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Abstract

:

We study the dependence of radio occultation (RO) inversion statistics on the signal-to-noise ratio (SNR). We use observations from four missions: COSMIC, COSMIC-2, METOP-B, and Spire. All data are processed identically using the same software with the same settings for the retrieval of bending angles, which are compared with reference analyses of the National Oceanic and Atmospheric Administration (NOAA) Global Forecast System. We evaluate the bias, the standard deviation, and the penetration characterized by the fraction of events reaching a specific height. In order to compare SNRs from the different RO missions, we use the results of our previous study, which defined two types of SNR. The statically normalized SNR is defined in terms of the most probable value of the noise floor for the specific mission and global navigation satellite system. The dynamically normalized SNR uses the noise floor value for the specific profile. This study is based on the dynamical normalization. We also evaluate the latitudinal distributions of occultations for different missions. We show that the dependence of the retrieval statistics on the SNR is not very strong, and it is mostly defined by the variations of latitudinal distributions for different SNR. For Spire, these variations are the smallest, and here, the bias and standard deviation reach saturated values for a relatively low SNR.
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1. Introduction


In this study, we investigate the influence and importance of the signal-to-noise ratio (SNR) of radio occultation (RO) signals on the quality statistics of the retrieved bending angles. While we could also compare the neutral refractivity of the atmosphere, we selected the bending angles because they are assimilated by most NWP centers [1,2,3,4,5,6].



SNR characterizes the strength of the electromagnetic field recorded by a space-borne receiver mounted on a Low Earth Orbiter (LEO); it is measured in V/V and is defined as the ratio of the useful signal and the intrinsic receiver noise. Noise in RO observations can be multiplicative and additive. An example of multiplicative noise is the signal modulation by random neutral atmospheric and ionospheric inhomogeneities, which translates into variations of the phase and relative amplitude, and it does not depend on the signal strength. The ionospheric correction residual is a limiting factor for the neutral atmospheric retrievals at heights above 30 km [7,8,9,10,11,12]. A general rule is that one person’s noise is another person’s signal. The ionospheric modulation of the Global Navigation Satellite Signal System (GNSS) signal is noise for the neutral atmospheric retrieval, but it is a useful signal for ionospheric studies.



The SNR is defined for additive noise. While the multiplicative noise becomes important at high altitudes, where the neutral atmospheric phase variations become weak, the additive noise becomes important in the lower troposphere, where the signal amplitude drops due to the refractive attenuation. The SNR is believed to be the limiting factor for the observation of deep occultations in the presence of pronounced humidity layers [13].



Currently, several RO missions equipped with high-gain antennas have been launched, and some are proposed. First, we can mention the high-gain missions METOP-B [14,15,16] and COSMIC-2 (Constellation Observing System for Meteorology, Ionosphere, and Climate) [17,18,19,20,21]. There are also commercial high-gain missions, such as PlanetIQ [22], where a high SNR is achieved with larger antenna apertures and is thus expected to enhance the retrieval quality in the troposphere. The GeoOptics mission based on CICERO (Community Initiative for Cellular Earth Remote Observation) [23] has an antenna gain comparable to that of COSMIC.



As an alternative to high-gain instruments, the Spire mission is based on a large constellation of small nanosatellites with relatively low-gain antennas. Still, it was shown to provide good-quality inversions [24,25,26,27,28,29].



In the evaluation of COSMIC-2 observations [17,18], it is stated that a high SNR must be most important for detecting deep signals in the tropical troposphere. Signals observed deep below the planet’s limb correspond to large and sharp spikes in the bending angle profile and are therefore weak. Such events are of interest for the study of the planetary boundary layer (PBL) [30]. On the other hand, the systematic detection of multipath propagation and super-refraction, which is necessary both for Numerical Weather Prediction (NWP) purposes and PBL studies, is also possible for missions with a lower SNR [26].



