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Abstract. The quasi-biennial oscillation (QBO) is a slowly
repeating cycle of winds which dominates tropical lower-
stratospheric dynamics and has been described as the “heart-
beat of the stratosphere”. However, it is challenging to rep-
resent in weather and climate models because its period-
icity and magnitude are controlled by small-scale gravity
waves (GWs) that cannot be resolved on model grids. To
quantify this GW driving we require high-resolution mea-
surements, ideally from satellites to ensure full spatial cov-
erage. Since 2002, the SABER instrument on the TIMED
satellite has provided such data, facilitating long-term stud-
ies of QBO GW driving. However, SABER is expected to
be decommissioned later this year, and no replacement is
planned. Here, we assess the possibility of using GNSS-RO
data to extend the 23-year SABER record. GNSS-RO can-
not be used as a simple replacement for long-term studies
because data volumes are too low before 2006 and for most
of the late 2010s, and thus, we ideally wish to supplement
rather than replace the SABER record. However, while the
two datasets have broadly similar lower stratospheric resolu-
tions when compared to the full Earth observation constel-
lation, GNSS-RO measurements are higher resolution in all
three dimensions than SABER and are oriented differently
in 3D space. As a result of this, GNSS-RO GW measure-
ments exhibit much larger GW potential energies (GWPE)
and shorter vertical wavelengths than those from SABER. To
understand these differences, we use a high-resolution run of
the GEOS model to produce synthetic GW measurements,
then systematically vary the measurement characteristics be-
tween those of the two real instruments. This allows us to
identify the key drivers of the different GW properties they
measure. We demonstrate that the differences between QBO-

driving GW properties measured by the two instruments are
primarily due to vertical resolution, with horizontal resolu-
tion (either along or across line of sight) and orientation angle
playing a negligible role. We further demonstrate that, with a
simple vertical smoothing of the GNSS-RO data in the verti-
cal before analysis for GWs, the measured GW properties be-
come near-identical, allowing us to use SABER and GNSS-
RO data near-equivalently for this use case. Since GNSS-RO
data are now a crucial component of the global numerical
weather prediction constellation and are hence highly likely
to be available in the long term, this allows us to produce a
consistent long-term record of QBO GW forcing from 2002
onwards without key gaps which would be otherwise present
in the early 2000s and late 2010s.

1 Introduction

The Quasi-Biennial Oscillation (QBO) is the dominant mode
of variability in the tropical stratosphere, characterized by al-
ternating and descending eastward and westward winds over
a cycle of approximately 28 months (Baldwin et al., 2001).
This oscillation is mainly driven by atmospheric waves, with
gravity waves (GWs) playing a significant role in westward
forcing, particularly those with short vertical wavelengths
(e.g. Anstey et al., 2022; Kim et al., 2024). Numerous ob-
servational studies have demonstrated that GWs with ver-
tical wavelengths of less than 10 km are essential for driv-
ing the QBO (e.g. Ern et al., 2014; Vincent and Alexander,
2020). These waves deposit momentum into the stratosphere
through dissipation, which reduces the wave momentum flux
and causes the zonal wind to shift towards the wave phase
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speed, leading to the descending shear zones of the easterlies
and westerlies (Dunkerton, 1997).

Accurate measurement of these gravity waves is crucial for
understanding the dynamics and variability of the QBO. Two
common remote sensing observations used for such stud-
ies are the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) mission and Global Naviga-
tion Satellite System Radio Occultation (GNSS-RO), both of
which provide long-term global coverage of the atmosphere.
SABER has been operational since 2002 (e.g. Remsberg,
2008). On the GNSS-RO side, while the Challenging Min-
isatellite Payload (CHAMP) mission in the early 2000s could
measure gravity waves in specific cases, in practice system-
atic coverage was not available until the launch of the Con-
stellation Observing System for Meteorology Ionosphere and
Climate (COSMIC-1) in 2006 (e.g. Poli and Joiner, 2003;
Wickert et al., 2002).

Although both GNSS-RO and SABER are capable of mea-
suring small-scale gravity waves and their interaction with
the QBO, in practice they capture different parts of the grav-
ity wave spectrum due to their varying sensitivities, obser-
vational geometries, and data retrieval processes. These dif-
ferences are known as the observational filters of the two in-
struments, a concept introduced by Alexander (1998). The
effect of the observational filter is a critical factor influenc-
ing the estimation of gravity wave properties, as has since
been highlighted in previous studies (e.g. Trinh et al., 2015;
Wright et al., 2016).

No existing observational technique to date can provide
both the global coverage and the spectral and temporal
resolution necessary to capture the full spectrum and ge-
ographic distribution of gravity waves (Alexander, 1998;
Preusse et al., 2009; Alexander et al., 2010). This limitation
is important because gravity wave properties can vary de-
pending on their spectral characteristics (Wright et al., 2016).
Therefore, understanding how the observational filters of dif-
ferent instruments influence gravity wave measurements is
essential for integrating observations from various sources
and gaining a more comprehensive view of the gravity wave
spectrum (Preusse et al., 2000; Wu et al., 2006).

The timeliness and importance of this study are under-
scored by the fact that the SABER instrument, originally de-
signed for a two-year mission, has been operational since
January 2002 (Brown et al., 2006) and is now in its 23rd
year of operations. As SABER ages and eventually becomes
non-operational, GNSS-RO is expected to continue to pro-
vide long-term observations. Accordingly, in this study, we
compare the results from both instruments, allowing us to
explore the potential for extending the work carried out in
previous SABER-driven studies of GW driving of the QBO
studies using GNSS-RO data after SABER’s operational life
ends. Our primary goal is thus to examine the differences
and similarities between GNSS-RO and SABER in captur-
ing gravity waves and their interactions with the QBO, and

to quantify the differences between the instruments caused
by the observational filter differences.

To do so, we conduct three types of analyses on the data:
(1) we apply the same analysis method to datasets from both
GNSS-RO and SABER, allowing us to investigate whether
the observed differences in gravity wave potential energy
measurements are due to observational limitations or analyt-
ical choices, (2) we perform independent analyses on syn-
thetic data designed to approximate measurements made by
both GNSS-RO and SABER to pinpoint the source of ob-
servational discrepancies, and (3) we then apply the insights
from the synthetic data analysis to the observational data to
assess how well the synthetic results align with real-world
observations and whether they explain the observational fil-
ter differences between the two instruments.

Several studies addressed the influence of the observa-
tional filter on the gravity wave estimation using a unified
analysis method. For example, Wright et al. (2011) com-
pares three instruments – SABER, Aura’s High Resolution
Dynamics Limb Sounder (HIRDLS), and COSMIC-1 – to
assess their similarity in detecting gravity wave perturba-
tions. Their study evaluated two methods for correlating and
detecting gravity waves globally, confirming that COSMIC-
1 can observe finer vertical structures than both SABER
and HIRDLS due to its vertical resolution. Wright et al.
(2016), meanwhile, conducted a regional comparison over
the southern Andes and Drake Passage by analyzing observa-
tions from various widely used gravity wave detection instru-
ments, including SABER and COSMIC-1. Their primary ob-
jective was to evaluate the energy of the gravity wave poten-
tial and vertical wavelengths within a common altitude range
to see how well they correlated. Their findings highlighted
key similarities and differences among the instruments, pro-
viding insight into how closely they reproduce each other’s
measurements.

While previous studies have compared GW Ep from
SABER and COSMIC, this is the first study to include sev-
eral merged GNSS-RO missions and compare them with
SABER. Our study focuses on the QBO region (defined as
10° S to 10° N), where gravity wave interactions with the
QBO have been analyzed individually using GNSS-RO and
SABER but not directly compared between the two tech-
niques. This comparison is critical, as it allows us to examine
the impact of each instrument’s observational filter on cap-
turing GW-QBO interactions and explore the potential for
GNSS-RO to extend SABER’s long-term observations, con-
tributing to future research on GW-QBO dynamics.

The paper is structured as follows: Sect. 2 describes the
two observational techniques, SABER and GNSS-RO, along
with the characteristics of the GEOS model dataset, which
we use to simulate temperatures as retrieved by both instru-
ments. Section 3 outlines the methods used to extract grav-
ity wave signatures and their wave parameters. In Sect. 4,
we present the findings from the direct comparison of ob-
servations, followed by quantification of key observational
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filter parameters in Sect. 5, where we identify which factors
most significantly impact GW Ep and vertical wavelength
estimates, then the application of the model results on obser-
vations in Sect. 6. Finally, Sect. 7 provides a summary and
discussion of the findings, and Sect. 8 concludes the main
points of the study.

2 Data

2.1 ERA5

The ERA5 dataset is the fifth generation of reanalysis prod-
ucts from the European Centre for Medium-Range Weather
Forecasts (ECMWF), generated using version 41r2 of their
Integrated Forecasting System (IFS) with Four-Dimensional
Variational (4DVar) data assimilation to combine model fore-
casts with observational data (Hersbach et al., 2020). The
dataset includes hourly estimates of atmospheric variables
such as temperature, humidity, wind, and pressure, as well as
derived quantities like precipitation and cloud cover, at a hor-
izontal resolution of approximately 31 km. To prevent wave
reflections at the model top, two artificial sponge layers are
employed in the IFS, with a weak sponge starting at 10 hPa
and a stronger one at 1 hPa (Hoffmann et al., 2019; Hersbach
et al., 2020).

