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Highlights


What are the main findings?




	
Approximately 36% of COSMIC-2 RO profiles exhibit simulated impact multipath (SIM).



	
More than 70% of SIM cases occur within 0.5 km above the diagnosed planetary boundary layer (PBL) top.








What are the implications of the main findings?




	
A clear relationship is revealed between SIM and the strong vertical gradients near PBL structures.



	
SIM-based quality control reduces bending angle biases by more than 50%; therefore, the retained dataset better represents the true atmospheric structure.









Abstract


Simulated impact multipath (SIM) occurs when forward operators propagate Global Navigation Satellite System (GNSS) radio occultation (RO) signals through strongly nonspherical atmospheric structures, producing multivalued bending angles that cannot be assimilated directly. In this study, the relationships between SIM and planetary boundary layer (PBL) structures were quantified using COSMIC-2 RO observations and ERA5 reanalysis during two periods (January and July 2022). The results show that SIM affects ~36% of RO profiles, with more than 70% of cases occurring within 0.5 km above the diagnosed PBL top. By defining the simulated impact multipath height (SIMH) as the first detection level of SIM, we found that discarding data below the SIMH reduces bending angle biases by more than half and substantially decreases their scatter. These results provide direct physical evidence linking SIM to strong vertical gradients near PBL structures and establish a quantitative basis for simple, effective quality control, thereby improving weather prediction, particularly in the data-sparse tropical lower troposphere.
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1. Introduction


Global Navigation Satellite System (GNSS) radio occultation (RO) has become a key tool in atmospheric remote sensing, providing high-precision, all-weather observations of the Earth’s atmosphere [1]. RO data have been widely applied in climate monitoring [2,3], satellite data calibration [4], and ionospheric research [5] and have significantly improved global numerical weather prediction (NWP), including forecasts of tropical cyclones [6,7,8]. The launch of the Constellation Observing System for Meteorology, Ionosphere, and Climate-2 (COSMIC-2) in June 2019 marked a major advance in low-latitude RO coverage, with upgraded antenna design, higher sampling rates, and improved open-loop tracking [9,10,11]. COSMIC-2 now provides a large volume of bending angle, refractivity, temperature, and water vapor profiles over tropical and subtropical oceans.



GNSS RO retrievals are based on detecting signal bending as GNSS signals propagate through the atmosphere to low Earth orbit (LEO) satellites. Bending angles are typically retrieved with wave optics methods under an assumption of spherical symmetry, where the bending angle is treated as a single-valued function of the impact parameter [12,13,14]. Refractivity profiles are then derived using the Abel transform [1].



In the lower troposphere, however, this symmetry assumption often fails because of strong refractivity gradients. This leads to complex ray propagation phenomena, including multipath and impact multipath [14,15,16]. These effects degrade the retrieval accuracy. The radio-holographic methods have been developed to mitigate observational multipath and impact multipath [16,17,18,19].



In data assimilation, simulated impact multipath (SIM) occurs when bending angles are computed from background fields using observation operators. In such cases (Phenomenon A), the simulated bending angle becomes a multivalued function of the local angular momentum [20]. This violates the assumptions of one-dimensional (1D) Abel-type operators, introduces large errors, and often forces rejection of the affected data [21].



It is crucial to distinguish this phenomenon from another challenge in RO processing, also referred to as “impact multipath” [15,16]. The latter (Phenomenon B) is defined as multivalued ray manifold projections when the effective impact parameter p is used as the coordinate in the mapped space, which occur during the bending angle retrieval process due to strong horizontal refractivity gradients. In contrast, this study (following [20,22]) focuses on Phenomenon A: the simulated bending angle becomes a multivalued function of the local angular momentum, arising during the bending angle assimilation process as a result of strong vertical refractivity gradients.



