMIC-retrieved profiles of temperature, pressure, vapor pressure, and analyzed refractivity. These radiosonde profiles were observed with the same GTS1 radiosondes manusfactured by China, which came into use as the new generation upper-air sounding sysytem in operation in China since about 2010. The accuracies of temperature, humidity, and pressure for the GTS1 radiosondes are 0.2 K, 5% and 2 hPa, respectively, with corresponding resolutions of 0.1 K, 1% and 0.1 hPa. Note that the radiosonde refractivity (N) can be calculated from the radiosonde temperature (T in K), pressure (P in hPa), and vapor pressure (e in hPa), using the following equation [39,58]:


   N = 77.6  P T  + 3.73 ×  10 5   e  T 2     



(1)







The matching method of He et al. [4] is adopted in this study. Radiosonde measurements within 2 h and 300 km of COSMIC RO soundings are compared to those from the COSMIC satellites between 2014 and 2015. If no matching COSMIC profile is available, the radiosonde sounding is not used. If more than one matching COSMIC profile exists, then the COSMIC profile with lowest perigee point closest to the radiosonde station is used. Because the radiosonde data have a higher vertical resolution than COSMIC wetPrf profiles, we interpolate the radiosonde profiles to the vertical levels of the COSMIC wetPrf profiles. The biases and root mean square errors (RMSEs) between the COSMIC wetPrf profiles and the radiosonde measurements of each parameter (e.g., temperature, pressure, vapor pressure, and analyzed refractivity) are calculated. As this study is also to access the regional differences of the discrepancies between COSMIC and radiosonde measurements over China, it is better to calculate the biases and RMSEs between COSMIC and radiosonde profiles in vertical means from 0 to 40 km.




3. Results


3.1. Temperature Differences between COSMIC and Radiosonde Data


At each station, the bias between the coupled COSMIC and radiosonde temperatures is calculated at all height levels and then averaged. Figure 2 presents the vertically averaged COSMIC temperature biases compared to radiosonde observations at 120 stations in China. The number of radiosonde stations for each bias class is listed in parentheses. In general, the COSMIC temperature bias is negative in northern China and positive in southern China. Moreover, the large temperature differences mostly appear in western China, which is a high-altitude region compared to eastern China. Among the 120 stations, 118 stations (98%) have biases with magnitude less than 1.0 K. The maximum COSMIC temperature bias of 1.03 K occurs at a station on the eastern QTP, and the minimum bias of −1.45 K occurs at a station on the southern QTP. On average, the COSMIC temperature bias compared to radiosonde observations in China is −0.1 K. Additionally, a positive correlation is found between the absolute temperature bias and station altitude, with a correlation coefficient of 0.3830 at a significance level of greater than 99%. This indicates that the absolute temperature bias is positively correlated with station altitude in statistics in a certainway, but not on the whole, because many factors may impact on the temperature bias between COSMIC and radiosonde.



The temperature RMSEs between COSMIC and radiosonde data in China are shown in Figure 3. Overall, 36 stations (30%) have an RMSE less than 4 K, and 65 stations (54%) have an RMSE between 4 K and 6 K. The maximum temperature RMSE occurs at a station in the southern QTP with a value of 10.64 K. In general, the temperature RMSE is larger in western China than in eastern China, especially in the QTP. The average temperature RMSE between COSMIC and radiosonde data in China is 4.84 K. Additionally, a positive correlation is observed between the temperature RMSE and station altitude, with a correlation coefficient of 0.2414 at a significance level of greater than 99%. This implies that, as with the temperature bias, the temperature RMSE between COSMIC and radiosonde is also impacted by station altitude in a certain way.




3.2. Pressure Differences between COSMIC and Radiosonde Data


As shown in Figure 4, the vertically averaged COSMIC pressure biases compared to radiosonde observations in China are mostly negative in northern China and some parts of central China, but positive in the remainder of China. All the pressure biases vary between −0.93 hPa and 3.43 hPa. Among the 120 stations, 76 stations (63%) have biases with a magnitude of less than 1 hPa, and 32 stations (27%) with a magnitude of between 1 hPa and 2 hPa. The large pressure biases mostly appear in the QTP and in southern China, and the maximum pressure bias of 3.43 hPa occurs at a station in southern China. On average, the COSMIC pressure bias in China is 0.69 hPa. Notably, the COSMIC pressure bias varies from positive to negative with increasing station latitude, and a negative correlation is found between the absolute pressure bias and the station latitude, with a correlation coefficient of −0.4558 at a significance level of greater than 99%. This indicates that station latitude is one of the impact factors on the pressure bias between COSMIC and radiosonde.