In this study, we analyze the influence of additive white noise upon the RO retrieval quality. The SNR is usually defined as the observed signal normalized to the inherent receiver noise between 60–80 km [31]. The actual measurement noise is noticeably higher and can be estimated from the Noise Floor (NF), understood as the signal strength in the shadow zone. In our previous study [32], we evaluated the statistical distribution of NF. The distribution depends on the mission and the GNSS, and it has a sharp peak. Accordingly, two different normalizations are possible: to the dynamically estimated NF value for each profile and to its most probable value, as indicated by its frequency distribution peak value (static normalization). Different missions have different distributions of NF and a different mean signal strength. In this study, we assume that the SNR values are characteristic for each GNSS, and we only study the dependence of the statistics on SNR. The leading idea of this NF definition is that it only weakly depends on the atmospheric state and can, thus, be looked at as the actual antenna–receiver noise fingerprint. The main reason for the influence of the atmospheric state may be super-refraction, which causes deep signals [13]. However, such signals are weak. In particular, this is the reason why Sokolovskiy et al. [17] stated that the main advantage of a high SNR can be expected in the studies of the planetary boundary layer.



We analyze the data from different missions: COSMIC, COSMIC-2, METOP, and Spire. We use the analyses of the Global Forecast System (GFS) of the National Centers for Environmental Prediction (NCEP) as the reference. These data can be freely downloaded. It must be noted that GFS assimilates RO observations, which is also done by most Numerical Weather Prediction centers, such as the European Centre for Medium-Range Weather Forecasts. This means that the background data are not independent from the observations and results in error correlations. However, the main point of this paper is not the comparison of RO data to GFS, but the study of the dependence of the retrieval statistics on SNR.



For each occultation, we define the dynamically and statically normalized SNR values, defined as the ratio of the estimate of the signal amplitude at large heights (60–80 km) to the dynamic or static NF. The SNR values are subdivided into multiple bins, and for each bin, we evaluate the statistics of the difference between the retrieved and reference refractivities. Finally, we obtain the dependence of the retrieval statistics on the SNR.



Unlike most studies estimating and comparing RO error statistics, e.g., [19,21,33], a limitation of this study is comparing RO statistics from RO data that are not co-located in space or time. The reason is that the use of co-located data significantly reduces the sample size, especially when we compare four missions and divide the data into many SNR bins. However, we evaluate the latitudinal distributions for each SNR, which helps in the interpretation of results.



Another limitation of this study is linked to the fact that level 0 to level 1 processing is inconsistent over different missions, which can impact the result of our analysis. This, however, requires additional study and is beyond the scope of this paper.



The paper is organized as follows. In Section 2, we describe the data products of all the involved RO missions and describe the RO data processing chain. We also give reference to the background GFS data. In Section 3, we describe the statistical ensemble and present the statistics of the retrieved bending angles with respect to the those estimated from the background data. In Section 4, we discuss the results. We provide the latitudinal distribution of events for different SNRs and show how the statistics depend on the distribution variation for different SNRs. We give a comparison with other studies. In Section 5, we offer our conclusions.




2. Data and Methods


In our study, we use the level 1b (atmPhs or conPhs RO) data products from different missions. COSMIC, COSMIC-2, and METOP-B level 1b products are processed by and freely available from the COSMIC Data Analysis and Archive Center (CDAAC). Spire data are a commercial product, but a subset of Spire level 1b data are also processed and freely available from CDAAC.



Our data processing follows the scheme described in earlier papers [8,34,35,36]. RO level 1b observations include orbit data, excess phase   Ψ  1 , 2   , and amplitudes    A  1 , 2    ( t )   , where the lower index corresponds to the channel number. A key point of this study is that all the RO missions are processed in exactly the same way as conducted, e.g., in [18]. The data processing consists of the following steps.



	1.

