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Abstract. Global Navigation Satellite System radio occul-
tation (GNSS RO) performance in the planetary boundary
layer is strongly dependent on retrieval algorithms. In this
work, we characterize differences in refractivity retrievals
in the planetary boundary layer across three major process-
ing centers of GNSS RO data – NASA JPL, ROM SAF,
and UCAR. Using a shared base of occultations from the
FORMOSAT-3/COSMIC-1 GNSS RO mission, we identify
key differences between the three processing centers that are
especially strong in the regions of frequent super-refraction.
We find that the minimum penetration height allowed by each
processing center is correlated with the amount of super-
refraction, resulting in poorer penetration and higher refrac-
tivity biases in the tropics. We found JPL to have the most
conservative minimum height in this region at 1 km, followed
by ROM SAF (640 m) and UCAR (420 m). We identify two
key geopotential heights – 0.8 and 2.6 km – to sample the
global distribution of inter-center refractivity bias, finding
differences of 0.3 %–0.5 % in the tropics. We also find neg-
ative refractivity biases of up to − 4 % relative to ERA5 re-
analysis in regions of persistent high stratocumulus coverage
and areas along the descending branch of the Hadley circu-
lation, with negligible bias along the Intertropical Conver-
gence Zone. A comparison to ERA5 also reveals areas of
weak (0.2 %–0.5 %) positive refractivity biases in polar re-
gions. We hypothesize potential causes for these biases based

on truncation schemes, radio-holographic filtering choices,
and quality control and identify findings deserving of further
investigation.

1 Introduction

Radio occultation (RO) using Global Navigation Satellite
System (GNSS) transmission to low-Earth-orbit receivers
provides a remote sensing capability uniquely suited to cli-
mate monitoring and atmospheric process studies due to its
all-weather capability, global coverage, and extremely high
vertical resolution (Kursinski et al., 1997, 2000). These ca-
pabilities have placed GNSS RO as one of the leading con-
tributors to data assimilation systems for numerical weather
prediction (Bauer et al., 2014; Cardinali and Healy, 2014)
and provided the strongest evidence for multi-decadal warm-
ing of the tropical upper troposphere (Steiner et al., 2020;
Vergados et al., 2021; Gleisner et al., 2022; Johnston et al.,
2018; Johnston and Xie, 2018; Verkhoglyadova et al., 2014).
The high vertical resolution of GNSS RO has been useful
for atmospheric process studies regarding tropopause vari-
ability (Randel et al., 2003; Randel and Wu, 2005), atmo-
spheric gravity waves (Tsuda et al., 2000; Wang and Alexan-
der, 2010; Schmidt et al., 2016; Alexander et al., 2024), and
tropical cyclone structure (Vergados et al., 2013; Lasota et
al., 2020).
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Historically, numerical weather prediction and atmo-
spheric process studies using GNSS RO have focused on the
upper troposphere and lower stratosphere (UTLS), where the
accuracy and precision of GNSS RO is strongest. Indeed, by
virtue of its exceptional accuracy, it is assimilated into nu-
merical weather prediction systems without variational bias
correction, thereby anchoring analyses and atmospheric re-
analyses (Lasota et al., 2020). In the last 2 decades, GNSS
RO retrieval scientists have sought to extend these capabil-
ities into the atmospheric planetary boundary layer (PBL),
which is central to important problems in atmospheric and
climate modeling but has proven challenging to measure
from space (National Academies of Sciences, Engineering,
and Medicine, 2018; Teixeira et al., 2021). The foremost
problems for RO sounding in the PBL have been known for
nearly 30 years (Kursinski et al., 1997): along-track hetero-
geneity of water vapor, atmospheric multi-path and diffrac-
tion, super-refraction, and low signal amplitude. New de-
velopments in RO instrumentation and measurement tech-
niques, as well as retrieval algorithms, have steadily chipped
away at these problems.

The most prohibitive obstacles remaining in RO sound-
ing of the PBL are the entangled problems of weak sig-
nals and super-refraction. The problem of super-refraction
is based on the physics of the RO observation. Vertical gra-
dients in the microwave index of refraction can become so
sharp that rays with tangent points within the ducting layer
have a radius of curvature smaller than the radius of the
Earth. This causes total internal reflection inside the ducting
layer, rendering the ducting layer invisible to external rays
– a phenomenon known as super-refraction (Sokolovskiy,
2003; Sokolovskiy et al., 2014, 2024). There is no single so-
lution to retrieve a refractivity profile with super-refraction
present from a bending-angle profile (Xie, 2006). While RO
performance remains unaffected above the ducting layers,
the “invisibility” of the duct results in large negative biases
in retrieved refractivity and even larger fractional biases in
retrieved water vapor below the duct (Xie, 2006). Super-
refraction is closely correlated with the presence of marine
stratocumulus (Xie et al., 2010). A general approach to mit-
igating the negative biases below super-refraction ducts by
using additional external information to correct the super-
refraction impact height was suggested by Xie (2006). Exam-
ples of external information in proposed unbiased retrievals
include a measurement of total column water vapor (Wang
et al., 2017), the synchronously received signal reflected off
the ocean surface (Wang et al., 2020), and collocated nadir
radiance microwave data (Wang et al., 2024). Furthermore,
all of these methods rely on robust tracking of the RO sig-
nal deep into the region where the straight-line tangent point
falls below Earth’s surface. This is complicated for two rea-
sons: (i) strongly bent signals are also strongly defocused
and (ii) uncertainties in models of the total optical path delay
of such signals result in further signal loss when demodu-
lating satellite-identifying pseudo-random codes and naviga-

tion data messages, which is standard in the GNSS RO re-
trieval (Sokolovskiy, 2001, 2003). GNSS RO inversion also
relies on an assumption of local spherical symmetry – that
atmospheric temperature, pressure, and water vapor depend
only on height in the vicinity of an RO sounding – for re-
trieval, but this assumption is strongly violated by water va-
por morphology in the PBL, especially in low latitudes. No
evidence, however, has suggested that RO does not capture a
horizontal path-average retrieval of water vapor for any given
sounding. Therefore, it is widely assumed that RO sounding
in the PBL can be applicable to research that does not require
horizontal resolution less than approximately 70 km, such as
climate monitoring. Wave optics retrieval algorithms for RO
based on Fourier integral operators (Gorbunov et al., 2004)
have innovated performance in the PBL by almost entirely
eliminating difficulties associated with atmospheric multi-
path and Fresnel diffraction. These approaches treat RO sig-
nal propagation as a problem of wave physics rather than ge-
ometric optics, as though RO were a problem of holography
wherein the GNSS electric wave field can be reconstructed
everywhere, even in post-processing.