Figure 5 presents the pressure RMSEs between COSMIC and radiosonde data in China. The pressure RMSE is small in eastern China and large in southern and north-western China. There are 63 stations (53%) with an RMSE of less than 10 hPa, and 49 stations (41%) with an RMSE of between 10 hPa and 20 hPa. Like the pressure bias, the large pressure RMSEs mostly appear in southern China. The minimum pressure RMSE is 2.31 hPa, the maximum is 29.77 hPa, and the average pressure RMSE is 10.66 hPa.




3.3. Vapor Pressure Differences between COSMIC and Radiosonde Data


The vertically averaged COSMIC vapor pressure biases compared to radiosonde observations in China are presented in Figure 6. The COSMIC vapor pressure exhibits large negative biases in southern and south-eastern China, while the maximum positive bias occurs at a station in north-western China. The vapor pressure biases are insignificant in the remainder of China. Among the 120 stations, 79 stations (66%) have biases with a magnitude of less than 0.03 hPa, and 27 stations (23%) with a magnitude of between 0.03 hPa and 0.06 hPa. The vapor pressure bias varies from −0.09 hPa to 0.09 hPa, and the average value is −0.01 hPa. Like the pressure bias, a negative correlation is found between the absolute vapor pressure bias and station latitude, with a correlation coefficient of −0.4895 at a significance level of greater than 99%.This indicates that station latitude is also one of impact factors on the vapor pressure bias between COSMIC and radiosonde.



Figure 7 presents the vapor pressure RMSEs between COSMIC and radiosonde data in China. Except for the maximum RMSE at a station in north-western China, large RMSEs mainly occur in southern China. There are 99 stations (82%) with an RMSE of less than 0.9 hPa, and 20 stations (17%) with an RMSE of between 0.9 hPa and 1.2 hPa. The minimum RMSE of 0.20 hPa occurs at a station in central QTP, while the maximum value of 1.64 hPa occurs at the westest station in China, and the average vapor pressure RMSE is 0.64 hPa. Additionally, a negative correlation exists between the vapor pressure RMSE and station altitude, with a correlation coefficient of −0.5449 at a significance level of greater than 99%. This implies that the vapor pressure RMSE between COSMIC and radiosonde is impacted by station altitude in a certain way.




3.4. Refractivity Differences between COSMIC and Radiosonde Data


According to Equation (1), radiosonde refractivity is calculated based on the radiosonde temperature, pressure and humidity profiles, and the results are compared with the COSMIC refractivity. The vertically averaged COSMIC refractivity biases compared to radiosonde observations in China are presented in Figure 8. The refractivity biases are mainly positive; however, some negative biases occur in northern China. The positive refractivity biases are small in northern and south-eastern China and large in the remainder of China. Among the 120 stations, 65 stations (54%) have biases with a magnitudeof less than 0.2 N, and 36 stations (30%) with a magnitude of between 0.2 N and 0.4 N. The refractivity bias varies from −0.29 N to 0.63 N, with an average value of 0.17 N. A negative correlation is found between the absolute refractivity bias and station latitude, with a correlation coefficient of −0.3846 at a significance level of greater than 99%. This indicates that station latitude is one of impact factors on the refractivity bias between COSMIC and radiosonde.



Figure 9 presents the refractivity RMSEs between COSMIC and radiosonde data in China. The refractivity RMSE is generally larger in eastern China than in western China. Additionally, the refractivity RMSE varies from 1.37 N to 6.12 N. There are 47 stations (39%) with an RMSE of less than 3 N, and 65 stations (54%) with an RMSE of between 3 N and 5 N. On average, the refractivity RMSE between COSMIC and radiosonde data in China is 3.42 N. Like the vapor pressure RMSE, a negative correlation exists between the refractivity RMSE and station altitude, and the correlation coefficient is −0.6102 at a significance level of greater than 99%. Note that the refractivity RMSE also has a negative correlation with station latitude, with a correlation coefficient of −0.4505 at a significance level of greater than 99%. These results imply that both station altitude and latitude can impact the refractivity RMSE between COSMIC and radiosonde in a certain way.