	
Evaluation of the excess phase model. Our model employs MSISE-90 (Mass-Spectrometer-Incoherent-Scatter Model Extended) [37], which describes the dry atmosphere. We complement MSISE-90 refractivity profiles with a constant relative humidity of 90% below 15 km. This model has been used for a long period of time, and it is proven to predict the Doppler frequency within 25 Hz [38]. From the model refractivity profile, we evaluate the bending angle profile    ε M   (  p M  )   , where   ε M   is the bending angle and   p M   is the ray impact parameter. This profile is exponentially extrapolated below the Earth’s surface. Given orbit data, this profile can be transformed into the parametric form    ε M   ( t )  ,  p M   ( t )    using geometric–optical equations [6]. Because the model refractivity profile is a smooth function, this guarantees that both functions of time are single-valued. The extrapolation is used in order to cover the whole occultation including the shadow zone. From the extended bending angle profile, we evaluate the model excess phase    Ψ M   ( t )    by inverting the standard geometric optical (GO) procedure of the evaluation of the bending angle from the excess phase [39]. The resulting excess phase model satisfies the requirements formulated by Sokolovskiy [38]: it is capable of describing the Doppler frequency with the accuracy of 10–15 Hz, which falls within the −25–25 Hz range corresponding to a 50 Hz sampling rate.




	2.

	
Based on the above model of the signal, we evaluate two characteristics of the amplitude record: the mean SNR in the 60–80 km height range, and the Noise Floor (NF). The NF is evaluated by averaging the SNR for the samples with a model impact parameter    p M   ( t )    below    r E  + 0.5   km. The 60–80 km height range encompasses the ionospheric D-layer and is optimal to estimate the signal strength that would be observed in the absence of an atmosphere. It is high enough for the attenuation due to the regular atmospheric refraction to be negligible. On the other hand, the influence of the ionosphere at these heights manifests itself in small-scale fluctuations that do not influence the average value. This height range does not reach the E-layer, where the amplitude perturbation can be stronger [40,41]. The average SNR in this height range as a measure of the signal strength was introduced in [31].




	3.

	
The removal of navigation bits (demodulation) [30]. This step is necessary for COSMIC and Spire data. Navigation bits are supplied by CDAAC in the gpsBit data product. COSMIC-2 data are supplied in conPhs format, which contains the demodulated excess phase. METOP data, although provided in atmPhs format, are also already demodulated.




	4.

	
The evaluation of the Badness Score (BS) [36] employs the radio holographic analysis of the complex wave field    u  1 , 2    ( t )  =  A  1 , 2    ( t )  exp  i  k  1 , 2     Ψ 0   ( t )  +  Ψ  1 , 2   −  Ψ M   ( t )     , where    k  1 , 2   = 2 π  f  1 , 2   / c   is the wavenumber,   f  1 , 2    are the channel frequencies, c is the light speed in a vacuum, and    Ψ 0   ( t )    is the satellite-to-satellite distance. The model excess phase is used to down-convert the frequency. The BS is estimated from the spectral width of the signal, and it provides the basis for the Quality Control (QC). We specify a fixed BS threshold, which is found empirically and equals 35. The events with a BS below the threshold pass our QC.




	5.

	
The evaluation of the GO bending angle (BA) profile    ε  G O    ( p )    [39]. This procedure is based on the assumption of single-ray propagation. Both the bending angle  ε  and impact parameter p are evaluated from the derivative of the excess phase.




	6.

	
The evaluation of the wave optical (WO) BA profile    ε  W O    ( p )    [34]. We apply the Canonical Transform of Type 2 (CT2) in order to evaluate the tropospheric part of the BA profile below 20 km. The lower point of the BA profile, or the shadow border, is determined from the amplitude of the wave field transformed to the representation of the impact parameter, referred to as the CT amplitude. Because in this representation, the multipath effects are mostly eliminated and the variations of amplitude are only caused by the horizontal gradients, we evaluate the cutoff height of the BA profile from the maximum of the correlation of the CT amplitude with the Heaviside step function [36,42].




	7.