The most recent, generation-3 GNSS RO missions have
deployed instruments that track GNSS RO signals with much
greater gain than previous generations of RO instruments.
The proof-of-concept generation-1 GPS/MET mission ob-
tained RO measurements with a signal-to-noise (SNR) ra-
tio of approximately 300 V/V (1 Hz). The generation-2 mis-
sions – including CHAMP; SAC-C; Metop-A, B, and C; and
COSMIC-1 – obtained median SNRs of roughly 700 V/V
(1 Hz). The generation-3 missions, including the six satel-
lites of COSMIC-2 and the satellites of the commercial RO
provider PlanetiQ, obtain median SNRs of roughly 1500 V/V
(1 Hz) (Schreiner et al., 2020). Gorbunov et al. (2022a) intro-
duced two forms of normalized SNR to assess the noise floor
of each individual profile, showing that a higher SNR leads to
better penetration in the PBL. Gorbunov et al. (2022b) con-
firmed that COSMIC-2 has a better noise floor than older
missions. These new, exceptionally large SNRs allow deeper
signal tracking than ever before, even in the presence of ex-
treme bending and super-refraction, reducing refractivity bi-
ases.

Very recent results show that these high-SNR RO sound-
ings enable the detection of the presence of super-refraction
(Sokolovskiy et al., 2024) and the critical refractional radius1

that defines the super-refraction duct, so long as the bottom
of the ducting layer is elevated above Earth’s surface (Zeng et
al., 2024). The duct refractional radius is a key parameter in
algorithms to mitigate the negative biases induced by super-
refraction. These biases have a strong impact on water vapor
retrievals (Ho et al., 2010). UCAR has recently begun pub-
lishing level 1 (calibrated excess phase) COSMIC-2 RO data

1The “refractional radius” for a parcel of air is defined as its
distance to the RO center of curvature multiplied by its microwave
index of refraction.
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with a super-refraction detection flag and a value for the duct
refractional radius; those data can then be used in a retrieval
of water vapor from RO data that seeks to be unbiased.

While unbiased retrievals of water vapor in the PBL from
RO data have yet to be published, systematic and structural
differences in existing retrievals may be identified. The goal
of this work is to characterize these differences in the PBL,
so that their root causes may determined in a future study.
The components of existing retrieval algorithms that can in-
duce bias include implementations of navigation message de-
modulation (Sokolovskiy et al., 2006), radio-holographic fil-
tering in wave optics retrievals and the smoothing it begets
(Sokolovskiy et al., 2010), and the approach to cutting off
an RO signal low in the atmosphere when the signal be-
comes too weak to be of use (Sokolovskiy et al., 2010).
First, GNSS signals are all modulated by prescribed pseudo-
random codes at rates of 1.023 MHz for the GPS L1 C/A
code and 10.23 MHz for the GPS L1 and L2 P codes. This
sequence of bit flips (or 180° phase shifts) is typically re-
moved by the RO instrument itself in the course of tracking.
Many GNSS signals also transmit navigation data as another,
much slower modulation: 50 Hz in the case of the Global Po-
sitioning System (GPS). That navigation message bit stream
is data, meaning it is not fixed from one epoch to the next, and
so it cannot be removed by the RO receiver when tracking
a signal in an open-loop mode (Sokolovskiy, 2001). Those
bit streams are collected by ground GNSS stations, and their
associated 180° phase flips are removed in post-processing.
Complete removal of the navigation bit stream relies upon
precise time matching, which will never be perfectly precise
due to atmospheric influence on the RO signal. This impreci-
sion causes signal loss and phase noise in RO retrieval in the
PBL. Secondly, radio-holographic filtering is implemented in
retrieval systems in order to isolate a signal from electronic
noise. These techniques apply an arbitrary bandpass filter to
the Fourier transformed signal to isolate a single tone of the
signal. The narrower the filter, the more precisely the signal
frequency is determined; however, this will result in more
vertical smoothing in the retrieval. The wider the filter, the
less precise the signal frequency, but a higher vertical reso-
lution will result. Any RO retrieval system with a wave op-
tics step has a radio-holographic filter with an ad hoc width.
Third, different retrieval systems have implemented different
types of wave optics retrievals. The Fourier integral operator
retrievals most commonly utilized to apply this filtering are
the full spectrum inversion (FSI) (Jensen et al., 2003), the
type 2 canonical transform (CT2) (Gorbunov and Lauritsen,
2004), and phase matching (PM) (Jensen et al., 2004). Their
performances are similar but not identical (Gorbunov and
Lauritsen, 2004; Sievert et al., 2018). Fourth, because RO re-
trieval is based on signal phase, which can only be calculated
when only noise is measured, each retrieval algorithm must
make an ad hoc decision as to the minimum height when an
RO measurement has to be terminated. The implementation
of this minimum height choice limits the depth of penetra-

tion of an RO retrieval, usually cutting off a retrieval a few
hundred meters above the surface. This cutoff is performed
in impact parameter space and is distinct from the trunca-
tion in the time series of the signal that may be performed
at an earlier step in signal processing. All of these steps will
be necessary components of an RO retrieval in the PBL, and
they are all associated with tunable parameters and ad hoc
decisions.

A theoretical study of systematic error in RO retrieval in
the PBL has already pointed toward two dominant structural
errors in addition to super-refraction errors: the approach to
determining a minimum penetration height for the signal and
a bias incurred by the addition of unbiased, random noise
to a nonlinear retrieval algorithm (Sokolovskiy et al., 2010).
The former is introduced above. The latter, however, is a sec-
ondary consequence of radio-holographic filtering. Each in-
dividual tone revealed in a sliding Fourier transform has a
finite width, caused in part by the non-stationarity of its fre-
quency and in part by electronic white noise. The width of the
filter is chosen so as to capture the real non-stationarity of the
signal and to suppress noise. Some noise does leak through
regardless. Because the tone’s frequency drift has second-
and higher-order dependencies in time, a bias in an inferred
frequency results, with the same sign as the curvature of the
tone’s frequency in time. For most RO measurements, the
sign is positive in bending angle, and the retrieved refractiv-
ity (and therefore water vapor) inherits a positive bias.