Recent findings have underscored the importance of effectively utilizing these complex low-level data. Results from the international Radio Occultation Modeling Experiment (ROMEX) [23] demonstrate that assimilating a larger volume of GNSS-RO profiles leads to substantial forecast improvements in temperature, humidity, and wind, with benefits extending from the surface to 300 hPa. Importantly, ROMEX indicates that low-level RO information can meaningfully reduce both scatter and bias in the lower troposphere when available in sufficient volume. This provides strong motivation to retain as much low-level data as possible rather than discard it conservatively [24].



To identify and remove SIM-contaminated profiles, some studies have adopted two-dimensional (2D) ray-tracing operators that explicitly simulate ray paths through heterogeneous atmospheric fields [20,25,26,27]. Although effective, this approach is computationally expensive and difficult to apply in operational NWP systems. Consequently, most centers continue to use 1D operators for efficiency, despite their limitations under nonsymmetric conditions. This highlights the need for a more efficient, physics-based quality control (QC) strategy to detect SIM profiles without the need for full 2D ray tracing for every case.



SIM not only produces multivalued bending angles but also introduces large errors, especially near the ray perigee [20]. These errors are driven mainly by sharp horizontal refractivity gradients along the ray path and vertical gradients in the radial direction [28,29]. The strongest vertical gradients are typically found near the top of the planetary boundary layer (PBL), where moisture and temperature change rapidly [30]. Previous studies have reported that SIM events often occur at an impact height of ~3.4 km (or ~1.8 km in geometric height), which roughly corresponds to the PBL height [22], suggesting a close physical connection between SIM and the PBL structure.



This study aimed to address this gap by using a 2D ray-tracing operator to investigate the fine-scale relationship between the PBL structure and the SIM phenomenon. The goal is to provide the physical understanding needed for a targeted, physics-based QC scheme. Such a scheme would allow 1D assimilation systems to safely retain valuable low-level RO data and ultimately improve tropical weather forecasts.




2. Data and Methods


2.1. Data


This study used COSMIC-2 radio occultation (RO) data collected during two 7-day periods: 16–22 January and 16–22 July 2022. COSMIC-2 provided dense RO coverage over the tropical oceanic region (±30° latitude) and helped to fill a long-standing observational gap. We employed the Level-2 “atmPrf” product from the COSMIC Data Analysis and Archival Center (CDAAC) [31], which includes position vectors and azimuth angles at the ray perigee—the point on each RO path closest to the Earth’s surface. These perigee-level parameters served as inputs to the 2D ray-tracing observation operator used in this study. In the CDAAC data processing, RO profiles are rejected if the difference in slopes of logarithms of the observational and background bending angle profiles does not exceed 5%, or the retrieved refractivity differs from the background refractivity by more than 50% within 10–40 km [31,32].



The background fields used in the ray-tracing simulations were derived from model-level data of the ECMWF Reanalysis Version 5 (ERA5) and the Committee on Space Research International Reference Atmosphere (CIRA). Compared with its predecessor, ERA-Interim, ERA5 provides substantially improved temporal (hourly) and spatial resolution (31 km horizontally, 137 vertical levels), along with enhanced accuracy in key tropospheric variables such as temperature, wind, and humidity [33,34]. These improvements support a more realistic representation of atmospheric structures across a range of spatial and temporal scales. The Committee on Space Research International Reference Atmosphere (CIRA) model data provide detailed latitudinal mean distributions of the temperature, wind, and geopotential height over isobars from the surface to 120 km, from 80°S to 80°N [35]. We used ERA5 and CIRA variables to compute the atmospheric index of refractivity, which serves as the input for simulating GNSS signal propagation paths in the 2D ray-tracing operator.