4. Discussion


According to He et al. [4], the dry temperature derived from COSMIC has a bias of ‒0.03 K and an RMSE of 1.98 K compared to radiosonde observations from 12 km to 25 km in China; and below 12 km, the dry temperature is significantly lower than the actual temperature because water vapor effects become important. In our results, the average temperature difference between COSMIC and radiosonde data from 0 to 40 km in China is −0.10 K, with an RMSE of 4.84 K. These results may imply that the increase in water vapor in the troposphere increases the COSMIC cold temperature bias compared to radiosonde observations and the RMSE between them. Moreover, the absolute temperature bias between COSMIC and radiosonde data has a positive correlation with station altitude. Thus, the temperature difference between COSMIC and radiosonde data increases in the QTP, and the temperature RMSE between COSMIC and radiosonde data exhibits the same trend. Because a background atmospheric state is used in the retrieval of the temperature profile in COSMIC RO [39,59] and the model temperature bias is large in the QTP area because of its complex topography [60], the limited ability of the background may contribute to the temperature difference between COSMIC and radiosonde data, especially in the QTP region.



A few studies have compared the pressure and vapor pressure profiles of COSMIC and radiosonde data over China especially for the QTP region [51,52,53]. In this study, the COSMIC pressure has an average bias of 0.69 hPa in China, and the average RMSE is 10.66 hPa. Moreover, the absolute pressure bias between COSMIC and radiosonde data has a negative correlation with station latitude, yet this correlation is not significant for the pressure RMSE. Note that both the pressure bias and RMSE are generally larger in the QTP region than in other areas at the same latitude, and this finding may be related to the uncertainty of the model and the complex terrain in the QTP area.



For the vapor pressure, the average bias and RMSE between COSMIC and radiosonde data in China are −0.01 hPa and 0.64 hPa, respectively. As shown by Ware et al. [21], the relationship between errors in temperature and water vapor pressure, under the assumption of no errors in N or P, is as follows:


   Δ e ≈   ( 2 T N − 77.6 P )   3.73 ×  10 5    Δ T ,   



(2)




where e is vapor pressure in hPa, T is temperature in K, N is refractivity, and P is pressure in hPa. Δe and ΔT are the errors of vapor pressure and temperature, respectively.



For typical values of N = 300, P = 1000 hPa, and T = 273 K, the following expression is valid:


    Δ e ≈ 0.23 Δ T    or    Δ T ≈ 4.35 Δ e    



(3)







Specifically, T would have to be known to within an accuracy of 1 K to obtain vapor pressure estimates accurate to within 0.23 hPa. Because the temperature bias is −0.10 K with an RMSE of 4.84 K in this study and there are errors in P and N, the vapor pressure bias of −0.01 hPa with an RMSE of 0.64 hPa is reasonable. Additionally, the absolute vapor pressure bias has a negative correlation with station latitude. However, the vapor pressure RMSE is negatively correlated with station altitude. The small vapor pressure RMSE in the QTP region may be due to the low vapor pressure in this area.