In this paper we will inter-compare RO retrieval perfor-
mance in the PBL by three independent retrieval centers to
characterize retrieval uncertainty. A set of studies like this
has been performed in the UTLS for RO as a climate moni-
toring technique, collectively known as the ROTrends project
(Ho et al., 2009, 2012; Steiner et al., 2013). With this ef-
fort we commence an effort similar to ROTrends but spe-
cific to the PBL. Ultimately, RO retrieves water vapor in the
PBL (Kursinski et al., 1995), but with this effort we only ex-
amine retrievals of microwave refractivity as a function of
geopotential height. In Sect. 2 of this paper, we describe the
RO data and models used in our analysis and give brief de-
scriptions of the independent retrieval algorithms being com-
pared. In Sect. 3, we present our center inter-comparison
analysis as well as comparison to reanalysis. Finally, in
Sect. 4, we present our conclusions and discuss possible fu-
ture directions for a larger RO-PBL inter-comparison project.

2 Model and data

We characterize and quantify error in GNSS RO retrieval
in the PBL by inter-comparing independent retrievals. Re-
trievals from different processing centers were assessed from
the AWS Registry of Open Data using the Python application
programming interface awsgnssroutils (Leroy and McVey,
2023; Leroy et al., 2024). We utilized the level 2A refractivi-
tyRetrieval files, which contain bending-angle and retrieved-
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refractivity profiles. We filter to include only occultations
from the FORMOSAT-3/COSMIC-1 mission (Rocken et al.,
2000), as refractivity retrievals for this mission were gener-
ated by all three of the processing centers considered: NASA
Jet Propulsion Laboratory (JPL), the COSMIC Program Of-
fice of the University Corporation for Atmospheric Research
(UCAR), and the Radio Occultation Meteorology Satellite
Application Facility (ROM SAF). The retrieval versions used
were the 2021 UCAR reprocessing (UCAR, 2022), JPL’s re-
processing version 2.6, and the 2019 processing in the Cli-
mate Data Repository (CDR) from ROM SAF (ROM SAF,
2019). This mission presented a massive increase in perfor-
mance in the troposphere thanks principally to implemen-
tation of high-gain RO antennae, electronic signal amplifi-
cation, and open-loop signal tracking down to straight-line
tangent altitudes of −100 km on the L1 channel (Liou et
al., 2007). This technique uses a model to supplement sam-
pling of the raw RO signal rather than extrapolating the rays
forward in time as was done in the previously used phase-
locked loop (closed-loop) tracking technique (Sokolovskiy,
2001). This innovation resulted in tracking far deeper into
the atmosphere than its predecessors: COSMIC-1 had a me-
dian tracking depth below 1 km, compared to approximately
3.5 km for the CHAMP mission (Anthes et al., 2008; Chang
et al., 2022). For the first time, this allowed RO to probe into
the PBL. The mission was limited in the PBL by a weaker
signal-to-noise ratio than future missions: COSMIC-1’s aver-
age signal-to-noise ratio from 60 to 80 km is 800 V/V at 1 Hz
(compared to over 1500 V/V for COSMIC-2) (Schreiner et
al., 2020), which resulted in a higher bending-angle error
from higher thermal noise. These errors propagate into errors
in refractivity retrieved from the RO signal.

We additionally filtered to include only COSMIC-1 oc-
cultations processed during 2008: this provided a balance
between making use of the highest yield early in the mis-
sion while also surpassing the 17 months after its April 2006
launch to allow the constellation of six low-Earth-orbiter
satellites (LEOs) to spread into its final orbital arrangement
(Anthes et al., 2008). The contributing centers’ retrievals for
COSMIC-1 can be considered mature at this point. These
constraints provide a database of more than 2000 occulta-
tions per day, with slightly fewer (1700–2000) resulting in
refractivity retrievals for each processing center. With the ex-
ception of the throughput analysis in Sect. 3.1, we analyze
only the subset of data processed by all three centers in or-
der to inter-compare structural differences in RO processing
across centers.

Refractivity retrievals from RO follow three primary steps.
The first processing step calibrates phase measurements so
as to remove the influences of the transmitter’s and receiver’s
clock biases, the satellites’ motions, and the modulation of
the navigation message bit streams on the L1 C/A signal.
This processing step is shared by UCAR and ROM SAF,
while JPL generates excess calibrated phase information in-
dependently. The second step retrieves the bending angle of

an RO ray as function of impact height (for a more compre-
hensive review see, e.g., Mannucci et al., 2020). This step is
performed independently by all three processing centers. Fi-
nally, the refractive index (n) is retrieved from the bending
angle (a), as a function of impact parameter α. In an atmo-
sphere with little horizontal structure that satisfies the RO
retrieval approximation of local spherical symmetry, this is
done using the following Abelian integral (Hajj et al., 2002;
Fjeldbo and Eshleman, 1968; Fjeldbo et al., 1971; Kursinski
et al., 1996, 1997, 2000):

n(a)= exp

 1
π

∞∫
a

α(a′)da′√
a′2− a2

 . (1)

Refractivity is related to refractive index by N ≡ (n− 1)×
106. Qualitatively, Eq. (1) determines the refractivity in the
atmosphere by unwrapping the bending (due to atmospheric
refraction) that each layer in the atmosphere contributes to
total bending α for a single value a of the ray’s asymptotic
miss distance from the center of curvature of the Earth as
apparent at either satellite. While, in principle, Eq. (1) is in-
tegrated up to an impact parameter of infinity, in reality each
processing center must make a choice of what maximum alti-
tude to integrate up to and handle contributions due to layers
higher in the atmosphere with great care. Typically, this is
somewhere in the thermosphere.