In this study, we use zonal wind data averaged at the trop-
ics, defined here as 10° S–10° N. We analyze ERA5 3 h data
at 1.5° horizontal sampling on standard pressure levels with
an average vertical resolution of 1 km, focusing on 16 years
(2007–2022). The data are daily averaged. The selection of
the spatial and temporal coverage is to ensure consistency
between GNSS-RO and SABER datasets.

2.2 GNSS-RO

Global Navigation Satellite System Radio Occultation
(GNSS-RO) is a remote sensing technique that utilizes sig-
nals originally from GPS and currently from GNSS satellites
including GLONASS, GALILEO, and BeiDou to study the
Earth’s atmosphere (Leroy et al., 2023). The effectiveness of
GNSS-RO was first demonstrated by the Global Positioning
System Meteorology (GPS/MET) experiment between 1995
and 1997 (Kursinski et al., 1997; Rocken et al., 1997), and
continuous RO observations began with the CHAMP satel-
lite in 2001 (Poli and Joiner, 2003; Wickert et al., 2002).

For this study, GNSS-RO data were obtained from three
major global retrieval centers: the COSMIC Data Analy-
sis and Archive Center (CDAAC) at the University Corpo-
ration for Atmospheric Research (UCAR), the NASA Jet
Propulsion Laboratory (JPL), and the Radio Occultation Me-
teorology Satellite Application Facility (ROM SAF). The
data, which have been made publicly available through the
AWS Open Data Registry recently, provide long-term, high-
quality, and standardized GNSS-RO profiles, supporting con-
sistent atmospheric monitoring. Detailed information about

the data, including a description and details of accessibility,
is provided by Leroy (2022).

The merged dataset includes vertical profiles of temper-
ature, pressure, and humidity, along with derived parame-
ters such as geopotential height and refractivity. It offers
global coverage from the surface to the upper atmosphere
(0–50 km). The nearly dry stratosphere allows for the direct
use of dry temperature profiles from satellite measurements.

GNSS-RO data provide vertical resolution superior to that
of many other satellite-based remote sensing techniques.
This high resolution greatly enhances the study of atmo-
spheric gravity waves (Wright et al., 2011; de la Torre and
Alexander, 2005; Schmidt et al., 2016; Tsuda et al., 2000;
Wang and Alexander, 2010). The temperature profiles have a
vertical resolution of ∼ 1 km in the stratosphere with an es-
timated accuracy of ∼ 0.3 K between 5 and 30 km, (Kursin-
ski et al., 1997; Wright et al., 2011). Dry temperature data
from GNSS-RO measurements have a precision of approxi-
mately 0.5 K in the lower stratosphere, though errors increase
at altitudes above 35 km due to lower air density (Wang and
Alexander, 2010; Tsuda et al., 2011).

In this study, we use dry temperature profiles from
GNSS-RO measurements collected during 12 satellite mis-
sions (GRACE, SACC, CHAMP, COSMIC1, TSX, TDX,
C/NOFS, MetOp, KOMPSAT-5, PAZ, Geoopt, and Spire)
over the tropics (10° S–10° N) for the period from 2007 to
2022 (Leroy et al., 2023). This allows for merging a large
number of profiles per day, reaching up to 10 000 profiles
daily in the 2020s.

2.3 SABER

Sounding of the Atmosphere using Broadband Emission Ra-
diometry (SABER) is one of four instruments on NASA’s
Thermosphere, Ionosphere, Mesosphere Energetics and Dy-
namics (TIMED) satellite, and was designed to measure in-
frared emissions in the Earth’s atmosphere. Launched in
2001, SABER has been continuously providing data since
January 2002 and measurements are still ongoing at the
time of writing (e.g., Mlynczak, 1997; Russell et al., 1999;
Yee et al., 2003). The dataset is publicly accessible through
NASA’s data archives.

The instrument operates in a limb-viewing geometry. Ki-
netic temperature profiles span altitudes from 15 to 120 km,
with a precision of around 0.8 K in the stratosphere (Rems-
berg, 2008). SABER provides continuous near-global cov-
erage with constant measurements between 50° S and 50° N
year-round, and extending to either 80° S or 80° N during an
alternating 60 d yaw cycle.

SABER provides approximately 2200 atmospheric pro-
files globally per day, with a vertical resolution of about
2 km, along-track profile spacing between 200 and 550 km,
and 50 km across the line of sight (LOS). The line of sight
(LOS) is 90° off track (Mlynczak, 1997). SABER has been
widely used in atmospheric studies, particularly in research
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on gravity waves, atmospheric tides, and thermospheric dy-
namics (e.g., Krebsbach and Preusse, 2007; Preusse et al.,
2009; Ern et al., 2011; Wright et al., 2016; Liu et al., 2017).
We used daily temperature data over the tropics from 2007 to
2022.

2.4 GEOS

The Goddard Earth Observing System (GEOS) is a high-
resolution global non-hydrostatic atmospheric general circu-
lation model (Putman et al., 2014; Gelaro et al., 2015). It
uses a cubed-sphere horizontal grid with 2880 cells per edge,
resulting in a total of 17 280 horizontal grid cells. This con-
figuration provides a global grid spacing of approximately
3.125 km at the equator. The vertical grid of the model con-
sists of 181 hybrid sigma-pressure levels, spanning from the
surface to an altitude of about 0.01 hPa (approx. 85 km). The
lowest level is situated 18 m above the surface, and a sponge
layer is applied to the top 18 levels (i.e. from 0.3 to 0.01 hPa)
to prevent artificial reflections (Stephan et al., 2022).

The vertical step is approximately 200 m or less below
800 hPa (∼ 2 km), around 500 m near 600 hPa (∼ 4 km),
1 km near the tropopause (between 8 km at the poles and
18 km at the tropics), and about 2 km near the stratopause
(∼ 50 km). This level of vertical resolution and altitude range
enables the resampling of GEOS data to closely match the
retrieved temperatures from GNSS-RO and SABER, as the
required vertical resolution of GNSS-RO is 1.2 km and for
SABER is 2 km within the lower stratosphere.

We use model data from the DYAMOND-WINTER run,
sampled to match the retrieved temperature data from
SABER and GNSS-RO as described in Sect. 5. The simu-
lation was initialized with a common atmospheric analysis
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) and ran for 40 d, with specified sea-surface
temperatures updated every 7 d, as part of the atmosphere-
only experiments (Holt et al., 2017; Stephan et al., 2022).

Our study concentrates on the first week of the simula-
tion. This period is chosen as since the model is free-running,
we expect significant divergence from the true state at run
lengths beyond this (see e.g., Lear et al., 2024).

3 Methods

3.1 Background Removal and Spectral Analysis

We first analyze the time series of gravity wave potential en-
ergy (GW Ep) derived from GNSS-RO and SABER temper-
ature observations over the tropics (10° S–10° N) in the lower
stratosphere between 20 and 40 km altitude.

The GNSS-RO raw data undergoes several preprocessing
steps to prepare it for gravity wave analysis. First, we ex-
tract the required variables from the data files and restruc-
ture them into a unified daily data format of profiles per day
by altitude. We then select altitudes between 0 and 40 km,

to ensure the accuracy of the GNSS-RO data, interpolating
the data to a vertical resolution of 0.1 km across all variables
including temperature, latitude, longitude, and time. A data
cleaning process is applied, filtering out temperatures below
100 K or above 400 K, data beyond the latitude range of−90
to 90° and longitude range of −180 to 180°, and any data
above 40 km.

SABER raw data requires a slightly different approach.
We first apply the same unified structure used for GNSS-
RO, organizing it as daily Profiles × Altitude for the study
period (2007–2022). The altitude range for SABER data are
set between 0 and 120 km, and the data are interpolated to
a 0.5 km vertical spacing, to avoid oversampling the origi-
nal data. Post-quality control for temperatures, latitude, and
longitude is applied similarly to GNSS-RO.

After the quality control check, both datasets are trimmed
to the study region (20–40 km,±10° latitude). To ensure con-
sistency in the comparison between GNSS-RO and SABER,
the GNSS-RO data are at this stage downsampled to a 0.5 km
vertical spacing to match SABER; note that this still repre-
sents an oversampling relative to the expected resolution of
the observations.

To identify gravity wave signatures from the tempera-
tures we then apply a new method to the temperatures to
remove large-scale variations including Kelvin waves, tides,
or planetary waves, which we collectively treat as a large-
scale background. This method was adapted from our pre-
vious work using meteor radar data to estimate bulk winds
(Hindley et al., 2022). We assume that perturbations from
this background represent gravity wave signatures.

