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Spaceborne GNSS RO 

• GNSS Transmitters
• 3090 GNSS satellites

• Space-borne RO Receivers
• GPS/Met, CHAMP, SAC-C, GRACE (250-500 daily).
• GRAS-A/B, GNOS (FY-3C),ROSA, KOMPSAT-5 etc.
• RO Constellation Missions:

• COSMIC-1 (~3000 daily)
• COSMIC-2A (~5000 daily)

• Commercial RO Satellite (Constellation)
– Spire: 90+ CubeSats (10x10x30 cm) ~ 6000 daily 
– GeoOptics (7+ Satellites)
– Planet-iQ (2+ Satellites)
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GNSS RO Sampling 
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Space-borne RO Sampling
One RO satellite – 250/500 soundings (GPS only)

Six-satellites: ~ 3000 per day
1 daily profile every 400 km x 400 km grid

Not the most cost-efficient way to increase regional soundings 
Not considering inhomogeneous sampling across latitudes

Wanting more to resolve the diurnal cycle, deep convection etc.?



Complement to Spaceborne GNSS RO 

• Airborne RO – (Excellent for dense targeted observations)

– Aircraft-based RO
• Haase & Garrison’s GISMOS Purdue Receiver on NSF-HIAPER (GV-5)

– (Haase et al., 2014; Murphy et al., 2015; Wang et al., 2015; Xie et al., 2008,2018)
• Night Crew Labs (NCL) Receiver: Univ. Wyoming Kings Air/NASA DC-8

– (Chan et al., 2022)
• Airbus Commercial Aircraft (Airbus & TAMU-CC) 

– (Xie et al., IROWG-8, 2021, paper in preparation)

– Balloon-borne RO – (low-cost long duration targeted obs.)
• Haase Group at UCSD @ Antarctic & Tropics

– (Haase et al., 2012, 2022)
• Night Crew Labs (NCL) & TAMU-CC in US (Arizona, Nevada, Utah)

– (Chan et al., Navigation, 2022, Nelson et al., AMTD, 2022-under review)
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Airborne GNSS Radio Occultation

Observe the setting/rising GNSS satellite above and below the local horizon
Tangent points drifting from airborne platform during the occultation
ARO will take longer (~20-30min) to complete than spaceborne RO

5

GNSS



Geometric Optics ( GO ) Retrieval
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A Compact Low-cost GNSS Receiver
By Night Crew Labs

• The GROOT (GNSS Radio 

Occultation and Observable Truth) 
– A first-generation balloon-borne 

GNSS RO science instrument 
– Commercial off-the-shelf (COTS) 

GNSS equipment.
– Swift Navigation Piksi Multi GNSS 

receiver (credit card size)
– Trimble BX992 dual-antenna
– Raspberry Pi data logger
– The Balloon Re-Programmable 

Integrated Computer (BRIC)

• GNSS tracking
• Continuously collected balloon state 

data and RO data from GPS, 
GLONASS, Galileo, BeiDou, and 
QZSS



Balloon-borne GNSS RO Campaign

• World View Stratollite Balloon
– The Stratollites are controlled in 

flight with a proprietary 
ballasting system and landed 
under control of a steerable 
parafoil, typically in remote 
areas.

– The World View flight launched 
out of Page, AZ in August 2020, 
and maintained 18+km (60,000+ 
ft) altitude, enabling five days 
(120 hours) of continuous data 
collection.

A total of 680 ROs were predicted over 
~10degx10deg area in 5 days(~136/day) 

(~3.7 time more than 20,000 global 
spaceborne RO coverage) 



Balloon-borne GNSS RO Soundings

• World View Stratollite Balloon
– Limited bandwidth & capability 

of the COTS receiver
– Of the 167 from GPS, only 8 

good quality cases were ready to 
use immediately. 

– Another 5 cases were recovered 
with cycle slip correction, 
leaving the final 13 good cases.

Sankey filtering plot visualizing the balloon-
borne RO case filtering.
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Pre-Processing Raw Measurements

Land Ocean

1. Raw line-of-sight (LOS) GNSS observables, along with satellite ephemeris data, 
and balloon state (position/velocity) data are extracted from payload storage. 

2. Compute the excess phase by subtracting the receiver’s measured phase from 
the LOS geometric distance between the GNSS satellite and the receiver, based 
on satellite ephemeris data. 

3. Receiver clock calibration, where the excess phase is calibrated by differencing 
the excess phase of the occulting and high-elevation GNSS satellites. 

4. Cycle slip correction, where an exponential curve is fitted to the data to both 
smooth and remove medium to large discontinuities. 

5. Uses a Gaussian Process Regression (GPR, Shi and Choi, 2011) to further 
remove smaller discontinuities.

Pre-processed result: RO excess phase, excess Doppler, SNR, and balloon 
state are exported as a NetCDF file similar to UCAR RO data format 

convention for downstream GNSS RO retrieval processing.



Balloon-borne GNSS RO Retrieval

Land Ocean
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• ARO bending angle retrieval based on geometric-optics (GO) & FSI method
• ARO refractivity retrieval with modified Abel inversion 
• ERA5 Refractivity near the BRO sounding TP location (5km) as the ground truth 
• Simulated excess phase/Doppler & bending angle through GO raytracer

Nelson et al., AMTD, 2022, in review

Xie et al., 2008Adhikari et al., 2016



Land Ocean

Collocated ERA5 Profiles 
(Near BRO TP at 5 km)

~27-minute-long BRO from the 
World View Stratollite Balloon at 
06:26 UTC, August 22, 2020.

Over the Tonto National Forest, 
northeast of  Phoenix, Arizona.

Balloon at around 18 km (60K ft)

World View G26 BRO Case
(August 22, 2020 in Arizona)

ERA5: 0.25 x 0.25 horizontal resolution and 137 vertical levels



World View G26 BRO Case
(August 22, 2020 in Arizona)
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Bending angle retrieval

Refractivity retrieval vs ERA5



World View BRO Refractivity Retrieval Errors 
Comparing with Collocated ERA-5 (13 Cases)

Land Ocean

o Most BRO soundings only 
reach down to about 3 km 
above the mean-sea-level.

o One BRO case sense the 
atmosphere down to ~2km.

o Both GO and FSI retrievals 
have near-zero N-bias for 
World View BROs

o Negative N-bias below 5 km 
likely due to tracking error 
from closed-loop receiver

GO FSI



Conclusions & Future Remarks

• New use of balloon-borne RO with commercial off-the-shelf (COTS) 
receivers shows promise in observing the full troposphere with dense 
regional RO observations. 

• Preliminary analysis demonstrate that the high-altitude BRO payload can 
retrieve bias-free (near zero mean) refractivity profiles from ~1 km below 
the receiver at ~18+km down to ~3 km above the mean sea level. The FSI 
retrievals outperform GO retrievals. 

• COTS BRO systems suffer from low penetration (above 3 km), which is 
likely limited by the close-loop tracking receiver. Advances in receiver 
technology is worth investigating.

• Balloon RO with more advanced receiver can be a low-cost option to 
complement spaceborne RO with denser sampling for targeting severe 
weather observations, such as storms, hurricane etc. – expect to see positive 
impact with data assimilation.
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