2.2. Model


To investigate the relationship between the SIM and the PBL, we first simulated the GNSS RO signal propagation using a two-dimensional (2D) ray-tracing operator. The operator, developed by Zou et al. (1999) [36], solves the following ray trajectory equation:


       d   2     r  →    d   τ   2      = n ∇ n  



(1)




where     r  →    is the three-dimensional (3D) position vector pointing from the center of the Earth to any point on the simulated ray trajectory. n is the atmospheric index of refractivity, and τ is related to the atmospheric index of refractivity (n) and the ray length (s),   d τ = d s / d n  . For ease of calculation, the second-order ordinary differential (1) is decomposed into first-order ordinary differential equations:


   {        d   r  ⃑    d τ    =   y  →         d   y  →    d τ    = n ∇ n       



(2)




where     y  →    represents the tangent direction at a point on the ray. The refractive index n is computed from the atmospheric refractivity N as follows:


  n = N × 1   0   − 6   + 1  



(3)







The refractivity N depends on temperature and water vapor [1,13,14,37]:


  N =   a   1      P   T    +   a   2        P   W       T   2       



(4)




where P is the pressure (unit: hPa), Pw is the water vapor pressure (unit: hPa), and T is the temperature (unit: K). The constants are a1 = 77.6 K/hPa and a2 = 3.73 × 105 K2/hPa. ERA5 provides atmospheric fields from the surface to the ERA5 model top (~77–80 km). For numerical completeness of the 2D ray-tracing integration, we extend the profile to 120 km using CIRA and set refractivity to zero above 120 km. The ERA5–CIRA fields are vertically stitched with smoothing across the transition and interpolated onto the ray-tracing grid (2 km horizontal step; 100 m vertical spacing) before integration. The CIRA extension is used solely to furnish a continuous upper-atmospheric profile for the integrator and is not intended to influence lower-tropospheric SIM diagnostics. ERA5 fields are used as the background input to drive the 2D ray-tracing operator. The resulting simulated bending angles are compared against COSMIC-2 observations to diagnose deviations associated with multipath-favorable refractivity structures.



The ray path is integrated bidirectionally from the perigee toward the GNSS and LEO satellites using a horizontal step size of 2 km and a vertical resolution of 100 m. At each integration step, the local angular momentum (    p   θ    , also referred to as horizontal momentum) is calculated as follows:


    p   θ   = r n  (  r  )    sin   ϕ    



(5)




where   ϕ   is the angle between the local radius vector and the tangent direction of the ray. At the perigee,   ϕ =   90°, this value is     a   0   =   r   0   n  (    r   0    )   . Following Yang and Zou (2021) [22], we use this perigee momentum value (    a   0    ) as the diagnostic coordinate for indexing the ray. The “perigee impact height” is defined as this     a   0     minus the radius of curvature of the Earth. The bending angle is defined as the angle between the tangent vector at the GNSS satellite (      t   G    →   ) and that at the LEO satellite (      t   L    →   ). The geometrical expression is shown below:


    α   2 D   = ∠  (      t   G    →  ,     t   L    →   )   



(6)








2.3. PBLH Diagnosis


The planetary boundary layer height (PBLH) was determined using the refractivity gradient method, which locates the PBL top at the altitude of the minimum negative vertical refractivity gradient [30,38]. This altitude corresponds to the sharp transition in temperature and humidity at the PBL top. To ensure that the lowest measurements of the profiles fall within the PBL, only profiles with a lowest penetration height below 500 m were retained in the analysis examining the relationship between the PBL and SIM. We use ERA5 profiles to calculate the PBLHs.





3. Results


3.1. Simulated Impact Multipath Phenomenon Identification


In a spherically symmetric atmosphere, Bouguer’s law implies that the local angular momentum (    p   θ    , Equation (5)) is conserved along the ray trajectory. When horizontal inhomogeneities (i.e.,   n / ∂ θ ≠ 0  ) break this symmetry,     p   θ     is no longer conserved [15], which can lead to projection ambiguities in retrieval [16]. A different phenomenon occurs when strong vertical gradients (i.e., super-refraction) are present. This can cause geometric ray crossing (caustics), where different simulated rays, originating from adjacent perigee coordinates (    a   0    ), physically intersect. This is the phenomenon we (and [22,39]) refer to as simulated impact multipath (SIM). In such cases, the simulated bending angle becomes a multivalued function of the local angular momentum, as shown in Zou et al. (2019) [20].