Previous work has employed a variety of analysis methods
to extract gravity wave signatures from temperature observa-
tions. One common approach involves applying a vertical fil-
ter with a chosen cutoff vertical wave number or wavelength,
(e.g., de la Torre and Alexander, 2005; Tsuda et al., 2000;
Hindley et al., 2015). Such a method does not effectively
remove Kelvin waves signals from the temperature fluctu-
ations, since the vertical wavelength of gravity and Kelvin
waves could be similar (e.g., Holton et al., 2001); since
these are common and strong in magnitude in the tropics,
such an approach, therefore, cannot be used here. Schmidt
et al. (2008) used a modified Gaussian window vertically
to separately filter tropospheric and lower stratospheric pro-
files, however, this method shows some discontinuities at
the tropopause which might introduce artificially enhanced
GW activity that can propagate to the lower stratosphere. Fi-
nally, Wang and Alexander (2010) binned temperature pro-
files within each day to a 15°× 10° longitude and latitude
resolution, then applied a Stockwell transform (S-transform)
(Stockwell et al., 1996) to remove zonal wavenumbers 0–6.
This method depends on the data coverage and the number
of measurement points available per bin to accurately repre-
sent the background. It can introduce some artifacts in the
temperature perturbations, particularly near the tropopause.
Therefore, the binning method is not ideal for the GNSS-RO
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dataset, since the GNSS-RO profiles are sparse in geophys-
ical locations, especially around the equator for the period
before 2019.

In this study, we instead use a weighted sine fitting ap-
proach to identify and remove the large-scale background
from our observations. Our method is applied zonally and
followed by spectral analysis to ensure the removal of large-
scale waves, including Kelvin waves. This weighting ap-
proach has significant advantages in terms of bringing in
more points to calculate the background temperature and is
hence arguably a more robust method (Hindley et al., 2022).

Figure 1 illustrates the steps of our method. We start with
the vertical profiles of temperature from SABER and GNSS-
RO at different longitudes, latitudes, and times. Then, step-
ping in increments of 2° latitude, 1 km altitude, and 1 d in
time, we calculate weightings for every temperature mea-
surement point derived from Gaussian functions with Full
Width at Half Maxima (FWHMs) set to 4°, 2 km, and 1 d, re-
spectively. For each increment in latitude, altitude and time
we use these weightings in a weighted sinusoidal fitting
function (see Hindley et al., 2022, their Sect. 3) to recover
Acos( 2πφ

N
)+B sin( 2πφ

N
)+C, where φ is longitude, A and B

are the fitted coefficients, N = (1. . .9) is a vector containing
zonal wavenumbers 1 to 9 and C is the zonal mean for each
latitude, altitude and time step. This fit is calculated using
matrix inversion and the weightings are applied as shown in
Eq. (3) of (Hindley et al., 2022).

The fitted coefficients A, B, and C are then interpolated
back to the latitudes, longitudes, heights, and times of the
measurement locations and then evaluated as a summation of
each zonal wavenumber 1 to 9. This creates our large-scale
background temperature field. This approach is superior to
traditional binning approaches due to (i) all available data
within two standard deviations of each latitude, altitude and
time point is used to derive the fitted background, reducing
spurious results; (ii) the locations of the fitted coefficients are
allowed to change with the distribution of the measurements,
rather than being fixed to the bin center; and (iii) the coef-
ficients are interpolated to the location of each measurement
point before being evaluated. The evaluated background tem-
perature is then subtracted from each measurement point to
create profiles of residual temperature perturbations due to
gravity waves.

We then apply the S-transform to each residual temper-
ature profile to derive the amplitudes and vertical wave-
lengths of GWs (e.g., Stockwell et al., 1996; Alexander,
1998; Wright and Gille, 2013; Wright et al., 2017; Hind-
ley et al., 2019b). The S-transform provides time-localized
frequency information. To avoid wraparound at the verti-
cal ends of the profile, we apply a zero-padding of 20 km
at the top and bottom of the profile before applying the S-
transform (Wright et al., 2010). Due to the short vertical
range of the GNSS-RO measurements, we also impose a
vertical wavelength detection limit of 20 km. As part of the

post-processing, we focus particularly on small-scale gravity
waves with vertical wavelengths less than 12 km.

The S-transform derived gravity wave temperature ampli-
tudes are used to calculate the GW Potential Energy (Ep) as:

Ep =
1
2
g2

N2

(
T ′

T0

)2

(1)

where, g represents the acceleration due to gravity, N the
buoyancy frequency derived from measured background
temperatures, and T ′ and T0 represent temperature amplitude
and background, respectively.

For our subsequent analyses, we use daily averages of all
the profiles measured within each day. The same analysis has
been performed on both GNSS-RO and SABER datasets.

3.2 Definitions

Before we describe our main results, it is important to define
some key terms that will be used extensively throughout the
study.

Various studies on the QBO have chosen specific alti-
tudes for their analysis, such as 30 km by Nath et al. (2014),
∼ 24 km (30 hPa) by Osprey et al. (2016), and 28 km by Ern
et al. (2014). Given that the core of QBO variability occurs
between 20 and 30 km, here we use the zonal wind from
ERA5 data at 25 km over the latitudinal band of±10° around
the equator to define the QBO phases and cycles. A QBO cy-
cle is defined in this study as the period corresponding to the
distance between 2 successive eastward peaks of the zonal
wind. The zonal wind is daily averaged and smoothed for the
plot. The eastward (positive) and westward (negative) wind
phases are referred to as the EQBO and WQBO phases, re-
spectively, as shown in Fig. 2b.

The colour plot shown in Fig. 2c shows a time-height
cross-section of an arbitrary QBO cycle with a period of
28 months. The time series plot shows the zonal wind at
25 km, with the positive part corresponding to the eastward
phase of the QBO (EQBO) and the negative part correspond-
ing to the westward phase (WQBO). The profile shown in
Fig. 2a illustrates how we define the eastward and west-
ward wind shears. The eastward wind shear is defined as the
change of the wind with altitude from westward to eastward,
and vice versa for the westward wind shear.

3.3 QBO cycles

The chosen period (2007–2022) encompasses five full
QBO cycles. This period includes the only two disruptions
recorded in more than 60 years of QBO data, specifically the
major 2016 (e.g., Osprey et al., 2016) and 2019 (e.g., Anstey
et al., 2022) disruptions. Since these two QBO disruptions
are quite different in character, we consider each individually
in our subsequent analyses. The first disruption is character-
ized by the QBO winds being westward above 30 km and
eastward beneath. The westward phase propagated down-
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Figure 1. A flowchart demonstrating the steps of the background removal method from the retrieved temperature data to the temperature
residuals where the S-Transform is then applied to.

Figure 2. Schematic representation of the QBO terminology through the study. Panel (a) shows the Eastward and Westward wind shear.
Panel (b) shows the EQBO and WQBO, and Panel (c) is one arbitrary regular QBO cycle from the time series that shows the westward
phase (blue) with the dashed contour lines and the eastward phase(red) with the solid contour lines. the thick black contour lines show the
zero-wind line.

ward as is typical, but its descent had stalled. The second
disruption in 2019 differs in that a shallow layer of westward
wind appears between 25 and 30 km, interrupting the east-
ward phase.

Figure 3 shows the ERA5 zonal mean zonal winds in the
tropics within the study period. We first divide the five cycles
into two categories, specifically “regular” and “disrupted”.
A “regular” cycle is a cycle of the period length of in aver-
age 28 months, while the disruptions are defined according to
both literature as well as the cycles where a weakening of the
eastward winds in the lower stratosphere occur interrupted

by the westward wind (Osprey et al., 2016). Note that the
regular QBO cycles vary in length and sometimes in struc-
ture. For example, the eastward wind shear is stronger at the
end of 2009 indicated by the steep slope of zero-line wind,
and the eastward wind is stalled at the beginning of 2009.

We compared ERA5 zonal winds to Singapore sonde
winds and no significant differences are found between both
datasets in their regions of vertical overlap. Based on this,
we choose to use ERA5 for better coverage over the altitude
ranges observed by GNSS-RO and SABER.
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Figure 3. Time-Height cross-section of the ERA5 zonal winds at the tropics for the period 2007–2022. Regular cycles (a) and the 2016
and 2019 QBO disruptions (b). The dashed contour lines and the purple colour represent the westward (negative) winds, the blue colour
represents the eastward (positive) winds, and the solid lines indicate the zero-wind lines.

4 SABER and GNSS-RO Observation Results

In this section, we compare both quantitatively and qualita-
tively the features of the GW signature derived from SABER
and GNSS-RO observations. We carry out this comparison
in terms of GW Ep and vertical wavelength λz; these two
metrics are chosen because they can be measured easily us-
ing both instruments, unlike the other more heavily derived
parameters such as momentum flux.