In atmospheric regions that see strong vertical gradients,
such as near the PBL top, a geometric optics retrieval ap-
proach fails due to atmospheric multi-path, Fresnel diffrac-
tion, and potentially super-refraction. Atmospheric multi-
path occurs when multiple rays are simultaneous solutions to
the geometric optics integral of Eq. (1), which occurs in gen-
eral for profiles α(a) for which dα/da > 1/Dtnm+ 1/Drcv,
with Dtnm and Drcv as the distances of the transmitter and
receiver satellites to the Earth’s limb, respectively. In these
situations, a wave optics retrieval approach becomes nec-
essary, because such an approach can distinguish between
rays in atmospheric multi-path situations and almost com-
pletely eliminate the ringing effects of Fresnel diffraction
as seen in the amplitude and the phase of the measured
signal. Wave optics retrievals are based on the concept of
“stationary phase” in optics (Born and Wolf, 1980). The
highly efficient Fourier integral operator versions of wave
optics are based on fast Fourier transforms (Gorbunov and
Lauritsen, 2004; Gorbunov et al., 2004), while the phase-
matching approach is more precise (Jensen et al., 2004) yet
much more computationally expensive than the Fourier in-
tegral operators. In these scenarios, radio-holographic filter-
ing techniques are applied in order to reduce the influence
of noise in a non-linear retrieval algorithm. UCAR uses a
phase-matching technique (Kuo et al., 2004; Sokolovskiy,
2001, 2003; Sokolovskiy et al., 2010), while JPL (Hajj et
al., 2002) and ROM SAF use a type-2 canonical transform
(Schwärz et al., 2024; Syndergaard et al., 2020, 2021). As
explained in Sect. 1, Sokolovskiy et al. (2010) hypothesized
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that wider radio-holographic filter widths result in a larger
(more positive) refractivity retrieval. This effect is especially
strong around a height of 2–3 km. We have calculated geopo-
tential height by dividing the geopotential values in the re-
fractivityRetrieval files by the WMO standard value for grav-
ity, g0 = 9.80665 J kg−1 m−1. This implies that differences in
radio-holographic filter widths between processing centers
would then result in systematic refractivity biases between
centers which are especially strong in regions of high super-
refraction, especially in the subsiding regions of the subtrop-
ics where marine stratocumulus is prevalent in the PBL. Cen-
ters with narrow filters are expected to have lower retrieved
refractivity in the PBL.

Furthermore, quality control and choice of minimum
height create retrieval differences between processing cen-
ters. ROM SAF quality control screens out retrievals with
impact parameter noise above a certain threshold, as well
as rejecting retrievals with bending-angle or refractivity val-
ues sufficiently divergent from ionospheric correction and
climate models. UCAR similarly screens out retrievals with
bending-angle or refractivity values that sufficiently diverge
from climate models, such as those with a high standard de-
viation of relative difference in bending angle or refractivity
with the climate model. UCAR furthermore rejects occulta-
tions with sufficiently high differences in bending angle be-
tween the L1 and L2 channels. JPL quality control rejects
occultations with negative bending angles, as well as high-
altitude bending angles sufficiently divergent from a fit that
is exponential with height. Similar to ROM SAF and UCAR,
JPL also rejects retrievals with refractivity values that signif-
icantly disagree with a climatology model, at any height. JPL
is distinct from the other two centers in that it also screens re-
trievals with temperatures sufficiently different from the cli-
mate model. For more a more detailed comparison of quality
control between the three processing centers, see Ho et al.
(2012) and Sokolovskiy (2021).

Differences in ionospheric corrections across processing
centers may also introduce biases. All three of the process-
ing centers use a linear combination of L1 and L2 chan-
nel bending angles to perform their ionospheric corrections
(Vorob’ev and Krasil’nikova, 1994; ROM SAF uses an op-
timized combination from Gorbunov, 2002b), while extrap-
olating the correction terms downward lower in the atmo-
sphere. JPL makes the transition between linear combination
and extrapolation at 10 km, while UCAR and ROM SAF set
the transition to extrapolation at a quality control height de-
fined dynamically on L2 data (Ho et al., 2012). However,
we anticipate the impact of differences in ionospheric correc-
tion to be a secondary impact in the PBL: Zeng et al. (2016)
found that varying the height of this transition between 0–
25 km caused a refractivity bias of at most approximately
5 % in extreme cases (e.g., extrapolation transition heights
below 10 km) and on average roughly a 10th of a percent.
The average biases due to ionospheric correction are there-

fore considerably smaller than the retrieval biases identified
in this work.

In addition to comparing between processing centers, we
also assess the bias in RO retrievals relative to an atmospheric
reanalysis. We compare refractivity retrieved from RO to re-
fractivity from ECMWF’s ERA5 model level hourly global
reanalysis (European Centre for Medium-Range Weather
Forecasts, 2022; Hersbach et al., 2020). This model refrac-
tivity was calculated using pressure (P ), specific humid-
ity (Q), and temperature (T ) accessed from the Coperni-
cus Research Data Archive of UCAR (European Centre for
Medium-Range Weather Forecasts, 2022). ERA5 refractivity
in the microwave regime was calculated using the Smith and
Weintraub (1953) formulation for refractivity N as

N = (77.6KhPa−1)
P

T
+ (3.73× 105 K2 hPa−1)

e

T 2 , (2)

with e the water vapor partial pressure,

e =
Q

Q+ ε(1−Q)
P, (3)

where ε = 0.622 is the ratio of the molar mass of water va-
por to the molar mass of dry air. We note that ERA5 assim-
ilated COSMIC-1 bending-angle data processed by UCAR
for 2006–2014, amongst other RO missions. This creates
a small correlation between RO retrievals, especially from
UCAR, and the reanalysis. We anticipate this correlation
having little impact on our results, as quality control in data
assimilation typically prevents radio occultation data from
being assimilated below super-refractive layers (Cucurull,
2023).

We consider three different types of bias in refractivity re-
trievals: sampling bias, penetration sampling bias, and struc-
tural bias. Sampling bias is the refractivity bias caused by
disparities in throughput across processing centers. This bias
is considered in Sect. 3.1. All results after Sect. 3.1, however,
remove sampling bias by considering only occultations that
resulted in refractivity retrievals common to all three pro-
cessing centers. Penetration sampling bias is a PBL-specific
sampling bias that results from the differing choice of mini-
mum height for occultations across different processing cen-
ters. This bias is discussed at length in Sect. 3.2. Structural
bias is the bias in a vertical refractivity profile that remains
when sampling and penetration sampling bias are both re-
moved. This represents the “true” bias in retrieved refrac-
tivity between processing centers as a result of differences
in the computation of refractivity across processing centers,
such as the width of the holographic filter. The total bias is
computed by comparing mean refractivity bias across pro-
cessing centers; sampling bias is removed by using the mean
of only occultations processed by all three processing cen-
ters: this reveals structural bias combined with penetration
sampling bias. Structural bias can be isolated by taking the
mean bias of only occultations processed down to a particu-
lar geopotential height by all three processing centers.
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We note a source of error in the RO–ERA5 comparisons:
each processing center defines the location of their reference
tangent point differently. The ERA5 profile selected for each
occultation was chosen to be the profile closest to the UCAR
reference tangent point. Since the retrievals for each cen-
ter were still performed on the same occultation – the dif-
fering tangent points are due only to differing definitions –
they should all be compared to the same ERA5 profile. Us-
ing the ERA5 profile closest to, say, the ROM SAF definition
of the reference tangent point may alter the RO–ERA5 bias
but should not change the bias between the processing cen-
ters themselves.