	
GO and WO BA profiles are combined and undergo the ionospheric correction combined with the statistical optimization [8]. The resulting neutral atmospheric BA profile    ε  R O    ( p )   , where p is the impact parameter, is inverted to produce the refractivity profile    N  R O    ( z )   , where z is the altitude above the geoid. The retrieved refractivities are used to evaluate the penetration.







Both GO and WO processing require the numerical differentiation of the phase in the time domain or in the impact parameter domain, respectively. This requires data filtering. It must be taken into account that different missions have different sampling rates: COSMIC, Spire, METOP have 50 Hz, and COSMIC-2 has 100 Hz. Note that the original METOP data are sampled at 1000 Hz in order to provide enough data for the stripping-off of the navigation message, or demodulation, without the need for an externally-supplied navigation bit stream [15]. However, at CDAAC, the demodulated METOP data are downsampled to 50 Hz. In addition, the ray perigee movement speed depends on the occultation geometry. To have a consistent and geometry-independent definition of the filtering window, we always formulate it in kilometers. For GO processing, the filter width in kilometers is transformed to filter width in seconds using the approximate relation between the time and ray perigee height given by the climatological model    p M   ( t )   . This results in a consistent filtering for GO and WO processing, providing their seamless combination at the altitude of 20 km. We apply a variable filtering algorithm, which implies that the filter width is a function of the impact height. The filtering scheme with a variable filtering width was first implemented around the year 2000 in the End-to-End GNSS Occultation Performance Simulator (EGOPS) developed by the scientific group under the leadership of Prof. Gottfried Kirchengast (currently Wegener Center for Climate and Global Change). Later (around 2010), the same feature was also implemented in the Radio Occultation Processing Package (ROPP) developed by Radio Occultation Meteorology Satellite Application Facility under EUMETSAT. Our characteristic filter width increases from 1 km at the lower border to 3 km at the height of 50 km and higher. Our experiments with filter width indicated that the change of the filter width from 1 km to 0.25 km only slightly affects STD. The reason is that the atmospheric inhomogeneities affecting RO inversions have steep spectra with a prevailing low-frequency component [43,44].



For each occultation, we evaluate the dynamically normalized SNR as    S D  = S / F   and the statically normalized SNR    S S  = S /  F  M P    , where   F  M P    is the most probable NF for a specific mission and GNSS, according to our previous study [32]. The value of S averaged over the 60–80 km height interval is a good measure of the signal strength, expressed in V/V, i.e., normalized to some intrinsic noise. The normalization of this value on the noise floor F or   F  M P    provides the signal strength normalized to the actual noise level. In this paper, we only present the results of the dynamic normalization.



The reference bending angle profile    ε  G F S    ( z )    is evaluated from the gridded fields of GFS data, including temperature, pressure, and humidity. From these variables, we evaluate the gridded field of refractivity and interpolate it and its gradient to produce a continuous 3D function of the spatial coordinates. Based on this, we perform the 3D GO forward simulation based on the ray-tracing for the RO occultation geometry, specified by the satellite orbit data. The occultation location is defined as the perigee point of the satellite-to-satellite straight line touching the Earth reference ellipsoid WGS-84. According to the values of   S D  , the events are divided into bins with central points 15, 25, 35, 45, 55, 70, 90, 110, 130, 150, and 170. For these subsets of events, we evaluate the statistical characteristics of the    ε  R O    ( z )  −  ε  G F S    ( z )    differences: the systematic difference (bias), the standard deviation, and the penetration characterized by the fraction of events reaching a specific altitude.




3. Results


3.1. The Statistical Ensemble


For COSMIC, we selected 24 days of the year 2008 (1st and 15th day of each month) for a total of 61,905 events (GPS only). For COSMIC-2, we selected 24 days of the year 2020 (1st and 15th day of each month) for a total of 107,173 events: 69,657 GPS and 37,518 GLONASS events. For METOP-B, we selected the whole year 2020, for a total of 196,158 events (GPS only). For Spire, we selected 24 days (1st and 15th days of each month) of the year 2020 and, additionally, 8 days of 2021 (1st, 8th, 15th, and 22nd day of June and July), for a total of 282,824 events: 113,039 GPS, 77,821 GLONASS, 83,707 Galileo, and 8276 QZSS events. The additional days were initially checked to compare their quality with the other periods. In fact, the overall quality of Spire data proved to be homogeneous. The occultation percentage in the SNR bins is shown in Figure 1.