The COSMIC refractivity profile from 0 to 40 km exhibits little difference compared to radiosonde observations in China, and the average bias between them is 0.17 N with an RMSE of 3.42 N. As with the vapor pressure, the absolute refractivity bias has a negative correlation with station latitude, while the refractivity RMSE is negatively correlated with the station altitude. As vapor pressure is generally large in low-latitude and low-altitude areas, these findings may imply that atmospheric water vapor influences the measurement accuracy of COSMIC refractivity. Moreover, because atmospheric water vapor generally decreases with height, the vertical mean biases between COSMIC and radiosonde refractivities from 0–5 km, 5–10 km, 10–15 km and 15–20 km are performed, respectively, and the results are presented in Figure 10. It is clear that the refractivity difference between COSMIC and radiosonde data below 5 km is largest in the coastal areas of China, where the atmospheric content of water vapor is higher than in other part of China. From 5 to 10 km, as the atmospheric content of water vapor decreases and the water vapor difference between coastal areas and other areas diminishes, the refractivity bias between COSMIC and radiosonde data decreases, but is still relatively large in wet southern China. Above 10 km, atmospheric water vapor is sparse; therefore, the refractivity bias between COSMIC and radiosonde data varies minimally, and the difference between 10–15 km and 15–20 km is also insignificant. Furthermore, the atmospheric water vapor similarly affects the refractivity RMSE between COSMIC and radiosonde data. As shown in Figure 11, the refractivity RMSE between COSMIC and radiosonde data below 10 km, especially below 5 km, are larger than those above 10 km. The refractivity difference between COSMIC and radiosonde data is closely related to the atmospheric water vapor, and its spatial distribution and variation with altitude exhibit a similar pattern as that of the vapor pressure. Additionally, previous studies found a negative refractivity bias in the lower and middle troposphere [10,61,62,63]. Comparing Challenging Minisatellite Payload (CHAMP) observations with ECMWF analysis results, Hajj et al. [64] stated that the negative fractional refractivity difference was nearly 1–4% below 10 km. Anthes et al. [33] found that negative refractivity bias only occurs below 3 km for COSMIC data with a value of ~1%. Our results indicate that the negative refractivity bias of COSMIC data occurs below 5 km and mainly appears in wet regions, especially southern China, which exhibits the largest difference of −2.2 N (less than 1%). This result may imply that enhanced atmospheric absorption and water vapor refraction contributes to the large refractivity difference between COSMIC and radiosonde data in the lower troposphere [65]. Moreover, super-refraction is also likely a cause of the negative refractivity bias in this region [62].



Because a model background is used in the retrieval of COSMIC wetPrf profiles of 0–10 km, the mean bias and RMSE profiles of COSMIC retrievals compared to radiosonde are investigated to assess the impact of the background uncertainty on them. As shown in Figure 12a, the mean temperature bias becomes negative below 10 km and reaches the peak at around 5 km height, which suggests that the cold temperature bias between COSMIC and radiosondeis related to more humid conditions in the troposphere. Moreover, the worst temperature bias profile, which occurs in the QTP, has larger bias than the mean temperature bias profile at 4–7 km levels, and the mean temperature bias decreases below 4 km where most samples in the QTP are not available. As the model temperature bias is large in the QTP area because of its complex topography [60], these results may imply that the background uncertainty and the QTP’s complex terrain contribute to the larger temperature bias in the QTP region. Figure 12b indicates that the mean pressure bias between COSMIC and radiosonde is reasonable. Furthermore, the pressure bias and RMSE profiles for 28–37 N latitude regions show that the worst bias profiles mostly occur in the QTP (figures not shown). The authors tend to think it is also related to the background uncertainty and the QTP’s complex terrain, and future work is still necessary to explore this issue. The mean vapor pressure bias and RMSE between COSMIC and radiosonde increase as height decreases below 10 km, and the negative vapor pressure bias is clear below 5 km (see Figure 12c). Note that the mean bias and RMSE profiles for refractivity are in the same situation, and the negative refractivity bias occurs below 5 km (see Figure 12d). These results support the idea that the large refractivity discrepancy between COSMIC and radiosonde in the lower troposphere is related to more humid conditions and super-refraction [62,65].



Note that the sample selection and data-matching method may impact the results of comparison between COSMIC and radiosonde measurements. Table 1 presents the mean temperature bias and standard deviation (RMSE) between COSMIC and radiosonde data reported in some previous studies [4,51,66,67]. Regional differences are found in temperature bias and RMSE. Moreover, the differences in temperature bias and RMSE are also related to the data-matching method and height levels of the profile. Additionally, the larger temperature RMSE reported in this study may come from the lower troposphere and in the 30–40 km height levels, and future work is necessary in order to make a safe conclusion.




5. Conclusions


The COSMIC profiles of temperature, pressure, vapor pressure, and refractivity from 0 to 40 km are compared with radiosonde soundings in China between 2014 and 2015. Results from this study show that the average temperature difference between COSMIC and radiosonde data is −0.10 K, and the temperature difference is positively correlated with the station altitude. The temperature difference increases in the QTP region, mainly because of its complex topography and the limited ability of the model used for COSMIC profile retrieval. An average bias of 0.69 hPa is found between COSMIC and radiosonde pressure profiles. Although the pressure difference is negatively correlated with station latitude, it is generally larger in the QTP region than in other regions at the same latitude because of model uncertainty and the complex terrain in the QTP area. A small difference in vapor pressure is found between COSMIC and radiosonde data, with a bias of −0.01 hPa. As with the pressure, the vapor pressure difference is negatively correlated with station latitude.