Before proceeding with analysis and comparison of both
datasets, we first highlight the differences in observational
filters between both instruments and how these differences
may introduce discrepancies and biases in the results, poten-
tially leading to the two instruments preferentially measuring
different parts of the true geophysical GW spectrum. These
main differences are:

– SABER measures the atmospheric state along a
regularly-spaced track, with a horizontal sampling spac-
ing alternating between approximately 300–500 km be-
tween adjacent profiles at the height 30 km, arising as a
result of the instrument’s vertical scanning pattern (see
e.g. Remsberg, 2008). In contrast, GNSS-RO provides
profiles pseudorandomly located in both time and space,
resulting in non-uniform coverage across different re-
gions of the globe (Anthes et al., 2008). This differ-
ence in coverage leads to differences in the observed
waves. For example, with SABER, we can estimate the
horizontal wavelength (λh) of the wave given the dis-
tance between the adjacent profiles in time; however,
accurate measurements of the λh are difficult or impos-
sible for GNSS-RO because the profiles are not regu-
larly spaced. It was possible to estimate the GW mo-

mentum flux (MF) and λh only at the early missions of
GNSS-RO where the satellites were closely spaced, and
this has been done in (e.g., Wang and Alexander, 2010;
Faber et al., 2013), but this is not an option in the more
general case we consider here.

– Due to the nature of the instrument’s temperature re-
trieval, the GNSS-RO measurements become increas-
ingly dominated by a priori estimates of the atmospheric
state with increasing height, making the data unreli-
able above about 40 km. However, below 40 km, GNSS-
RO data maintains a high level of quality. In contrast,
SABER data performs well in the 20–90 km altitude
range but is less reliable at lower altitudes. Therefore,
the most reliable range for comparison between these
two datasets is from 20 to 40 km (Fan et al., 2015). This
sensitivity to specific altitude ranges affects the estima-
tion of the GW Ep from both instruments, with more
reliability of GNSS-RO GW Ep results at lower alti-
tudes than SABER and vice versa for higher altitudes
(> 40 km) (e.g. Wright et al., 2011, 2016).

– SABER and GNSS-RO detect gravity waves differently
due to their distinct geometries and line-of-sight (LOS)
orientations relative to the wavefront. For GNSS-RO,
any given wave is observed from a random direction,
which can lead to amplitude degradation and phase
shifts across individual profiles (Alexander et al., 2008).
Since the LOS can intersect the wavefront at differ-
ent angles, this results in apparent horizontal and ver-
tical wavelengths that can differ from the true state, and
wavelengths that can be distorted based on the relative
orientation of the observation to the wave (Alexander
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et al., 2008). For SABER meanwhile, the latitude posi-
tion of the measurement and orbital node from which
the measurement is taken determines the angle from
which each wave is observed, leading to a more con-
sistent product with quite different direction biases to
GNSS-RO, which can bias vertical wavelength and am-
plitude estimation (Trinh et al., 2015; Schmidt et al.,
2016; Wright and Hindley, 2018).

– GNSS-RO provides high vertical resolution, due to
the precise bending angle measurement, allowing for
measuring waves within the range 2km≤ λz ≤ 25km
(Wright et al., 2016). The horizontal resolution is also
high, typically on the order of tens of kilometers λh >∼

270km), due to the large number of GPS satellites and
the wide distribution of receiving stations (Wright et al.,
2011, 2016; Wright and Hindley, 2018). SABER on the
other hand provides longer wavelengths 4km≤ λz ≤
25km and 400 km≤ λh ≤ 2000km.

Given such differences, we expect GW properties mea-
sured by these two instruments to deviate from one another.
To compare them as fairly as possible, in this study we
use the same analysis method on both datasets and in do-
ing so limit the analysis to GWs with vertical wavelengths
≤ 12 km. In subsequent Sections, we will compare SABER
and GNSS-RO measured GW parameters first using a sim-
ple periodogram analysis, after which we will compare GW
Ep and λz estimated from both instruments during different
QBO cycles.

4.1 Periodogram

We first present results from a periodogram analysis of GW
Ep derived from GNSS-RO and SABER data and ERA5
zonal winds, focusing on the tropics at an altitude of 25 km.
We used the Lomb-Scargle periodogram analysis to detect
and characterize the periodicity in each of the three time-
series.

To permit a simple visual comparison, in our analysis we
scale the power spectra resulting from this analysis to twice
the total variance of each dataset for comparability. Figure 4
shows the resulting scaled periodogram, with the ordinate
representing the scaled power spectra and the abscissa the
periods of the inferred signals. Two scenarios were analyzed:
the first covers the period without disruptions, from 2007 to
2015 (panel (a) of Fig. 4), and the second includes the disrup-
tion period, spanning from 2007 to 2022 (panel (b) of Fig. 4).

Figure 4a shows in black the periodogram measured for
ERA5 zonal winds in the QBO region during the time where
only regular cycles appear (corresponding to the periods
shown in Fig. 3a). Periodograms derived from GW Ep as
observed by GNSS-RO and SABER are overlaid in red and
blue respectively. The dominant peak in the zonal wind data
occurs at 2.44 years (approximately 29.35 months), which is
slightly longer than the typical QBO cycle period of about 28

months. This peak is 6 times larger than the second-highest
peak, indicating that the primary temporal characteristic of
the zonal wind dataset is an oscillation with an average pe-
riod of roughly 29 months. The peak does not align exactly
with 28 months due to the irregularity of QBO cycles, which
can extend beyond 28 months, and due to the short length
of our data record relative to the long-term variability of the
QBO.

The periodogram of GW Ep from SABER (blue line) ex-
hibits two prominent peaks: a primary peak at a period of 1
year and a secondary peak corresponding to the typical QBO
period. The primary peak indicates an annual variability in
SABER GW Ep, consistent with earlier findings where grav-
ity waves exhibited strong annual periodicity (Preusse et al.,
2009; Zhang et al., 2012; Shuai et al., 2014). The secondary
peak at 2.44 years confirms that SABER GW Ep is modu-
lated by the QBO, aligning with previous studies such as Ern
et al. (2014), which demonstrated that GW momentum flux
with short vertical wavelengths (λz ≤ 12 km) interacts with
the QBO. The annual peak is more dominant than the QBO
peak, even when focusing on short vertical wavelengths. This
indicates that the GW spectra captured by SABER is domi-
nated by a strong annual cycle rather than by interactions
with the QBO.

The periodogram of GW Ep derived from GNSS-RO
data presents a different pattern than SABER, featuring a
broad primary peak at 2.72 years (around 32 months) and
a smaller secondary peak at 1.25 years. The primary peak
aligns closely with the zonal wind peak, while the annual
peak reflects the seasonal variation of GW Ep. The 1.25-
year peak remains unclear, though it may be related to shorter
QBO cycles, which will be explored later.

The peaks and the shape of the periodogram changed when
selecting longer period. This is true of all three datasets
as shown in Fig. 4b. The reduced power of zonal winds
is a mathematical consequence of the additional periodic-
ity introduced by the disruptions, which occurs with pe-
riods over 28–29 months. While the dominant peak from
the ERA5 zonal wind remains unchanged, a second peak
of nearly equal power appears at approximately 2.92 years
(' 34.6 months). Additionally, there is a third peak at 3.6
years (' 43.2 months) and two double peaks of equal power
at 1.8 and 2 years. This variability can be partly explained
by changes in the apparent length of the QBO periods during
these disruptions. This result indicates that the time series of
the zonal wind exhibits a superposition of short periods of
1.8–2 years and a longer period of approx. 2.3 years, as well
as a longer period of the disruptions which is about 3.6 years.

Although the GWEp from SABER shows a similar overall
structure to the ERA5 zonal wind periodogram, the dominant
peak remains at 1 year, with stronger power spectra com-
pared to Panel (a). The second most prominent peak aligns
with the regular cycle of the QBO. This confirms that the
primary feature of the GW spectra observed by SABER is its

Atmos. Meas. Tech., 18, 6393–6416, 2025 https://doi.org/10.5194/amt-18-6393-2025



M. Almowafy et al.: Stratospheric gravity waves in a post-limb sounder era 6401

annual variability, reflecting a pronounced seasonal cycle in
the GW energy.

The GW Ep from GNSS-RO shifts with the change in
analysis period to include the disruptions, now showing
a dominant peak at 3 years (36 months), which remains
stronger than the annual peak. The increased power at around
3 years suggests a stronger interaction between GW spectra
captured by GNSS-RO and the QBO.

A persistent peak at 1.25 years is evident in all three
datasets, suggesting a strong interaction between gravity
waves (GW) and the quasi-biennial oscillation (QBO) in both
SABER and GNSS-RO data. In zonal wind, the peak at 1.25
is not as strong as the peaks at 1.8 and 2 years, however, it is
visible in the three datasets; ERA5 zonal winds, GNSS-RO,
and SABER GW Ep. This is possibly due to the fact that
zonal wind during the disruption apparently exhibits con-
nected short periods of the QBO with a length of approxi-
mately 1.25 years. Statistical significance has been estimated
for the primary peak of each of the three time series using
the False Alarm Probability (FAP) technique. This approach
estimates the likelihood of an incorrect finding in an analysis
period. FAPs below 0.01 (1%) are considered very secure.
We estimated the values for all three parameters; QBO, Ep
(GNSS), and Ep (SABER), finding that:

– The most significant period of QBO is 2.4 years with 0
FAP.

– The most significant period of Ep(GNSS) is 2.7 years
with a FAP value of much less than a sensible number.

– The most significant period of Ep(SABER) is 1 year
with FAP of 8.1× 10−87.

These values of FAP confirm that the dominant peaks of
zonal wind, Ep from GNSS-RO and SABER are statistically
significant.