3.2. COSMIC


Figure 2, Figure 3 and Figure 4 show the bias, the STD, and the penetration for the COSMIC data as functions of the statically normalized SNR. The altitude is given above the Mean Sea Level (MSL), similar to [18]. Given the deviation   Δ ε ( p )   of the bending angles for a specific mission from that evaluated for the background model, the bias is evaluated as   Δ ε ( p )  , where the angular brackets denote the averaging of the ensemble of realizations. The STD is then evaluated as   Δ  ε  S T D    ( p )  =     Δ ε  ( p )  −  Δ ε ( p )    2    . The lowest SNR value of 15 belongs to the distribution tail, so the corresponding bias, STD, and penetration are unstable. The results indicate that the dynamically normalized SNR is a good estimator of data quality. The negative bias in the tropics and middle latitudes decreases in its absolute value with increasing SNR. The STD in these latitude bands also shows a significant decrease. In the polar latitudes, the dependence of STD on SNR is weaker.



In the framework of the model of the additive complex white noise, which we assume in this study, the noise in SNR translates to the phase noise. The propagation of such noise in the wave–optical retrieval chain was studied by [45], and it was shown that it is mostly the phase noise that influences the retrieval.



The penetration, defined as a fraction of valid refractivity points, indicates a steady improvement for increasing SNR. The penetration in the polar latitudes looks worse for all SNR bins, but this is the effect of the topography of the thick polar ice sheets.




3.3. COSMIC-2


Figure 5, Figure 6 and Figure 7 show the bias, the STD, and the penetration for the COSMIC-2 data as functions of the dynamically normalized SNR. We only show tropics (0–30) and middle latitudes (30–45), because COSMIC-2 has very few profiles poleward of 45 degrees. For the bias, the general tendency is that its absolute value decreases with increasing SNR, which holds both for the positive and negative bias. The STD decreases with increasing SNR, although this dependence is less pronounced than for COSMIC. The penetration improves with increasing SNR, except for the polar region. The unstable behavior of the curves for SNR = 170 is explained by a low sample size.




3.4. Spire


Figure 8, Figure 9 and Figure 10 show the bias, the STD, and the penetration for the Spire data as functions of the dynamically normalized SNR. The most characteristic feature of Spire data is the saturation at a relatively low SNR value. All differences become quite small above 25, and the bias saturates at an SNR of about 45, while the STD saturates at an SNR of about 35. The penetration in the tropics keeps enhancing with increasing SNR, while in the middle latitudes, it saturates at an SNR of about 55, and in the polar latitudes, it may be considered independent of the SNR.




3.5. METOP-B


Figure 11, Figure 12 and Figure 13 show the bias, the STD, and the penetration for the METOP-B data as functions of the dynamically normalized SNR. Due to the tracking strategy used in the METOP-B instrument, shadow zone measurements can only be used for setting RO events. Therefore, all the statistical results for METOP-B with a dynamically normalized SNR are exclusively based on setting events. The absolute value of the bias decreases with increasing SNR and saturates for SNR = 55. STD indicates a weak dependence on the SNR. It is most visible in the tropics, where it slightly decreases with an increasing SNR. The penetration improves with an increasing SNR. The strongest dependence of the penetration on the SNR is observed in the tropics.




3.6. All the Missions, SNR = 70


It is interesting to compare different missions for the same normalized SNR. We choose the SNR value of 70, as the highest value covered by all the missions. An SNR of 70 is the highest capability for Spire, but a middle value for COSMIC-2. Figure 14, Figure 15 and Figure 16 show the bias, STD, and penetration for an SNR of 70, for all the missions, for the dynamic normalization. COSMIC-2 is not included in the world statistics due its specific latitudinal distribution.