3 Results

3.1 Quality control: overlap of retrievals by center

We first investigate the relative portion of occultations that
result in refractivity retrievals. Each step in processing —
from calibrated phase vs. time (level 1a data) to bending an-
gle vs. impact parameter (level 1b) to refractivity retrieval
vs. geopotential height (level 2) — contains quality control
measures to discard anomalous occultations. These quality
checks vary by processing center. These checks may also in-
clude, among other strategies, comparison of retrievals with
models or using noise thresholds. Figure 1 shows the over-
lap of COSMIC-1 occultations for the entire year of 2008
that result in refractivity retrievals for each processing cen-
ter. The gray center region in the center of the figure shows
that 67.2 % of the occultations were processed by all three
centers. UCAR processed the most, with 92.7 % of the re-
trievals, followed by ROM SAF and JPL with 86.6 % and
80.2 % of occultations, respectively. The higher process-
ing rate of UCAR may be a result of COSMIC-1 being a
UCAR-affiliated mission. ROM SAF uses UCAR calibrated
phase data for their retrievals, which may explain why they
share a higher percentage of retrievals not processed by JPL
(15.4 %). This may indicate a difference in quality control
between UCAR and JPL at the calibrated phase level. How-
ever, we note that the calibrated phase files used by the ROM
SAF retrievals hosted on the AWS Registry of Open Data
are an older reprocessing than those used by the UCAR re-
trievals. Only 2 % of occultations are processed by JPL but
not UCAR or ROM SAF. These retrievals do not have any
clear connection: they do not share a transmitting or receiv-
ing satellite, are a mix of rising and setting occultations, and
have a wide temporal and spatial spread. The vast majority of
retrievals that pass quality control for one processing center
also pass for at least one of the other two centers, confirming
a similar investigation by Ho et al. (2012).

3.2 Minimum height of penetration

The minimum height allowed by retrievals is a critical char-
acteristic of quality control in RO processing. As a ray

Figure 1. Top: Venn diagram illustrating the refractivity retrievals
processed by each center. Lime green (15.4 %), pink (2.2 %), and
blue (7.3 %) slices represent the overlap between UCAR and ROM
SAF, ROM SAF and JPL, and JPL and UCAR, respectively. The
gray center area illustrates the portion of retrievals shared by all
three centers. Note that the relative size of the overlapping slices is
not necessarily proportional to the relative fraction of the number
of retrievals in that slice, as it not geometrically possible to have
both the full circles for each center and the overlapping slices for
each center be proportional in size. Bottom: table showing the total
number of rising and setting occultations for each processing center,
as well as their intersections.

penetrates deep into the atmosphere, effects such as super-
refraction layers, atmospheric multi-path, topography, and
code demodulation all cause a decrease in SNR. Retrieval
algorithms must therefore make a choice to truncate the oc-
cultation at some minimum altitude. The choice of minimum
height varies by processing center as it requires balancing
two effects: a lower (less conservative) minimum height can
strengthen the impact of ducting and lower the precision of
a retrieval, while, as explained in the introduction, a higher
(more conservative) minimum height may induce a nega-
tive bias in refractivity. Each processing center makes dif-
ferent choices about the parameters determining how deep
an occultation is allowed to penetrate. JPL minimum heights
are set by fitting a single-step step function to the canonical
transform amplitude, truncating at the step boundary (Ao et
al., 2012). UCAR determines minimum height separately for
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Figure 2. Sampling profiles (cumulative distribution functions) of
minimum geopotential height of maritime occultations in winter
2008 (December 2007–February 2008) for each center, separated
by latitude. Lines indicate percent of occultations, including only
maritime occultations that reach below 5 km for each processing
center. The solid lines indicate the percent of occultations that reach
a particular altitude, while dashed horizontal lines show the altitude
to which 50 % of occultations penetrate for each processing center.
This therefore represents the median minimum penetration height.
Note that these dashed lines overlap for ROM SAF and JPL at the
mid-latitudes (b, where the blue dashed line lies on top of the yel-
low line) because their median minimum heights are the same to
within the histogram resolution of 20 m. These occultations were
not interpolated so that the center-reported minimum geopotential
height could be used.

open- and closed-loop data: closed-loop minimum heights
are determined using a threshold for the difference in the fil-
tered L1 Doppler shift and that of a model; closed-loop mini-
mum heights are determined from SNR (Sokolovskiy, 2021;
Sokolovskiy et al., 2010). ROM SAF truncates when the L1
amplitude is too weak or when the smoothed bending angle
near the surface is larger 0.1 rad (Syndergaard et al., 2020).

To inter-compare the minimum allowed heights by each
center, we consider only 67.2 % of occultations processed
by all three centers shown in Fig. 1. To isolate our analysis
to PBL atmospheric effects, we restrict our analysis to in-
clude only occultations over the ocean, removing the impact
of orography. We also include only retrievals that penetrate
below 5 km for all three centers, reducing the impact of qual-
ity control higher in the atmosphere. The resulting distribu-
tion of minimum heights for each processing center is shown
in Fig. 2.

The leftmost panel illustrates the impact of the moist trop-
ics on quality control: all three processing centers have sig-
nificantly higher (worse) minimum height in the tropics than

at higher latitudes to account for increased uncertainty in the
presence of a strong refractivity gradient. This agrees with
similar results found by Ao et al. (2012). JPL (blue) is most
sensitive to this effect, with only 50 % of retrievals reach-
ing 1 km. UCAR (red) has the least conservative truncation
of the three centers. This is particularly evident in the trop-
ics, where the median minimum height of UCAR is more
than 500 m deeper than that of JPL, but remains true across
all latitudes. Anthes et al. (2008) found in early COSMIC-
1 results that approximately 70 % of ocean-only occultations
penetrated below 1 km in the tropics; this roughly agrees with
our observations for UCAR and ROM SAF.

Differences in minimum height induce a sampling bias
that is unique to the PBL. As our analysis considers only
the subset of occultations processed by all three processing
centers, a traditional sampling bias induced by differences
in global coverage across soundings does not impact our re-
sults. Another sampling bias is introduced, however, by dif-
fering algorithms for determining the minimum penetration
height of a retrieval. This means that a global PBL analysis –
especially deep into the PBL, such as at 0.8 km – will have a
bias towards fewer occultations in low-latitude regions. The
result is a form of sampling bias that appears only low in
the atmosphere. We dub this form of sampling bias “pene-
tration sampling bias”. This effect is separate from structural
bias, the true bias in the vertical structure of retrievals. As
our work compares only refractivity retrievals, this penetra-
tion cutoff is the combination of the cutoffs at all previous
steps in processing.