It is well known that small-scale gravity waves contribute
to the disruption of the QBO (Li et al., 2023). This peri-
odogram analysis suggests that GNSS-RO, with its higher
sensitivity to shorter vertical wavelengths, finer vertical res-
olution, and broader altitude coverage, captures these small-
scale waves and their effects more effectively. In contrast,
SABER is more sensitive to longer wavelengths, perhaps
leading to undersampling of the shorter scales. This differ-
ence may explain why the effect of the two disrupted QBOs
is clearly visible in the periodogram of GW Ep from GNSS-
RO but not as distinctly in the SABER data. The results fur-
ther suggest that the ability of GNSS-RO to capture grav-
ity wave spectrum changes linked to the QBO better than
SABER may mainly be due to differences in their respective
observational filter.

Although the periodogram method is highly sensitive to
the length and variability of the input data, it remains a valid
approach that confirms previous findings about small-scale
GWs playing a major role in driving the QBO (e.g., Wang

and Alexander, 2010; Anstey et al., 2022; Nath et al., 2014;
Tsuda et al., 2011). Instruments with longer vertical wave-
lengths, such as AIRS data, for example, do not show any
QBO signal (Hindley et al., 2019a). These results underscore
the importance of comparisons between SABER and GNSS-
RO as a means of highlighting the instrument’s relative sen-
sitivity to different scales of gravity waves and of identifying
the influence of their observational filters in capturing GW-
QBO interaction.

4.2 Potential Energy from GNSS-RO and SABER

We next proceed to examine the key differences between
GNSS-RO and SABER in capturing the GWs-QBO interac-
tion. Specifically, in this section we examine the difference
in GW Ep measured by the two instruments, and how this is
modulated by the QBO.

Figure 5 shows the GW Ep difference between GNSS-RO
and SABER averaged over the latitudes ±10° during differ-
ent QBO cycles. The absolute values of Ep and λz for each
instrument are shown in the Figs. A1 and A2, respectively.
For simplicity, and since the GW Ep from both instruments
does not vary significantly from one regular QBO cycle to an-
other, we chose to focus on the first regular QBO cycle within
the study period as a representative example of the three reg-
ular cycles. In contrast, the 2016 and 2019 disruptions are
presented separately due to their distinct characteristics. Our
results exhibit several key features:

1. GNSS-RO exhibits higher GW Ep than SABER in all
cycles, as shown by Fig. 5a. This difference is on av-
erage of order 2 Jkg−1 and reaches a maximum of
5 Jkg−1 at lower altitudes (20–25 km). The difference
decreases with altitude until it almost vanishes at alti-
tudes above 35 km.

2. The most evident dissimilarity in GW Ep is found at
lower altitudes and during the transitions between QBO
phases, such as from EQBO to WQBO and vice versa.
This is attributed to the varying sensitivity of each in-
strument to specific altitude ranges (Tsuda et al., 2009;
Ern et al., 2018). The GNSS-RO exhibits higher Ep at
the phase transitions and during the eastward phase be-
cause of the variation of the GW convective sources
around the equator at the northern and southern hemi-
spheres. This is in agreement with previous studies
showing that most of the GW activity is found at the
transitions between QBO phases and due to the inter-
hemispheric variability e.g., (De la Torre et al., 2006;
Nath et al., 2014; Luo et al., 2021).

3. During the 2016 disruption, the GW Ep difference be-
tween GNSS-RO and SABER is smaller above∼ 30 km
compared to the other two cycles and even reverses at an
altitude of around 34 km, where GW Ep from SABER
slightly larger than that of GNSS-RO.
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Figure 4. Periodogram of the ERA5 zonal mean zonal winds (black), GW Ep from GNSS-RO (red), and SABER (blue). The theoretical
period of the QBO is indicated by the dashed line. Panel (a) is the period from 2007 to 2015, where no disruption occurs, and panel (b) is for
the whole period (2007–2022), including 2016 and 2019 disruptions. The x-axis is the time in years. the y-axis is the scaled power spectral
density.

4. The difference is smaller during the WQBO phase. No-
tably, GW Ep tends to diminish or be filtered out, par-
ticularly from SABER, above the zero-wind line. This
is consistent with previous findings by Ern et al. (2014).

5. During the 2016 disruption, the difference is minimal
above 30 km. This is possibly due to the decreased GW
activity during the disruption (Luo et al., 2021; Li et al.,
2023).

6. The pattern of Ep during the 2019 disruption closely
matches that of the 2016 disruption, with an increase
in GW Ep observed during the transition from the
eastward to the westward phase of the QBO. Overall,
GNSS-RO shows higherEp at all altitudes than SABER
during the 2019 disruption compared to the 2016 event.

4.3 Vertical wavelength from GNSS-RO and SABER

Next, we investigate how the observational filters of each in-
strument affect the vertical wavelength of the observed grav-
ity waves.

During “typical” QBO cycles, both GNSS-RO and
SABER display a consistent pattern of longer vertical wave-
lengths at higher altitudes and shorter ones at lower altitudes.
This is consistent with our understanding of GW propaga-
tion, as shorter vertical wavelengths are typically filtered out
by the wind at lower altitudes, while larger vertical wave-
lengths are less affected by dissipation and, therefore, tend
to propagate higher (e.g., Yiğit and Medvedev, 2016; Heale
et al., 2018). Notably, during the three QBO cases, vertical
wavelength from GNSS-RO is minimum at the transitions

from EQBO to WQBO and vice versa except at the end of
the 2019 disruption. This trend is not observed in SABER.

5 Model Sampled Data

When we identified discrepancies between our results from
SABER and GNSS-RO, we ascribed these differences to the
limitations in each instrument’s observational filter in Sect. 4.
However, the exact causes behind these variations remain un-
clear – in particular, which specific elements of the observa-
tional filters contribute to these differences? In this section,
we investigate the factors driving these discrepancies, to link
them to measurable parameters. Additionally, we aim to gain
a better understanding of how different the observational fil-
ters are of these two instruments. Addressing these differ-
ences is crucial to determining whether GNSS-RO data can
be used to extend the study of GW-QBO interactions, build-
ing upon the extensive previous work using SABER.

To do this, we use one week of output (representing
the period 20–26 January 2020) from a 40 d free-running
DYAMOND-WINTER simulation carried out using the 3 km
resolution GEOS model. These dates were selected as they
are close to model initialisation on the 20 January, and thus
represent a broadly realistic atmospheric state. Using this
model output, we produce synthetic estimates of tempera-
tures in the model as they would be observed by SABER-
and GNSS-RO-type instruments. The high resolution of the
GEOS model allows it to capture a large fraction of small-
scale gravity waves (Holt et al., 2016, 2017). The model is
capable of reproducing a realistic QBO in Holt et al. (2016),
making it an appropriate choice for our study.

Atmos. Meas. Tech., 18, 6393–6416, 2025 https://doi.org/10.5194/amt-18-6393-2025



M. Almowafy et al.: Stratospheric gravity waves in a post-limb sounder era 6403

Figure 5. Time-Height cross-section of the difference in GW Ep between GNSS-RO and SABER (color map) overlaid by the zonal winds
at the QBO region shown in contour lines, with solid lines represent zero-wind line and dashed lines represent the westward winds with a
spacing of 5 m s−1 during one regular cycle (a) the 2016 disruption (b) and the 2019 disruption (c).

Figure 6. Same as Fig. 5 but for Vertical Wavelength (λz).

In Sect. 4, we discussed the observational filter differences
between SABER and GNSS-RO. To identify the key factors
contributing to the discrepancies in GW Ep results between
the two instruments, we here sample GEOS temperatures to
simulate the temperature retrievals of SABER and GNSS-
RO, following the method from Wright and Hindley (2018),
which has previously been applied to reanalysis data (Wright
and Hindley, 2018) and to high-resolution global model data
(Lear et al., 2024).

Using this approach, temperature estimates were extracted
from the model and used to compute GW Ep and λz, at
resolutions and oversampling volumes consistent with true
SABER and GNSS-RO measurements. To derive gravity
wave parameters, we then applied the same background re-
moval technique as used for the actual SABER and GNSS-
RO temperature data in Sect. 3.1, followed by applying
a second-order Savitzky-Golay low-pass filter with a 3 km
frame size to smooth out small-scale variations. This ap-
proach is similar to the method described in Hindley et al.
(2015). Here we used the Savitzky-Golay filter instead of the
weighted sine fitting approach (Sect. 3.1) because the data
length was insufficient for the sine fitting method. Finally,
we applied the S-Transform to the temperature perturbations
T ′ to extract the vertical wavelength λz and then used Eq. (1)
to calculate GW Ep. The range of the vertical wavelength
used for sampling both instruments is between 2 and 14 km.

To understand the differences between the two instru-
ments, we then systematically varied four key parameters
representing differences between measurements made by the
two real instruments and used the resulting data to assess the
impact of these varied parameters on “measured” GW Ep.
The four parameters, varied over the ranges described in Ta-
ble 1, are defined as follows:

1. Viewing Angle (θ ): this is defined as the bearing
between the north and the instrument Line-Of-Sight
(LOS). For SABER, this angle alternates between 90°
off the satellite’s along-track travel vector for the
northward-looking mode and 270° for the southward-
looking mode (Trinh et al., 2015). Real GNSS-RO data
have a randomly distributed viewing angle due to their
varying orientations.