The bias patterns in the tropics for COSMIC-2, METOP-B, and Spire move closer to each other compared to the static normalization. There is, however, a significant difference between these missions and COSMIC. This is explained by the fact that the quality of the background GFS field in 2008 was not as good as in 2020.



In the comparison of the STD, it must be taken into account that COSMIC-2 has a special distribution of occultation locations, covering mostly the tropics and partly middle latitudes. Therefore, the STD should be compared in the tropics. Here, COSMIC-2 is close to METOP-B. For the impact height range 4–7 km and below 2.8 km, Spire is slightly better than the other missions. Between 2.8 and 4 km, COSMIC indicates the lowest STD. For the middle and polar latitudes, where COSMIC-2 should be excluded from the comparison, COSMIC indicates the best results. However, for the comparison over the globe, COSMIC indicates the lowest STD for the height range 2.5–4.2 km, and otherwise, COSMIC, METOP-B, and Spire are very close to each other.



In the tropics, the COSMIC and COSMIC-2 curves are nearly identical. METOP-B indicates worse penetration, while Spire shows a better penetration. The good penetration of Spire data was noticed independently by [28]. In the middle latitudes, COSMIC, METOP-B, and Spire demonstrate nearly identical penetration. Both static and dynamic normalizations show consistent results. This means that either of them can be used for inter-system comparison.




3.7. All the Missions, Median SNR


One more comparison is made for values of SNR that characterize the average capability of each mission. We determine each mission’s median SNRs, as shown in Table 1.



Figure 17, Figure 18 and Figure 19 show the bias, STD, and penetration for the median SNR in the dynamic normalization.





4. Discussion


The amplitude of RO signals decreases for lower ray perigee points due to the regular refraction. Upon this average decay, amplitude scintillations due to the complicated structure of the troposphere may be superimposed. In particular, thin humidity layers, which are typical, e.g., for the marine Planetary Boundary Layer (PBL), result in sharp spikes of the BA profile. Recovering such spikes requires measuring weak RO signals deep below the planet limb. This indicates that any additive noise imposes a restriction upon the lowest recoverable point of a profile. Our study indicates that a higher SNR improves the penetration. This effect is especially visible in the tropics, where the structure of RO signals is most complicated.



The bias in RO observation is difficult to understand because it has multiple components with different signs caused by different mechanisms [13,46,47,48]. Here, the bias patterns are similar for COSMIC-2, METOP-B, and Spire. The bias pattern for COSMIC differs significantly. Presumably, this is because these older data had to be evaluated with respect to GFS reference data from the year 2008, which had a lower resolution, height range, and accuracy as compared to GFS data for the years 2020 and 2021. The tropical bias of Spire below 3 km is shifted toward more positive values compared with other missions.



As regards the dependence of the bias on the SNR, the differences between missions are explained by the different dependence of their latitudinal distributions on the SNR, as shown in Figure 20. For Spire data, the latitudinal distribution indicates a very weak dependence on SNR, except the lowest SNR of 15. Therefore, here, we can see the best approximation to the “true” dependence of the statistics on the SNR. It indicates a tendency to saturation at some SNR level. The distribution also allows us to explain the somewhat unexpected behavior of COSMIC bias, which becomes more positive and strongly decreases by its absolute value with increasing SNR: for a higher SNR, a smaller fraction of COSMIC events falls into the central part of the tropical latitude band, where the negative bias is the biggest.