This penetration sampling bias appears strongest in re-
gions of strong bending and super-refraction, as illustrated
in Fig. 3. We treat the refractivity difference between 0.1 and
3 km as a proxy for strong bending and the possible pres-
ence of super-refraction, as strong refractivity gradients are
associated with strong bending and a super-refractive layer.
This probability was computed using a two-dimensional joint
probability density in the refractivity difference between 0.1
and 3 km and a minimum height of maritime occultations for
winter 2008 (DJF). We normalized the joint probability dis-
tribution by the marginal probability distribution in minimum
height to yield the conditional probability for a refractivity
different across the PBL given a specific minimum height.
The highest-probability region follows a negative sloping
line from the bottom-right corner near −100N units to the
upper-left corner near −160N units. This indicates that ar-
eas of a larger refractivity gradient (left) are biased towards
poorer penetration, enhancing the strength of the negative N
bias in these areas. Summer 2008 (JJA) shows similar results
(not shown). The finer zonal and meridional structure of the
minimum height is explored in Appendix A.

3.3 Inter-center differences in refractivity

Differences in processing routines become clear when com-
paring the refractivity retrievals for different processing cen-
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Figure 3. Conditional probability of a refractivity difference given a particular minimum height for UCAR maritime occultations in winter
(DJF) of 2008. We use a refractivity difference between 3 km and 100 m as a proxy for the refractivity gradient in the PBL, as a large
difference between these two heights implies a sharp gradient somewhere in the PBL that would create a super-refractive layer. Yellower
coloring indicates that retrievals are more likely to fall in a particular bin. Note the negatively sloping tilt of the refractivity gradient with
minimum height.

ters. Figure 4 shows the distribution of refractivity differ-
ences between processing centers. We compare both JPL and
ROM SAF to UCAR, using an interpolation (without extrap-
olation) linear in geopotential height on a 100 m isohypsic
grid between 0 and 20 km to compare occultations at dif-
ferent processing centers. This removes sampling and pen-
etration sampling bias, revealing only the inter-center struc-
tural bias. While the wide whisker arms dominate the plot,
we find that inter-center refractivity differences for the vast
majority of occultations are less than ±0.15 %. The spread
and the median of these differences are especially small from
7–10 km and appear larger between JPL and UCAR (left)
than ROM SAF and UCAR (right). These differences be-
come larger lower in the PBL, where the ROM SAF–UCAR
bias becomes larger and more positive than the JPL–UCAR
bias.

To identify systematic trends in inter-center differences,
we consider mean inter-center refractivity differences. The
rightmost panel of Fig. 5 shows the mean difference in refrac-
tivity between JPL and UCAR (top) and between ROM SAF
and UCAR (bottom), separated by latitude band. These rep-
resent structural inter-center biases. While the high-latitude
(purple and red) bins show near-zero bias, differences begin
to appear in the mid-latitudes and strengthen into the trop-
ics. This and all subsequent plots are interpolated on a 20 m
geopotential height grid to assess bias at specific heights in
the PBL. Both plots show positive biases relative to UCAR
of 0.25 %–0.75 % at the top of the plot. We identify a height
of interest at 2.6 km to investigate this positive bias, labeled
with a gray dashed line. A second area of interest is the strong
bias in JPL below approximately 2 km in the tropics, which
increases in strength lower in the PBL. We choose 0.8 km as
a height of interest to investigate this bias, marked with an-
other gray dashed line. These two heights of interest are used

Figure 4. Box-and-whisker plot showing the fractional refractiv-
ity differences between JPL and UCAR (a) and ROM SAF and
UCAR (b) maritime occultations for winter (DJF) 2008. In or-
der to compare across occultations, the traditional and penetration
sampling bias are removed; this plot shows only structural biases
between centers. Distributions are subset into 500 m geopotential
height bins. Boxes outline the two central quartiles of the distribu-
tion at each geopotential height, while whiskers show the 1 %–99 %
ranges; orange lines show the median of each distribution. The gray
dashed line indicates no refractivity difference.
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for analysis of the global variation of bias in the left panels
of Fig. 5 and in the following sections.

To ensure robust statistics, we bin the retrievals in Fig. 5
into 10°× 10° bins, the minimum size required to ensure
that every bin contains at least 30 occultations (a standard
accepted minimum for Gaussian statistics). To isolate the
structural bias in retrievals, we consider only occultations
processed down to the key geopotential heights for all three
processing centers. The left two panels show that UCAR’s
refractivity values are between those of JPL and ROM SAF,
with a strong bias appearing in the tropics that flips signs
(and becomes weaker) at higher latitudes. Similarly, the ver-
tical profile of the rightmost panel shows that the positive
bias of ROM SAF is very large in the tropics at 2.6 km, small
but positive at 0.8 km, and near zero outside the tropics at
both heights. We note that, given the strength of the ROM
SAF positive bias at 2.6 km in the tropics, the positive bias
at 0.8 km may be more indicative of strength of the positive
bias at higher geopotential heights than of true retrieval dif-
ferences at that height.

The center panel (bias at 2.6 km) shows that both ROM
SAF and JPL have a positive bias relative to UCAR, again
with the highest magnitude in the tropics. ROM SAF has
the larger positive bias of the two centers. This may indi-
cate that UCAR employs a narrower radio-holographic filter,
while ROM SAF utilizes a wider filter in the PBL.

3.4 Comparison with models

In this section, we compare GNSS RO processing in the PBL
to the ERA5 reanalysis to assess bias shared across process-
ing centers. We find that GNSS RO has a negative bias rela-
tive to ERA5 in many locations around the globe, particularly
in low latitudes. The regions of strongest negative bias match
those found by Xie et al. (2010); Feng et al. (2020). Compar-
ison with International Satellite Cloud Climatology Project
(ISCCP) (Golea et al., 2016) cloud data reveals that these
high-negative-bias regions correspond to regions of high stra-
tocumulus coverage. Using this as a marker for moisture sup-
ports the hypothesis that the bias is due to super-refraction.