We define the simulated impact multipath height (SIMH) as the perigee altitude at which bending angles first become multivalued. Below the SIMH, the simulated bending angles diverge substantially from the observed bending angles and should be excluded prior to assimilation [20]. To be consistent with common practice in meteorology, we employ the horizontal and vertical refractivity gradients defined in a local Cartesian coordinate system (  ∂ N / ∂ x   and   ∂ N / ∂ z  ) [22] rather than that in polar coordinates (  ∂ N / ∂ θ   and   ∂ N / ∂ r  ) [28,29] (Figure 1).



We illustrate the SIM phenomenon using two representative COSMIC-2 events (Figure 2). In RO1 (Figure 2, left), SIM occurs at perigee impact heights of   3.1 − 3.3   k m  . The simulated bending angle becomes a multivalued function of the perigee coordinate, with abrupt changes exceeding 0.06 rad (Figure 2a). This anomaly coincides precisely with the region of steep vertical refractivity gradients (Figure 2g), where gradients approach or exceed −140 N-unit/km, indicating super-refraction. This confirms the findings of Yang and Zou (2021) [22] and the reviewer’s insight that strong vertical gradients are the direct physical cause of this geometric multivaluedness. The large deviations in local angular momentum along the path (|    p   θ   ( s ) −   a   0    |; Figure 2c) and the strong horizontal gradients (Figure 2e,i) are physically associated features of the complex 3D PBL structure, which modulate this effect but are not the primary driver of this specific geometric phenomenon.



In contrast, RO2 (Figure 2, right) shows no SIM phenomenon. The bending angle remains single-valued (Figure 2b), the local angular momentum is nearly constant along the ray trajectory (Figure 2d), the horizontal and vertical refractivity gradients are smooth (Figure 2f,h), and the variations in the gradient terms remain small (Figure 2j,l). The SIMH (the blue lines in Figure 2i,k) in RO1 lies slightly above the diagnosed PBLH (the red lines in Figure 2i,k), highlighting the physical link between SIM and sharp refractivity gradients near the PBL top.




3.2. Statistical Results


The preceding analysis suggests a close connection between the PBL and SIM. We now examined this link quantitatively through statistical comparisons for two contrasting periods: 16–22 January 2022 (winter monsoon) and 16–22 July 2022 (summer monsoon). The results are summarized in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9.



Figure 3 maps COSMIC-2 occultation locations for 16–22 January and 16–22 July 2022, with and without SIM. Some minor differences in the spatial distributions of SIM phenomena between January and July. SIM occurs more frequently over the Arabian Sea and Bay of Bengal during 16–22 January (Figure 3a) than during 16–22 July (Figure 3b). Conversely, SIM is more widespread in the eastern Pacific during 16–22 July (Figure 3b) than during 16–22 January (Figure 3a). These patterns are broadly consistent with established “ducting regions” in the subtropical oceans between 30°S and 30°N [40,41] and with the governing circulation and boundary-layer structure in those basins [42,43,44,45,46].



In January, profiles with SIM exhibited substantially larger mean deviations in the local angular momentum differences (   |    p   θ   −   a   0    |   ) than those without SIM, with correspondingly higher standard deviations (Figure 4a,b). This finding indicates that SIM events are characterized by strong distortions of ray trajectories relative to their perigee geometry. Moreover, SIM cases were associated with markedly enhanced vertical refractivity gradients (|  ∂ N / ∂ z  |, Figure 4e) and vertical gradient variability (   |    ∂   2   N / ∂ z ∂ s  |   ; Figure 4i), confirming the primary link to strong vertical structures (super-refraction). These cases also show enhanced horizontal refractivity gradients (  | ∂ N / ∂ x |  , Figure 4c,g), which is expected, as the PBL top is a dynamically active 3D region where strong vertical and horizontal gradients are often physically associated.