2. Vertical resolution (1Z): This is defined as the FWHM
of the vertical averaging implicit in the combined mea-
surement and retrieval of each instrument, and repre-
sents the minimum altitude separation at which two at-
mospheric features can be distinguished in the retrieved
profiles.

– For GNSS-RO, the vertical resolution depends on
the bending angle; more information about the de-
termination of vertical resolution of GNSS-RO data
can be found in Kursinski et al. (1997).
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– For SABER, the vertical resolution is determined
by the projection of the field of view (Mertens et al.,
2009).

3. Along-LOS resolution (1X): This is defined as the
FWHM of the instrument’s resolution along the Line-
Of-Sight (LOS) (Wright and Hindley, 2018), we will
refer to it as “aLOS” in the following text:

– For GNSS-RO, Kursinski et al. (1997) defines the
aLOS resolution (1Z) as the distance traveled by
the GPS ray as it enters and exits the atmosphere,
approximately 270 km.

– For SABER, aLOS is determined by the instru-
ment’s Field-Of-View (FOV), detector size, and the
satellite’s velocity (Wu et al., 2006; Trinh et al.,
2015), and it is on average 400 km (Alexander et al.,
2008).

4. Across-LOS resolution (1Y ): This is defined as the
FWHM of the instrument’s resolution across the LOS.
This refers to the resolution in the direction perpendic-
ular to the satellite’s flight path, affecting the ability to
resolve features across the satellite’s swath or footprint.
This parameter is crucial in remote sensing, as it de-
termines the instrument’s capability to capture features
across the satellite’s motion. We will refer to this pa-
rameter as xLOS.

Table 1 presents the different values selected for each of
the four parameters, based on the characteristics of SABER
and GNSS-RO. The viewing angle was varied from −90 to
70° in 20° increments, with higher angles excluded to pre-
vent the repetition of the same angles for the selected profiles
(Wright and Hindley, 2018). The vertical resolution was var-
ied from 1.2 to 2 km, in steps of 0.1 km, representing the res-
olutions of GNSS-RO and SABER, respectively. The aLOS
resolution was varied from 230 to 310 km in 10 km steps,
while the xLOS resolution ranged from 1.2 to 50 km, with a
step size of 5.4 km. We systematically vary each parameter
within its defined range and run our sampling code at each
specific value. This process provides the sampled tempera-
ture corresponding to each value for each parameter, while
keeping the other parameters fixed as each individual param-
eter is varied.

5.1 Results

5.1.1 Gravity Wave Potential Energy

Figure 7 presents the model-sampled GW Ep for SABER
(grey) and GNSS-RO (pink). Each panel corresponds to one
of the four studied parameters. The mean GWEp between 20
and 30 km altitude for each instrument is displayed over the
1-week simulation period, illustrating how it varies across

Table 1. Varied parameters for the model sampled data with the
value of each parameter corresponding to each instrument and the
varying step. θ : viewing angle,1Z: Vertical resolution,1X: along-
LOS resolution, 1Y : across-LOS resolution.

Parameter SABER GNSS-RO Varying step

θ 90° – 20°
1Z 2 km 1.2 km 0.1 km
1X 300 km 230 km 10 km
1Y 50 km 1.5 km 5.4 km

the range of tested parameter values. The dark-shaded re-
gions represent a 50 % confidence interval derived from a
bootstrap analysis with 10 000 resamplings, while the lighter-
shaded areas indicate a 95 % confidence interval. It is impor-
tant to note that the mean shown here is the median of the
bootstrap-estimated distribution of mean states. The results
show the following:

1. Viewing angle:

In general, the GW Ep from the sampled GNSS-RO is
roughly twice as high as that from the SABER-sampled
GW Ep. For GNSS-RO, the variation in Ep with re-
spect to the viewing angle is well within our uncer-
tainty range, consistent with the true observations be-
ing randomly distributed in the viewing angle; specifi-
cally, the change in Ep across different angles is around
0.5 Jkg−1, indicating a negligible impact. For SABER,
during this period, the TIMED satellite faced north-
ward. Since it is inclined by 74.1° with respect to the
true north, the viewing angle should be 90°+ 74.1°=
164.1°. Ep shows a minimum around 10°, with a slight
variation of approximately 0.1 Jkg−1 between the mini-
mum and maximum values across angles. This suggests
that changes in the viewing angle do not significantly
affect Ep for either SABER or GNSS-RO.

2. Vertical Resolution:

Both GNSS-RO and SABER exhibit similar behavior
in terms of vertical resolution. The GNSS-RO verti-
cal resolution is 1.2 km, while for SABER it is 2 km.
The GW Ep in both instruments decreases significantly,
compared to other parameters, when transitioning from
higher to lower resolution. As vertical resolution im-
proves, the GW Ep increases, capturing a larger por-
tion of the gravity wave spectrum, particularly small-
scale waves. The difference in GW Ep between SABER
and GNSS-RO is around 2 Jkg−1, and this discrepancy
is consistent across both instruments. This finding un-
derscores the important role that the vertical resolution
plays in estimating GW Ep. Additionally, the narrow
50 % and 95 % confidence intervals for both instruments
suggest that the mean GW Ep and its variation with ver-
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tical resolution (1Z) reliably reflect the impact of reso-
lution on GW Ep values.

3. aLOS Resolution:

The offset between GW Ep from SABER and GNSS-
RO remains, with GW Ep from GNSS-RO being ap-
proximately twice as large as that from SABER. The
impact of aLOS variation on GW Ep is even smaller
than the effect of viewing angle. For GNSS-RO, the
variation is around 0.2 Jkg−1, while for SABER it is
less than 0.1 J kg−1.

4. xLOS Resolution:

GNSS-RO exhibits a very slight variation in GW Ep
with changes in xLOS resolution. Conversely, SABER
shows no variation in GW Ep with changes in 1Y . The
large uncertainty surrounding the mean in both1X and
1Y plots indicates that the impact of these parameters
on the variability of GW Ep is not significant or clearly
defined.

It is important to highlight that these analyses examine
only one week of data from a free-running model which is in-
herently limited in resolution relative to the true atmosphere,
albeit high relative to most current global modelling.

The offset of 2 J kg−1 between SABER and GNSS-RO that
is seen for all the parameters, except in the vertical reso-
lution, is in agreement with the observations as shown in
Sect. 4. This is a good indication that our experiment main-
tains a geophysically-plausible results.

From the results, it is shown that the vertical resolution
plays a major role in the variation of GWEp for both SABER
and GNSS-RO. By increasing the vertical resolution, the GW
Ep increased by almost twice the value. This suggests that the
offset of the double value ofEp between SABER and GNSS-
RO is almost entirely caused by the vertical resolution. We
will test this hypothesis in Sect. 6 using the real observations
from both instruments.

5.1.2 Vertical Wavelength

Figure 8 shows the distribution of the measured vertical
wavelength against each parameter for GNSS-RO (upper
panels) and SABER (lower panels), again averaged over the
altitudes 20–30 km. The distributions are shown as densities
using a normal kernel density function; probability-density
functions have also been tested and show similar results but
with much larger noise levels. The ordinate of the kernel den-
sity is scaled such that the total area under the density is 1,
where the area represents the probability with continuous dis-
tributions.

1. GNSS-RO: The distribution of λz is nearly identical
across all four parameters, displaying a bimodal shape
with two peaks: one at 6.7 km and another at 8 km.

The 8 km peak is slightly more pronounced. This re-
sult aligns with the vertical wavelength distribution pre-
sented in Fig. 6 of Hindley et al. (2015), though with
slightly higher values in the latter study due to the wave-
length selection constraints we applied. The variability
among the curves reflects changes in the distribution for
each parameter, but this variability is minimal, indicat-
ing that the GWEp remains relatively consistent despite
changes in the parameters. The greatest variability be-
tween peaks occurs for vertical resolution, with longer
λz becoming more dominant when the vertical resolu-
tion is varying.

2. SABER: The distribution of vertical wavelengths for
SABER differs from that of GNSS-RO, showing a
nearly normal distribution around 8 km across all pa-
rameters, except for vertical resolution. SABER distri-
butions also show a more pronounced tail to smaller
wavelengths than GNSS-RO. The longer dominant ver-
tical wavelength in SABER compared to GNSS-RO
aligns with the results from our analysis as well as from
previous studies (Wright et al., 2016). The variation in
viewing angle also influences the distribution of λz, as
anticipated, given the geometry’s impact on detecting
different wavelengths (Trinh et al., 2015). Changes in
viewing angle can cause the satellite’s line of sight to
intersect the atmosphere at different altitudes, affecting
the observed vertical wavelengths of gravity waves, as
noted in studies like (Wu et al., 2006; Ern et al., 2018).

To quantify the variation of λz with each parameter, we
examine the variation of the mean λz with the variation of
the values of each of the four parameters as shown in Fig. 9.
Again we show the median value of the bootstrap distribution
of means for this analysis. The results show that:

– In general, for all the four parameters, SABER dis-
played longer λz than GNSS-RO. This agrees with the
results shown from the observations as shown in Sect. 6.

