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Introduction
• Bending angle bias: it has been shown that >80% of COSMIC-2 

observations under 2km failed the QC in DA process due to sizeable 
bending angle biases, and Higher SNR (>1000 V/V) of COSMIC-2 does 
not improve the biases below 2 km 

• Top recommendation from IROWG08: “understanding the sources of 
uncertainty in RO profiling of the lowermost troposphere/PBL”

• Error source: Measurement
• Instrument Noise
• Vertical smoothing
• Sampling bandwidth
• Receiver tracking model bias
• Atmospheric turbulence



Bending O-A (COSMIC2  2020-04 ~ 2020-05)

Negative bias > 8% at 1 km
even in strong SNR cases 

Penetration height improved 
when SNR is higher

Higher SNR cases also 
has larger STD



Bending O-A (COSMIC2  2020-04 ~ 2020-05)
• COSMIC2 – NCEP: 1 km Significant bending difference 

in subtropical regions



BA Bias Analysis with End-to-End Simulations
• 2020-01-04-14:52c2f6_gps53 [-4.8, -11.3]
• Monte-Carlo approach: 50 runs with 

different noise realizations and calculate 
the mean bending
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Effects of SNR & Vertical Smoothing
• Smaller SNR -> Larger BA bias near peak
• More vertical smoothing -> Larger BA bias near peak

200 m smoothing20 m smoothing



• Larger tracking bias -> Larger BA bias near and below the peak

Effect of Tracking Model Bias

8 Hz Tracking Error0 Hz Tracking Error 16 Hz Tracking Error



• Higher sampling rate -> smaller bias caused by 8Hz tracking error

Effect of Sampling Bandwidth

50 Hz Sampling (Spire) 100 Hz Sampling (COSMIC2) 300 Hz Sampling



Turbulence in MPS simulation 
• Generate N perturbation for each screens 

[Shume and Ao, 2016]

𝜎𝜎𝐼𝐼 =
𝐼𝐼2 − 𝐼𝐼 2

𝐼𝐼 2 𝐼𝐼: 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(1) 𝐶𝐶𝑛𝑛2 calculation from 𝜎𝜎𝐼𝐼
(2) Kolmogorov - von Karman power spectrum
(3) Random number realizations 

𝜎𝜎𝐼𝐼=0.75 at 2km



Effects of Turbulence
• Higher turbulence level -> larger bias near and below the peak
• Turbulence decreases the SNR sensitivity at the peak

No turbulence Normal level of turbulence Extreme level of turbulence



• Larger tracking bias -> Larger BA bias below the peak
• BA bias sensitivity to the SNR can be observed below the peak, but 

not within the peak 

Effect of Model under turbulent condition

8 Hz Tracking Error0 Hz Tracking Error 16 Hz Tracking Error



• Higher sampling rate -> smaller bias caused by 8Hz tracking error
• Higher sampling rate cannot improve the bias at the peak

Effect of Sampling under turbulent condition

50 Hz Sampling 100 Hz Sampling 300 Hz Sampling



Summary
• The MPS simulation is able to reproduce the negative bending angle 

bias w.r.t NCEP analysis in high refractivity gradient regions

• Turbulence dominates the bending angle retrieval error in high 
refractivity gradient altitudes, but higher SNR, higher sampling rate, 
and lower tracking error significantly reduce the bias below the 
critical height

• Signal-to-noise ratio matters! But it’s not the only thing matters. 
Turbulence, sampling rate, tracking error, smoothing, and cut-off 
strategy all contributes to the bending bias in the lower troposphere.



Thank you for your attention!

Kuo-Nung.Wang@jpl.nasa.gov



• Separate the Abel integral

Forward Operator for Ducting
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Forward Operator
• ROPP approach [Healy and Thepaut, 2006]

• When the N decreases with height: Assuming the refractivity profile is 
exponential between each levels

• When the N increases with height: Assuming the refractivity gradient is 
constant between each levels
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• By fitting on the impact parameter domain the edge of the local 
spectrum can be detected. 

• Comparing the bound and PM solution one can determine if the 
bending retrieval is biased

Bias determination using only the data

Upper 
bound

Lower 
bound



BA Bias Analysis with End-to-End Simulations
• A multiple phase screen (MPS) forward simulation and phase 

matching (PM) BA retrieval are used to analyze the bending bias
• Monte-Carlo approach: 50 runs with different noise realizations and 

calculate the mean bending
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Bending angle actual cases
• Individual cases (large peak BA vs small peak BA)

Large bias when strong peak presents No clear bias if bending maximum < 0.04 rad



Turbulence distribution
• Turbulence level as functions of altitude



MPS simulation
• Noise ( 600 V/V w/ 20m smoothing)

• Bending bias at the peak shows up when noise is applied
• This is mainly due to noisy phase or cycle slip in the impact parameter domain

Cycle slip

20 m smoothing



Bending O-A (COSMIC2  2020-04 ~ 2020-05)
• COSMIC2 – NCEP: 1 km (max bending < 0.04 rad: 15% cases removed)

The negative bias at 1km mainly comes from the cases with strong N gradient!



Turbulent and non-turbulent spectrums
• MPS case – overlap of energy spectrum 
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