Similar results were observed for July (Figure 5), when strong convection and deep PBLs dominated over tropical oceans. Again, the SIM cases displayed larger    |    p   θ   −   a   0    |    values and variability (Figure 5a,b), enhanced horizontal and vertical refractivity gradients (Figure 5c–f), and larger along-path fluctuations (Figure 5g,j). The similarity of the January and July statistics indicates that SIM occurrence is a robust phenomenon across different seasons and meteorological regimes, although the absolute magnitudes of variabilities of refractivity gradients were generally greater in July because of stronger convection and moisture variability.



To demonstrate the close relationship between the PBL and SIM, Figure 6 and Figure 7 present the distributions of the variables shown in Figure 4 and Figure 5 relative to the PBLH. The results for January and July are highly similar. During SIM events, strong transition zones of    |    p   θ   −   a   0    |    (Figure 6a,b and Figure 7a,b) and of the horizontal (Figure 6c,d and Figure 7c,d) and vertical refractivity gradients (Figure 6e,f and Figure 7e,f) are observed near the PBL top, with their magnitudes reaching maximum values at the PBLH. Above and below the PBLH, there exist large-value regions for horizontal (Figure 6g,h and Figure 7g,h) and vertical gradient (Figure 6i,j and Figure 7i,j) variability. This further confirms the strong connection between the PBLH and SIM events.



We further analyzed the relative positions of the SIMH and the diagnosed PBLH. Figure 8 shows that the majority of the SIMH values clustered near the PBLH, with more than 70% of the SIM events occurring within 0.5 km of the diagnosed PBLH in both January (70.2%; Figure 8a) and July (70.7%; Figure 8b). Within this range, 34.5% (January) and 34.7% (July) of the SIMHs occurred only 0–0.2 km above the PBLHs. In both periods, the SIMH data counts exhibit local maxima at geometric heights of 0.8 km and 1.7 km, while the PBLH data counts show local maxima at 0.6 km and 1.5 km. These statistics indicate that the vast majority of SIMH values are slightly higher than the PBLH, which is related to the structure of the refractivity gradient transition zone at the PBL top (Figure 6 and Figure 7). SIM events already begin to occur above the PBL under the influence of strong refractivity gradients, with their most pronounced manifestation occurring at the PBLH.



In the 2D occultation plane, the along-track change in bending angle depends on both the horizontal and vertical refractivity gradients [20,29]. Consequently, SIM induced by strong refractivity gradients not only transforms the simulated bending angle into a multivalued function of the local angular momentum but also leads to a dramatic increase in the simulated bending angle magnitude. The assimilation of GNSS RO data requires the simulated bending angle to be a single-valued function of the local angular momentum; therefore, data affected by SIM phenomena must be removed in advance. Finally, we assessed the impact of removing data below the SIMH as a quality control (QC) measure using data simulated with the 2D ray-tracing operator (Figure 9), demonstrating the importance of SIM-related quality control. After QC, the mean fractional differences between the COSMIC-2 retrievals and 2D simulations (Figure 9a,b) decreased substantially, with peak biases reduced from ~20% to less than 10%. The standard deviations of the bending angles were also reduced (Figure 9c,d), indicating improved internal consistency of the dataset. In January, 13,755 occultations were flagged with SIM compared with 24,279 retained (Figure 9e), whereas in July, 13,652 were flagged compared with 23,585 retained (Figure 9f). The clear reduction in both random scatter and systematic B–O bias after QC demonstrates the importance of removing data below the SIMH. By excluding multipath-contaminated observations, the retained dataset better represents the true atmospheric structure and is more suitable for assimilation into numerical weather prediction models.