Figure 6 shows the JPL bias relative to ERA5 for each
season of 2008. Spots of strong negative refractivity bias
– sometimes in excess of −4 % – appear on the southwest
coast of Africa and off the coast of Chile and Peru. These
two were also the strongest hot spots found in similar anal-
ysis by Xie et al. (2010), who considered January only at
the same geopotential height (0.8 km), when comparing to
ECMWF’s ERA-Interim reanalysis (Dee et al., 2011). This
demonstrates the veracity of both results. Figure 6 also shows
areas of weak positive bias at 0.8 km in high latitudes. Simi-
lar positive biases were found at 2 km by Feng et al. (2020).
They appear to be strongest in the winter hemisphere, with
strong bias regions near Greenland and Russia’s Kamchatka
Peninsula in DJF, while the bias in the Antarctic region is
strongest in JJA. The seasonality indicates that the bias is

unlikely due to melting sea ice. Furthermore, while these re-
gions may feature reflections from sea ice, Cardellach et al.
(2008) demonstrated that these reflections do not noticeably
bias RO retrievals. Cardellach and Oliveras (2016) showed
that retrievals that feature reflection (from sea ice or from
other sources) have lower negative refractivity biases, but
these impacts are strongest in middle and low latitudes – the
opposite of the regions shown in Fig. 6 – and do not induce a
positive bias.

We investigate the source of both the positive-bias and
strong-negative-bias regions further in Fig. 7, which shows
vertical profiles (with 200 m resolution) of the bias relative
to ERA5 in three sample regions: a weak-positive-bias re-
gion just south of the Russian Kamchatka Peninsula, a high-
stratocumulus region of the tropics with a strong negative
bias at 0.8 km, and a control region with the a slight negative
bias (typical of GNSS RO). Comparison of the center panel
of Fig. 7 to the far-right (control) panel shows the dramatic
impact of super-refraction on the RO refractivity profiles.
The sharp divergence towards negative values from around
1.7 to 1.2 km reflects the inability of the RO signal to cap-
ture the true refractivity in the presence of ducting. Further-
more, unlike the other two panels, the differences in refrac-
tivity across processing centers are marked. This highlights
the influence of minimum height choice and filtering dif-
ferences, meant to overcome super-refraction effects, on re-
trievals. The positive-bias panel (far left), on the other hand,
shows minimal difference between processing centers and no
dip into negative biases at very low heights. This similarity
between results from each processing center hints at a sys-
tematic bias between ERA5 and GNSS RO.

We also considered the effect of the El Niño–Southern
Oscillation (ENSO) on refractivity biases. The strongest El
Niño covered by COSMIC-1 was the 2015 event, which
peaked in strength in the autumn of that year. Compari-
son of the refractivity bias of UCAR relative to ERA5 for
September, October, and November (SON) of both 2008 and
2015 showed no noticeable difference. We thus conclude that
ENSO does not have a significant impact on the refractivity
bias.

4 Conclusions

In this study, we have presented a characterization of differ-
ences in refractivity retrievals in the PBL from NASA JPL,
UCAR, and ROM SAF. We have identified a new source of
bias in the PBL: a penetration sampling bias caused by the
different minimum heights assigned to an occultation by each
processing center. We find that the highest (most conserva-
tive) minimum height for all three processing centers is in
the tropics, with median minimum geopotential heights from
420–1000 m compared to 80–260 m for higher latitudes. We
identified a direct relationship between the refractivity gradi-
ent in the PBL and the minimum height of retrievals: lower
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Figure 5. Fractional refractivity differences between JPL and UCAR (a, b, c) and ROM SAF and UCAR (d, e, f) for winter (DJF) of 2008.
10°×10° maps of maritime fractional refractivity differences at selected heights of 0.8 km (a, d) and 2.6 km (b, e) show the spatial variation
of the distinct refractivity features found in mean refractivity difference profiles (c, f) indicated by gray horizontal lines. White cells indicate
masking. Note that bins which overlap the coastline still represent the median of only occultations over ocean. Many of these bins therefore
contain fewer samples and are more susceptible to noise than bins whose areas are entirely over the ocean.

Figure 6. Bias between refractivity profiles retrieved from COSMIC-1 by UCAR vs. those modeled by ERA5 for maritime occultations
for each season of 2008. Differences between GNSS RO, linearly interpolated in 20 m increments, and the model have been binned into
10°×10° bins, chosen such that every bin contains at least 30 occultations. The maps have further been masked so that only bins with means
greater than twice the standard error in the bin are shown. The color scale is set to a two-slope norm: yellow indicates zero bias, while the
differing slopes of the negative (blue) and positive (red) color scale allow the range of the negative-bias strength to be shown while also
making the weaker positive-bias regions visible. Analogous comparisons between JPL and ERA5 and between ROM SAF and ERA5 are
shown in Appendix B.

minimum heights correspond linearly with weaker refractiv-
ity gradients. The spatial variance of minimum penetration
height and differences across processing centers illustrate the

importance of considering this penetration sampling bias in
the planetary boundary layer, where the retrieval minimum
height is often higher than the PBL height. Within the trop-
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Figure 7. Fractional refractivity bias relative to ERA5 for all three processing centers, for three regions with distinct refractivity bias charac-
teristics: a positive-bias region (a), a strong-negative-bias region (b), and a control region with a weak negative bias (c). The thin, solid gray
line indicates no bias. Sample regions were chosen using the same masking scheme as Fig. 5. Gray, dashed horizontal lines indicate the two
heights of interest in this study (0.8 and 2.6 km).

ics, we find a band of lower minimum height (as low as 200–
500 m, depending on the center) near the Equator. This band
shows a weak correlation with the Intertropical Convergence
Zone (ITCZ) and the Pacific Cold Tongue, as explored in Ap-
pendix A.

We have investigated biases in refractivity retrievals, both
across processing centers and relative to ERA5. Across pro-
cessing centers, we found that UCAR had refractivity val-
ues between those of JPL and ROM SAF at 0.8 km for
the same occultations. These inter-center biases are approx-
imately ±0.3 %–0.5 % in the tropics and < 0.1 % outside.
Sokolovskiy et al. (2010) showed that retrievals with higher
minimum heights have a stronger negative bias in this region.
However, we also found that UCAR had the lowest minimum
heights of all three centers for all regions of the globe. There-
fore, the choice of minimum height alone cannot be respon-
sible for the refractivity bias between ROM SAF, JPL, and
UCAR at this height. This hints at an additional source of
refractivity bias in the PBL, which warrants further study.