A study of the dependence of the COSMIC-2 inversion on the non-normalized SNR was performed by Ho et al. [19]. The occultations are divided into five groups: 0–500, 500–1000, 1000–1500, 1500–2000, and >2000 V/V. For these groups, the penetration in the tropics defined the occultation number fraction of 0.8, changing from 1.2–1.3 to 0.3–0.4 km. This is in qualitative agreement with our results indicating a steady improvement of the penetration with increasing SNR. It is difficult, however, to compare these results quantitatively, because they depend on the cut-off criteria, which involve a trade-off between a better penetration and worse STD. However, for METOP-B, the average penetration, without the evaluation of its dependence on SNR, is much worse: 3.3–4.4 km. In our study, the difference in the penetration between METOP-B and COSMIC is not that drastic. In the tropics, the METOP-B penetration is 1.2–1.9 km versus 0.5–1.7 km for COSMIC-2. In Schreiner et al. [18], we can also see a significant scatter of penetration depth estimates for different missions.



The mean fractional refractivity difference and standard deviation from the surface to 5 km altitude for the five SNR groups are estimated in [49] from a small sample (from 199 to 865 occultations), and it is impossible to see any clear dependence. Studies based on the three-cornered hat method [21,33] indicate that the error characteristics of COSMIC and COSMIC-2 are close to each other, which is consistent with our results.




5. Conclusions


In this study, we evaluated the statistics of four RO missions: COSMIC, COSMIC-2, METOP-B, and Spire. We used GFS analyses as the reference data. Our study was based on our previous work [32], in which we evaluated the statistical distributions of the NF for these missions. The central idea of this study is that the SNR expressed in V/V is evaluated by the receiver with respect to some intrinsic noise level and does not take into account different actual NF values. The NF depends on the mission and on the GNSS. We introduced two different definitions of the normalized SNR. The statically normalized SNR is the ratio of the average SNR in the 60–80 km range and the most probable NF value. The dynamically normalized SNR is the ratio of the average SNR in the 60–80 km range and the dynamic NF value for each specific occultation. The dynamic NF is evaluated by averaging the SNR in the shadow zone of each individual profile. This study utilizes the dynamic normalization. The leading idea is that the use of the normalized SNR makes different missions more comparable to each other.



We show that increasing the SNR improves the penetration of the radio occultation profiles, in agreement with previous studies. The effect of the SNR on the bending angle STD is mixed, with some missions showing a decrease of STD with increasing SNR in certain latitude bands and others showing little dependence of STD on the SNR. The STD in most cases indicates saturation: it is large for a small SNR, but for a moderately large SNR, its dependence becomes weaker.



We evaluated the dependence of the latitudinal distribution of the occultations of the four missions. We found for Spire that the latitudinal distribution is nearly independent of the SNR. This correlates with the fact that the Spire data indicate the saturation effect very well. For COSMIC data, on the contrary, for a higher SNR, a smaller fraction of events falls into the central part of the tropical latitude band. This results in a stronger dependence of the STD on the SNR.



The bending angle STDs appear to be close to each other for all missions despite quite strong differences in the normalized SNR (Table 1) and even stronger differences between the nominal SNRs [32]. We can conclude that higher SNR values do not necessarily result in a proportionally higher statistical quality of the RO profiles, if the SNR is above a certain threshold. On the other hand, the high-SNR RO data are believed to be valuable for scientific studies of super-refraction and the boundary layer.



The bias in RO retrievals is a complicated effect caused by multiple mechanisms, and its dependence on the SNR is not very obvious. As follows from [47], a higher SNR shifts the bias in the negative direction. This effect is observed for COSMIC-2 in the tropics, where it indicates the strongest dependence on the SNR. For COSMIC, we observe that the bias is shifted in the positive direction for an increasing normalized SNR. However, this is explained by the specific dependence of the COSMIC distribution on the normalized SNR.
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The following abbreviations are used in this manuscript:



	BA
	Bending Angle



	BS
	Badness Score



	CDAAC
	COSMIC Data Analysis and Archive Center



	COSMIC
	Constellation Observing System for Meteorology, Ionosphere, and Climate



	CT2
	Canonical Transform



	GFS
	Global Forecast System



	GNSS
	Global Navigation Satellite Signal System



	GO
	Geometric Optics



	LEO
	Low Earth Orbiter



	MSISE
	Mass-Spectrometer-Incoherent-Scatter model Extended



	MSL
	Mean Sea Level



	NCEP
	of National Centers for Environmental Prediction



	NF
	Noise Floor



	NWP
	Numerical Weather Prediction



	PBL
	Planetary Boundary Layer



	QC
	Quality Control



	RO
	Radio Occultation



	SNR
	Signal-to-Noise Ratio
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Figure 1. The number of occultations in the SNR bins. 