4. Conclusions


In this study, the occurrence and physical basis of simulated impact multipath (SIM) in GNSS RO bending angle data were quantitatively investigated using COSMIC-2 observations and 2D ray-tracing simulations from 16 to 22 January and 16 to 22 July 2022. We found that SIM affects a substantial fraction of occultations, accounting for 36.2% of 38,034 profiles in January and 36.7% of 37,237 profiles in July, respectively.



The results demonstrate that SIM occurrence is closely linked to sharp vertical atmospheric structures at the planetary boundary layer (PBL) top. The primary driver for the observed geometric multivalue is the presence of strong vertical gradients leading to super-refraction. The associated horizontal gradients, which are characteristic of the 3D PBL structure, modulate the extent and complexity of these events. By defining the simulated impact multipath height (SIMH) as the perigee level where SIM was first detected, we found that most of the SIMH values (70.2% in January and 70.7% in July) occurred within 0.5 km above the diagnosed PBL height, confirming that the PBL top is the dominant environment for SIM generation.



Finally, we assessed the effectiveness of a SIMH-based quality control (QC) strategy. Removing data below the SIMH substantially reduced the biases between the COSMIC-2 retrievals and simulations: the peak mean B–O difference decreased from ~20% to <10%, and the associated scatter was reduced by nearly half. Although this filtering discarded a significant number of low-level occultations (e.g., 13,755 flagged vs. 24,279 retained in January; 13,652 flagged vs. 23,585 retained in July), the retained dataset exhibits improved consistency and representativeness of the actual atmospheric structure.



These results provide quantitative evidence of the strong physical connection between SIM (driven by super refraction) and the PBL, establishing the basis for more effective QC of GNSS RO data. This work is complementary to studies focusing on horizontal-gradient-induced retrieval errors (e.g., [16]). By mitigating geometric multipath contamination associated with strong vertical gradients, especially in the data-sparse tropical lower troposphere, SIMH-based filtering enhances the reliability of RO observations for assimilation in numerical weather prediction. Future work will focus on extending these findings to develop a computationally efficient and broadly applicable QC that does not rely on a 2D observation operator, explicitly incorporates model PBL diagnostics, and systematically evaluates their forecast impacts.
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Abbreviations


The following abbreviations are used in this manuscript:



	SIM
	Simulated Impact Multipath



	SIMH
	Simulated Impact Multipath Height



	GNSS
	Global Navigation Satellite System



	RO
	Radio Occultation



	PBL
	Planetary Boundary Layer



	PBLH
	Planetary Boundary Layer Height



	COSMIC-2
	Constellation Observing System for Meteorology, Ionosphere, and Climate-2