Furthermore, we found that both JPL and ROM SAF re-
trieved higher refractivity than UCAR at 2.6 km, especially in
the tropics, where the inter-center bias is 0.5 %–1 % for ROM
SAF vs. UCAR and slightly smaller for JPL vs. UCAR. We
hypothesize that this may indicate that the width of the radio-
holographic filter of UCAR is in between that of JPL and
ROM SAF, which would have the greatest effect in regions
of high super-refraction (i.e., the tropics). Testing this hy-
pothesis requires tuning retrieval parameters. In future work,

we intend to vary parameters in the ROM SAF’s Radio Oc-
cultation Processing Package (ROPP) (Schwärz et al., 2024)
to attempt to recreate the refractivity biases identified in this
work to determine their cause.

We also note that the three processing centers use differ-
ent wave optics methods to overcome multi-path in the PBL:
UCAR uses a phase-matching technique that allows for ar-
bitrary GNSS and LEO orbits without approximate position
corrections (Jensen et al., 2004). ROM SAF and JPL use
a type-2 canonical transform (Gorbunov, 2002a, c), which
transforms the ray from the multivalued space of impact pa-
rameter and momentum to the single-valued space of phase
and conjugate momentum, allowing the ray to be integrated
without missing the ducting region (Gorbunov and Lauritsen,
2004).

Our comparison to ERA5 confirms the regions of negative
refractivity bias identified by Xie et al. (2010), while demon-
strating their robustness to the change of model. These re-
gions track regions of high stratocumulus coverage with bi-
ases of up to −4 % in regions with the highest cloud cover-
age, indicating that the negative refractivity bias is, in fact,
due to super-refraction (not shown). This is confirmed in
Fig. 7, where the stratocumulus region displays a very sharp
refractivity bias gradient near 1.5 km, indicative of super-
refraction. Biases throughout the tropics were found to be
approximately −1.5 % to −4 %.

We also identify areas of weak (up to 0.5 %) positive bias
at 0.8 km. These biases seem to appear throughout from ap-

https://doi.org/10.5194/amt-18-4293-2025 Atmos. Meas. Tech., 18, 4293–4310, 2025



4304 S. Vannah et al.: Refractivity from RO in the PBL

proximately 0.8 to 2.0 km in Fig. 7 and are consistent across
all processing centers. Feng et al. (2020) also identified (ex-
panded) positive-bias regions at 2.0 km. The bias regions at
0.8 km appear to be strongest in the winter hemispheres and
thus are not caused by sea ice melt. All three centers have
nearly identical biases relative to ERA5, including a clear
positive-bias “bump” that is strongest from approximately
1–1.5 km. This may be indicative of a failure of ERA5 to
capture sufficiently low temperatures in these regions, as the
bias is nearly identical irrespective of RO processing algo-
rithm. We hypothesize that cold air blowing over warm wa-
ter in these winter hemisphere regions may be creating model
errors in these regions that bias the model towards lower re-
fractivities. In contrast, however, all three panels of Fig. 7
show some degree of small positive bias at 2 km, agreeing
with results of Feng et al. (2020). This indicates the opposite
cause: that the small positive bias in these regions is due to a
universal GNSS RO positive refractivity bias that is usually
outweighed by the stronger negative bias. These positive-bias
regions warrant further investigation.

Appendix A: Equatorial minimum height structure

As discussed in Sect. 3.2, the minimum height is inversely
correlated with the refractivity gradient near the PBL top.
Figure A1 shows the global distribution of minimum height
for each processing center. The highest (most conservative)
minimum heights appear at the outer edges of the tropics
for all processing centers, interrupted by a thin, darker blue
band of lower minimum heights (deeper penetration) near the
Equator.

It has been shown that subsidence at the edges of the
Hadley cell produces sharp refractivity gradients that result
in a bias towards higher minimum heights (poorer penetra-
tion) (Xie et al., 2012), explaining the green bands of weaker
penetration along the outer edges of the tropics. In contrast,
the convection in the ITCZ may reduce the vertical disconti-
nuities in refractivity, therefore reducing the impact of noise-
and bias-inducing effects in the PBL such as atmospheric
multi-path and super-refraction. To test whether this low-
ers the minimum height of retrievals – potentially causing
the dark band of lower minimum height – we label precip-
itation data from NOAA’s Global Precipitation and Climate
Project (Adler et al., 2003), which combines satellite, sound-
ing, and rain gauge station data to assess global precipitation
on a 2.5°× 2.5° grid. The red stippling in Fig. A1 indicates
bins with high (greater than 5 mmd−1) average precipitation
during the shown seasons. The band of red stippling near the
Equator in each plot approximates the location of the ITCZ.
We find that the band of lower minimum height (better pen-
etration) only very roughly tracks the ITCZ, providing weak
evidence of a possible connection between the ITCZ and the
band of lower minimum height. While this band of low min-
imum height also roughly tracks the Pacific Cold Tongue

(Zhang et al., 2010; Jin, 1996; Moum et al., 2013) in the east-
ern Pacific, this mechanism is unable to explain why the band
also appears (although weaker) across the Atlantic Ocean.
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Figure A1. Maps of median minimum height on 5° bins for maritime occultations shared by all three processing centers for DJF (a, c, e) and
JJA (b, d, f) of 2008. Yellow coloring indicates more conservative (higher) minimum height. The minimum heights for all three centers are
highest in the tropics, especially for JPL, confirming the effects seen in Fig. 2. Bins with a seasonal mean precipitation of at least 5 mmd−1

on average are labeled with red stippling. No statistical mask is used in this figure so that fine, small-scale zonal and meridional patterns in
minimum height are shown, but abnormally high or low minimum height values in individual cells – especially those along coastlines – may
be due to larger noise.
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Appendix B: JPL and ROM SAF reference comparisons

Figures B1 and B2 show the biases of JPL and ROM SAF,
respectively, relative to ERA5.

Figure B1. Bias between refractivity profiles retrieved from COSMIC-1 by JPL vs. those modeled by ERA5 for maritime occultations for
each season of 2008, just as in Fig. 6. Differences between GNSS RO are shown, linearly interpolated in 20 m increments. The maps have
been masked to conceal bins with means below twice the standard error. The color scale is set to a two-slope norm: yellow indicates zero
bias, while the differing slopes of the negative (blue) and positive (red) color scale allow the range of the negative-bias strength to be shown
while also making the weaker-positive-bias regions visible.

Figure B2. Similar to Fig. B1 but comparing ROM SAF refractivity to ERA5.
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