Figure 1. The number of occultations in the SNR bins.
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Figure 2. Statistical comparison of bending angles retrieved from RO observations with GFS analyses for different normalized SNRs. COSMIC, systematic difference, dynamic normalization. Upper left: world, upper right: tropics, lower left: middle latitudes, lower right: polar latitudes. All the latitude bins cover both North and South hemispheres. 






Figure 2. Statistical comparison of bending angles retrieved from RO observations with GFS analyses for different normalized SNRs. COSMIC, systematic difference, dynamic normalization. Upper left: world, upper right: tropics, lower left: middle latitudes, lower right: polar latitudes. All the latitude bins cover both North and South hemispheres.
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Figure 3. Similar to Figure 2. COSMIC, standard deviation. 






Figure 3. Similar to Figure 2. COSMIC, standard deviation.



[image: Remotesensing 14 02742 g003]







[image: Remotesensing 14 02742 g004 550] 





Figure 4. Similar to Figure 2. COSMIC, penetration. 
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Figure 5. Similar to Figure 2. COSMIC-2, systematic difference. COSMIC-2 profiles are limited by   ± 45   degrees latitudes. 
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Figure 6. Similar to Figure 3. COSMIC-2, standard deviation. 
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Figure 7. Similar to Figure 4. COSMIC-2, penetration. 
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Figure 8. Similar to Figure 2. Spire, systematic difference. 
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Figure 9. Similar to Figure 3. Spire, standard deviation. 
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Figure 10. Similar to Figure 4. Spire, penetration. 
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Figure 11. Similar to Figure 2. METOP-B, systematic difference, dynamic normalization. 
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Figure 12. Similar to Figure 3. METOP-B, standard deviation, dynamic normalization. 






Figure 12. Similar to Figure 3. METOP-B, standard deviation, dynamic normalization.
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Figure 13. Similar to Figure 4. METOP-B, penetration, dynamic normalization. 
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Figure 14. Statistical comparison of bending angles retrieved from RO observations with GFS analyses for different missions and for a normalized SNR of 70. Systematic difference, dynamic normalization. Upper left: world, upper right: tropics, lower left: middle latitudes, lower right: polar latitudes. All the latitude bins cover both North and South hemispheres. 
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Figure 15. Similar to Figure 14. Standard deviation, dynamic normalization. 
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Figure 16. Similar to Figure 14. Penetration, dynamic normalization. 
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Figure 17. Statistical comparison of bending angles retrieved from RO observations with GFS analyses for different missions and for each mission’s median normalized SNR from Table 1. Systematic difference, dynamic normalization. Upper left: world, upper right: tropics, lower left: middle latitudes, lower right: polar latitudes. All the latitude bins cover both North and South hemispheres. 






Figure 17. Statistical comparison of bending angles retrieved from RO observations with GFS analyses for different missions and for each mission’s median normalized SNR from Table 1. Systematic difference, dynamic normalization. Upper left: world, upper right: tropics, lower left: middle latitudes, lower right: polar latitudes. All the latitude bins cover both North and South hemispheres.
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Figure 18. Similar to Figure 17. Standard deviation, dynamic normalization. 
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Figure 19. Similar to Figure 17. Penetration, dynamic normalization. 






Figure 19. Similar to Figure 17. Penetration, dynamic normalization.
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Figure 20. The cumulative distributions for the four missions. 
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Table 1. The median dynamic SNRs.
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	Median Dynamic SNR





	COSMIC
	55



	COSMIC-2
	66



	METOP-B
	41



	Spire
	26
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