	LEO
	Low Earth Orbit



	1D
	One-Dimensional



	2D
	Two-Dimensional



	3D
	Three-Dimensional



	QC
	Quality Control



	ROMEX
	Radio Occultation Modeling Experiment



	ERA5
	European Centre for Medium-Range Weather Forecasts Reanalysis Version 5



	CIRA
	Committee on Space Research International Reference Atmosphere
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Figure 1. The geometry of the radio occultation coordinates. 
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Figure 2. COSMIC-2 RO event 1 (RO1, left) and event 2 (RO2, right). (a,b) Bending angle profiles from COSMIC-2 retrievals (red) and 2D ray-tracing simulations (black). (c,d) Absolute differences between local angular momentum along the ray paths and at perigee (|    p   θ     − a0|; m). (e,f) Horizontal refractivity gradients. (g,h) Vertical refractivity gradients. (i,j) Variations in horizontal refractivity gradients along ray paths (|∂2N/∂x∂s|, N-unit/(10 km)2). (k,l) Variations in vertical refractivity gradients along ray paths (|∂2N/∂z∂s|, N-unit/km2). The black solid lines mark the ray impact (e–h) and geometric heights (i–l); the blue lines denote simulated impact multipath (SIM) occurrence; the red lines mark the planetary boundary layer height (PBLH) at perigee (e,g); and the blue and red horizontal lines indicate the SIM height (SIMH) and PBLH, respectively (i,k). RO1 occurred at 0526 UTC on 16 January 2022 (68.94°E, 13.96°N), and RO2 occurred at the same time (119.94°E, 28.27°N). 
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Figure 3. Spatial distributions with (red dots) and without (black dots) SIM phenomena during (a) 16–22 January 2022 and (b) 16–22 July 2022. 
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Figure 4. The averages (colored shading) and standard deviations (contour lines) of local angular momentum differences (|    p   θ     − a0|, m) (a,b), averages of the absolute values of horizontal refractivity gradients (|∂N/∂x|, N-unit/100 km) (c,d) and vertical refractivity gradients (|∂N/∂z|, N-unit/km) (e,f), variations in the horizontal refractivity gradients (|∂2N/∂x∂s|, N-unit/(10 km)2) (g,h) and vertical refractivity gradients(|∂2N/∂z∂s|, N-unit/km2) (i,j) along the path of the rays under conditions of presence (left) and absence (right) of SIM phenomena for 16–22 January 2022. 
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Figure 5. The averages (colored shading) and standard deviations (contour lines) of local angular momentum differences (|    p   θ     − a0|, m) (a,b), averages of the absolute values of horizontal refractivity gradients (|∂N/∂x|, N-unit/100 km) (c,d) and vertical refractivity gradients (|∂N/∂z|, N-unit/km) (e,f), variations in the horizontal refractivity gradients (|∂2N/∂x∂s|, N-unit/(10 km)2) (g,h) and vertical refractivity gradients(|∂2N/∂z∂s|, N-unit/km2) (i,j) along the path of the rays under conditions of presence (left) and absence (right) of SIM phenomena for 16–22 July 2022. 
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Figure 6. The averages (colored shading) and standard deviations (contour lines) of local angular momentum differences (|    p   θ     − a0|, m) (a,b), averages of the absolute values of horizontal refractivity gradients (|∂N/∂x|, N-unit/100 km) (c,d) and vertical refractivity gradients (|∂N/∂z|, N-unit/km) (e,f), variations in the horizontal refractivity gradients (|∂2N/∂x∂s|, N-unit/(10 km)2) (g,h) and vertical refractivity gradients(|∂2N/∂z∂s|, N-unit/km2) (i,j) along the path of the rays under conditions of presence (left) and absence (right) of SIM phenomena for 16–22 January 2022. The height is expressed relative to the PBLH. 
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Figure 7. The averages (colored shading) and standard deviations (contour lines) of local angular momentum differences (|    p   θ     − a0|, m) (a,b), averages of the absolute values of horizontal refractivity gradients (|∂N/∂x|, N-unit/100 km) (c,d) and vertical refractivity gradients (|∂N/∂z|, N-unit/km) (e,f), variations in the horizontal refractivity gradients (|∂2N/∂x∂s|, N-unit/(10 km)2) (g,h) and vertical refractivity gradients(|∂2N/∂z∂s|, N-unit/km2) (i,j) along the path of the rays under conditions of presence (left) and absence (right) of SIM phenomena for 16–22 July 2022. The height is expressed relative to the PBLH. 
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Figure 8. Distribution of SIMH and PBLH data counts in perigees within a 0.2 km × 0.2 km box from (a) 16–22 January 2022 and (b) 16–22 July 2022. 
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Figure 9. Vertical distributions of (a,b) mean fractional differences (%) between two-dimensional (2D) simulations and COSMIC-2 bending angles before (dashed) and after QC (solid), (c,d) the standard deviations of 2D simulated bending angles, and (e,f) data counts for cases with SIM (dotted), without SIM (dash–dot), and after QC (solid), during 16–22 January (a–c) and 16–22 July (d–f) 2022. 
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