– In SABER, the vertical wavelength slightly changes
with the viewing angle. However, this variability is
small, on the order of 0.5 km. GNSS-RO on the other
hand displayed nearly no change in vertical wavelength
with θ . This is reasonable since SABER is observing
from a fixed angle while GNSS-RO observes the wave
from various angles.

– Vertical resolution is the most important parameter
for determining the measured vertical wavelength. For
GNSS-RO the relation between the vertical wavelength
and the vertical resolution is almost linear, i.e., the
coarser the vertical resolution, the longer the vertical
wavelength detected by the instrument. This is not the
case for SABER, where varying the vertical resolution
does not strongly impact the measured vertical wave-
length. This assures the previous results that shown in

https://doi.org/10.5194/amt-18-6393-2025 Atmos. Meas. Tech., 18, 6393–6416, 2025



6406 M. Almowafy et al.: Stratospheric gravity waves in a post-limb sounder era

Fig. 8a, b, and c that a combination of the three param-
eters most probably influences the vertical wavelength
detected by SABER; θ,1Z, and 1X.

– aLOS and xLOS resolutions have almost no effect on
the vertical wavelength, particularly for GNSS-RO. For
SABER, aLOS has a slight influence on vertical wave-
length detection. Since the wave fronts in the model
are inclined relative to the instrument’s horizontal and
vertical detection axes, the horizontal sampling distance
can influence the estimation of vertical wavelength. For
instruments with a longer horizontal sampling range,
the averaging differs slightly compared to those with
shorter ranges, introducing aliasing. This causes a ten-
dency toward detecting longer λz with greater horizon-
tal sampling distances, as seen with SABER, and shorter
λz with shorter horizontal distances, as with GNSS-RO.

6 Adjusting Observations

As demonstrated above, the difference in vertical resolution
between SABER and GNSS-RO is the primary factor respon-
sible for the discrepancies in the GW properties they measure
in the QBO-dominated tropical lower stratosphere, particu-
larly when considering GW Ep. In this section, we build on
this finding to explore how the observations can be consid-
ered in a more equivalent way for future work.

We analyzed the GEOS model temperatures sampled as
GNSS-RO and SABER retrieved temperatures. Our results
identified the vertical resolution as the most crucial fac-
tor contributing to the differences in Ep and λz. Based on
these results, we then adjusted the GNSS-RO observations
to match SABER’s vertical resolution. We apply a boxcar
smoothing to the raw GNSS-RO temperature profiles with an
interval of 2 km in altitude before performing the GW analy-
sis. Initially, the GNSS-RO temperature data had a resolution
of 1.2 km. We then applied the method described in Sect. 3.1
to the smoothed temperatures to extract gravity wave proper-
ties.

Next, we recreated Figs. 5 and 6 using the Ep estimation
from the smoothed GNSS-RO temperatures for a given reg-
ular QBO cycle. Figures 10 and 11 show the resulting ab-
solute differences in GW Ep and λz, respectively, with the
left panels showing results before and the right panels after
smoothing GNSS-RO temperatures.

6.1 GW Ep

After smoothing, the largest differences are observed in re-
gions where the GNSS-RO GWEp was initially much higher
than that of SABER, particularly in areas where the Ep dif-
ference exceeded 5 Jkg−1 (Fig. 10a). This mainly occurs
within the eastward wind shear during the QBO’s eastward
phase at lower altitudes and at the transition from the EQBO

to the WQBO phase. Post-smoothing, these discrepancies are
significantly reduced to approximately ±1Jkg−1, consistent
across all altitudes and during all QBO phase transitions.

6.2 Vertical Wavelength λz

The impact of smoothing on vertical wavelength differs from
its effect on Ep. The difference in vertical wavelengths de-
creases at some altitudes and reverses at others. Before
smoothing, GNSS-RO consistently detected shorter verti-
cal wavelengths than SABER. After smoothing, GNSS-RO
wavelengths become longer than those of SABER below ap-
proximately 22 km and above around 29 km. Between 22
and 29 km, the vertical wavelengths from both instruments
are nearly identical, with GNSS-RO showing slightly shorter
wavelengths than SABER. This is consistent with the model-
sampled data discussed in Sect. 5.1.2, which showed that the
relationship between λz and vertical resolution for SABER
is not linear, suggesting the influence of additional factors.

These findings, along with the model data, suggest that
factors beyond vertical resolution, such as a variation or
a combination of variation viewing angle, and vertical and
aLOS resolutions, are contributing to the change in vertical
wavelength detection. To quantify this combined effect, we
normalized the vertical wavelength variations with respect to
each of the three parameters – θ , 1Z, and 1X – to a range
between 0 and 1. We then calculated the mean λz variation
for each parameter and summed these values to represent the
total variation in λz. Finally, we determined the contribution
of each parameter to the total variation by calculating the ra-
tio of the individual means to the total. The results showed
that θ accounts for 32 % of the total variation,1Z contributes
36 %, and 1X contributes 32 %.

6.3 Time series and Distribution

In this section, we analyze the time series and the distribu-
tion of Ep from both GNSS-RO and SABER before and af-
ter applying a 2 km smoothing to the GNSS-RO temperature
data. We investigate the ability of GNSS-RO to extend the
climatology of SABER. This can be achieved by compar-
ing the time series of Ep throughout the SABER period and
the smoothed GNSS-RO data at a selected height and exam-
ining how well the two time series are aligned. Figure 12
presents the time series of Ep at 30 km from SABER and
GNSS-RO both before and after smoothing. The smoothing
process significantly reduces the differences between the two
data sets, quantitatively and qualitatively. The distribution of
the GNSS-RO data has changed significantly. The two dis-
tributions, before and after smoothing GNSS-RO data, are
statistically significantly different (p = 3× 10−25) on a non-
parametric two-sample Kolmogorov-Smirnoff test. We use
this test instead of Student’s t-test as the distributions are
non-Gaussian
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Figure 7. The variation of the model-sampled bootstrap mean of GW Ep with respect to the four parameters: θ (a), 1Z (b), 1X (c), and
1Y (d). The darker shading represents the 50 % and the lighter shading indicates the 95 % confidence intervals around the mean.

Figure 8. Kernel density of λz distributions at different parameters; θ (a), 1Z (b), 1X (c), and 1Y (d) for GNSS-RO (upper row) and
SABER (lower row). The legend indicates the range of the values for each of the four parameters.

The small discrepancy between smoothed GNSS-RO and
SABER timeseries is influenced by data coverage and the
number of available GNSS-RO missions. Before the late
2010s, when data availability is lower (see Fig. 2 in Leroy
et al., 2023), the two time series are not well-aligned quan-
titatively. However, they still exhibited strong qualitative
agreement, capturing high and low periods of Ep indicative
of a strong QBO signal in both datasets. After 2010, the time
series begin to align both quantitatively and qualitatively.
Between 2015 and 2020, reduced data availability from the

COSMIC-1 satellite (see Fig. 2 in Leroy et al., 2023) and
insufficient data from other missions affected the accuracy
of Ep calculations. This could also be due to the filtering of
gravity waves by the QBO winds during the 2016 disruption,
as shown in the reduced Ep in the period of 2016 to 2019 in
Fig. 13. This is in agreement with what has been shown ear-
lier in Fig. 5b. Post 2020, the launch of additional GNSS-RO
missions with a significantly larger number of daily measure-
ments (reaching up to 6000 profiles per day from COSMIC2
satellite) improved the estimates Ep. This will be explained
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Figure 9. Median λz varied with four parameters; θ (a), 1Z (b), 1X (c), and 1Y (d) shown for GNSS-RO (pink) and SABER (blue).

Figure 10. Time-height cross-section of the absolute difference inEp between GNSS-RO and SABER during an arbitrary regular QBO cycle
as shown by the color map, overlaid by the contour lines of the zonal winds. solid lines are the zero-wind line and dashed lines are westward
winds with a spacing of 5 m s−1. Panel (a) shows the difference in Ep before applying a 2 km boxcar smoothing to the raw GNSS-RO
temperature profiles with an interval of 2 km in altitude and panel (b) shows the difference after the 2 km smoothing.

Figure 11. Same as Fig. 10 but for λz.

in detail in the following paragraph. Overall, the two time
series show strong qualitative agreement throughout the 16-
year study period. Furthermore, after smoothing, the GNSS-
RO Ep distribution closely matches the SABER distribution,
with a peak around 5 Jkg−1, compared to an initial peak of
approximately 8 Jkg−1 before smoothing. This result further
confirms the feasibility of using GNSS-RO data to extend
SABER observations.

Figure 13 presents Ep for each of the 12 individual radio
occultation missions used in our study over the period 2007
to 2022. The figure shows a consistent pattern across all in-
struments, with a strong QBO signal, particularly between

2007 and 2018. A decline in Ep is noticeable around 2018,
coinciding with the westward phase of the QBO following
the 2016 disruption, as well as a reduction in the number
of observations, as demonstrated by Leroy et al. (2023) in
Fig. 2.