Atmospheric water vapor influences the measurement accuracy of COSMIC refractivity. The average refractivity bias between COSMIC and radiosonde data is 0.17 N, and the refractivity difference is negatively correlated with station latitude. Moreover, the negative refractivity bias between COSMIC and radiosonde data occurs below 5 km, and the refractivity difference is large in wet southern China, with a value of less than 1%. This result may be related to more humid conditions and super-refraction.
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Figure 1. The distribution and elevations of radiosonde stations in China. 
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Figure 2. The COSMIC temperature biases compared to radiosonde observations in China. The red dots are positive biases, and the blue dots are negative biases. The number of radiosonde stations for each bias class is listed in parentheses. 
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Figure 3. The temperature RMSEs between COSMIC and radiosonde data in China. The number of radiosonde stations for each RMSE class is listed in parentheses. 
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Figure 4. The COSMIC pressure biases compared to radiosonde observations in China. The red dots are positive biases, and the blue dots are negative biases. The number of radiosonde stations for each bias class is listed in parentheses. 
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Figure 5. The pressure RMSEs between COSMIC and radiosonde data in China. The number of radiosonde stations for each RMSE class is listed in parentheses. 
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Figure 6. The COSMIC vapor pressure biases compared to radiosonde observations in China. The red dots are positive biases, and the blue dots are negative biases. The number of radiosonde stations for each bias class is listed in parentheses. 






Figure 6. The COSMIC vapor pressure biases compared to radiosonde observations in China. The red dots are positive biases, and the blue dots are negative biases. The number of radiosonde stations for each bias class is listed in parentheses.



[image: Atmosphere 08 00208 g006]







[image: Atmosphere 08 00208 g007 550] 





Figure 7. The vapor pressure RMSEs between COSMIC and radiosonde data in China. The number of radiosonde stations for each RMSE class is listed in parentheses. 
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Figure 8. The COSMIC refractivity biases compared to radiosonde observations in China. The red dots are positive biases, and the blue dots are negative biases. The number of radiosonde stations for each bias class is listed in parentheses. 
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Figure 9. The refractivity RMSEs between COSMIC and radiosonde data in China. The number of radiosonde stations for each RMSE class is listed in parentheses. 
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Figure 10. The COSMIC refractivity biases compared to radiosonde observations in China for different altitudes. (a) H ≤ 5 km; (b) 5 km < H ≤ 10 km; (c) 10 km < H ≤ 15 km; (d) 15 km < H ≤ 20 km. The red dots are positive biases, and the blue dots are negative biases. The number of radiosonde stations for each bias class is listed in parentheses. 
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Figure 11. The refractivity RMSEs between COSMIC and radiosonde data in China for different altitudes. (a) H ≤ 5 km; (b) 5 km < H ≤ 10 km; (c) 10 km < H ≤ 15 km; (d) 15 km < H ≤ 20 km. The number of radiosonde stations for each RMSE class is listed in parentheses. 
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Figure 12. The mean (red), best (green) and worst (blue) bias and RMSE profiles of COSMIC retrievals compared to radiosonde. The solid lines indicate the biases and the dotted lines are for RMSE. (a) Temperature; (b) pressure; (c) vapor pressure; (d) refractivity. 
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Table 1. The mean temperature biases and RMSEs between COSMIC and radiosonde data reported in some previous studies.
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	Authors
	Data-Matching Method

(Δh, Distance)
	Height Levels
	Mean Temperature Bias/K
	Mean Temperature RMSE/K
	Region





	He et al. (2009)
	2 h, 300 km
	12–25 km
	<0.5
	<2.0
	Global



	Sun et al. (2010)
	6 h, 250 km
	850–10 hPa
	0.15
	1.5–2.0
	Global



	Zhang et al. (2011)
	3 h, 300 km
	950–30 hPa
	0.37
	1.24
	Australia



	Wang et al. (2013)
	1 h, 100 km
	925–10 hPa
	−0.09
	1.72
	Global



	This study
	2 h, 300 km
	0–40 km
	−0.10
	4.84
	China
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