This figure provides evidence that all missions capture
small-scale gravity waves interacting strongly with zonal
winds in the QBO region. However, it also highlights quan-
titative differences in Ep estimates among missions. For in-
stance, COSMIC-1 and MetOp, both operational since 2007,
had slightly different observation counts until 2019, with
COSMIC-1 providing more profiles. Despite this, COSMIC-
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1 show higher mean Ep values than MetOp. This suggests
that merging RO missions, as in this study, leads to an accu-
rate estimate of Ep.

7 Summary and Discussion

There are several key points in this study that we believe are
important to highlight and discuss. First, the periodogram re-
sults in Sect. 4.1 showed thatEp from SABER remains stable
regardless of the study period length, highlighting the consis-
tent annual cycle present in SABER-derived GW time series.
This annual cycle becomes more pronounced over longer pe-
riods of study, aligning with previous findings: for instance,
John and Kumar (2012) showed a seasonal variation of Ep
from SABER in the tropics, superimposed by the same peri-
odicity of the regular QBO. It also confirms earlier findings
by Ern et al. (2014) that the QBO modulates GW temperature
amplitudes.

However, the variability in Ep observed from GNSS-RO
depending on the length of the study period suggests a
stronger modulation by the QBO. The dominant fluctuations
in Ep from GNSS-RO coincide with QBO periods, partic-
ularly the disruption periods, implying that the QBO more
strongly influences the gravity wave spectra observed by
GNSS-RO. This agrees with earlier studies showing a pro-
nounced QBO signal in GNSS-RO data (e.g., Namboothiri
et al., 2008; Tsuda et al., 2009; Nath et al., 2014). This differ-
ence is likely driven by the ability of GNSS-RO to measure
vertically-shorter waves.

Second, the comparison of Ep between SABER and
GNSS-RO, as illustrated in Fig. 5, indicates that GNSS-RO
consistently observes higher GW Ep than SABER, particu-
larly at lower altitudes. This is due to GNSS-RO’s stronger
sensitivity to shorter spatial scales and lower altitudes, al-
lowing it to capture a wider part of the gravity wave spec-
trum than SABER. This effect is evident in Fig. 6, where
GNSS-RO exhibits shorter vertical wavelengths compared to
SABER.

In summary, the main differences between GNSS-RO and
SABER are:

– The time series of Ep from GNSS-RO exhibits a dom-
inant power spectral peak at the typical QBO cycle pe-
riod (∼ 28 months), compared to the annual peak. In
contrast,Ep from SABER shows a stronger annual peak
compared to the QBO-related one. When accounting for
disruptions, GNSS-RO exhibits a pronounced peak at a
longer period than the regular QBO cycle, highlighting
the influence of small-scale gravity waves captured by
GNSS-RO in QBO disruptions.

– GNSS-RO shows higher Ep than SABER in the QBO
region, particularly at lower altitudes. We attribute this
to a combination of the observational filter and the

higher vertical resolution of GNSS-RO, enhancing its
ability to capture small-scale gravity waves.

– The model-sampled data as GNSS-RO and SABER
temperature indicate that the primary factor driving dif-
ferences in Ep and λz between the two measurements is
the difference in their vertical resolution.

– Ep results from both instruments exhibit a strong QBO
signal during both regular and disruption periods.

– The results of the model sampled GNSS-RO and
SABER indicate that factors such as aLOS and xLOS
have no impact on either Ep or λz.

– GNSS-RO estimates of GW activity much more closely
approximate those observed by SABER when the verti-
cal resolution of the GNSS-RO data is degraded to ap-
proximate that of SABER.

This outcome aligns with previous studies. For instance,
Tsuda et al. (2009) found that GPS RO data consistently
showed maximum Ep in the tropics within the 19–26 km al-
titude range across boreal winter and spring. Similarly, Faber
et al. (2013) identified high Ep from GPS RO in the trop-
ics within 20–30 km, corresponding to shorter vertical wave-
lengths. However, Liu et al. (2017) reported that maximum
Ep derived from SABER was observed at higher latitudes
rather than in the tropics. Although our analysis of SABER
and GNSS-ROEp included only vertical wavelengths shorter
than 12 km, differences between the results from each in-
strument are still evident. This difference may arise from
the strength of zonal winds and the dominant gravity wave
sources in the tropics compared to high latitudes. In higher
latitudes during winter, stronger zonal winds tend to re-
fract waves, elongating their wavelengths, which makes them
more detectable by SABER. In contrast, the main source of
gravity waves in the tropics is convection; These convective
gravity waves have a high frequency and short vertical wave-
lengths (typically between 6 and 15 km) and are therefore
more easily captured by GNSS-RO (Alexander and Holton,
2004; Wright et al., 2023). Highlighting these differences is
essential, as it underscores the specific suitability of each in-
strument for different types of gravity wave studies.

To pinpoint the observational filter differences between
SABER and GNSS-RO, we used 3 km grid spacing GEOS
temperatures to generate synthetic retrieved temperatures for
both instruments as shown in Sect. 5. This model choice is
well-suited for the study due to its high vertical resolution
and accurate representation of the observed QBO (Ho et al.,
2023). Wright and Hindley (2018) demonstrated that the
sampling method used in this study showed a high correlation
between the sampled temperatures and the actual SABER
and GNSS-RO observations within the altitude range of 20–
40 km. By estimating Ep from the sampled GNSS-RO and
SABER temperatures, we obtain useful results. The consis-
tent offset observed between SABER and GNSS-RO across
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Figure 12. Panel (a) shows the time series of Ep derived from 2 km boxcar smoothed GNSS-RO temperatures (solid pink), SABER actual
temperatures (blue), original GNSS-RO temperatures (dashed pink) at an altitude of 30 km. Panel (b) shows the kernel density of the Ep
distribution from the three datasets at all altitudes from 20–40 km.

Figure 13. The distribution of linearly interpolated gaussian smoothed Ep throughout the study period (2007–2022), as derived from each of
the 12 individual radio occultation missions included in the merged GNSS-RO dataset. The area under each curve has been shaded to better
distinguish the lines visually.

all observational filter parameters, except the vertical reso-
lution, is mainly compensated by differences in actual ver-
tical resolution between the two instruments; however, this
is less straightforward for vertical wavelength, especially in
SABER data. Figures 8 and 9 indicate that λz from SABER
results from a combination of these three parameters, rather

than solely vertical resolution as in GNSS-RO. Preliminary
estimates indicate that each parameter contributes nearly
equally to the variability in vertical wavelength.

We used the results from the model-sampled data to ac-
count for observational filter differences between the true
measurements by reducing the vertical resolution of GNSS-
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RO temperatures to match SABER’s temperature profiles.
Figures 10 and 11 illustrate the reduced discrepancies be-
tween the true observations after smoothing the GNSS-RO
data, demonstrating that the model can accurately replicate
the observations and confirming that vertical resolution is the
main driver of the observational filter differences between the
SABER and GNSS-RO. Such a result suggests that GNSS-
RO data can potentially extend the study of GW-QBO inter-
actions, which has been conducted with SABER for over 23
years. This outcome is crucial for establishing consistency
between both instruments and for advancing GW-QBO re-
search with future GNSS-RO missions.

This study complements previous work by:

– Focusing on the tropical region, where the QBO oc-
curs, to analyze GW-QBO interactions specifically from
each instrument. Prior studies comparing SABER and
GNSS-RO have either targeted other regions (e.g.,
Wright et al., 2016) or conducted global analyses (e.g.,
Wright et al., 2011).

– Quantifying and identifying the differences in observa-
tional filters between SABER and GNSS-RO through
sampled model data. Previous studies have used sam-
pled data either to compare with model outputs, such as
Lear et al. (2024) or to assess how well reanalysis can
represent satellite-observed gravity waves (Wright and
Hindley, 2018).

– Systematically demonstrating how GNSS-RO data can
be used to extend SABER records after the latter ceases
operation. Using a unified analysis method for both
datasets, in observations as well as model sampled data.
Our results show that by reducing the vertical resolution
of GNSS-RO data to match that of SABER, the absolute
difference between both instruments in Ep is minimal
(∼ 0.5JKg−1) as shown by Figs. 5 and 12.

Additionally, this study provides a direct comparison be-
tween the most widely used satellites for GW-QBO inter-
action studies: SABER, as demonstrated in e.g., Ern et al.
(2014), and GNSS-RO, used in Tsuda et al. (2009); de la
Torre and Alexander (2005); Nath et al. (2014). It presents a
one-to-one comparison ofEp and λz observed by both instru-
ments and quantifies each instrument’s limitations in captur-
ing QBO-modulated gravity waves.

8 Conclusions

Our study highlights and quantifies the large differences in
observational filters between SABER and GNSS-RO and
the significant weight these differences carry when study-
ing GW-QBO interactions, even when analyzing data in he
same vertical wavelength range and using the same analyti-
cal approach. It further highlights how each instrument cap-
tures a specific range of the gravity wave spectrum, empha-

sizing the importance of selecting an appropriate instrument
for targeted gravity wave studies. By quantifying these obser-
vational differences using model data, we also demonstrate
how well modern high-resolution model data aligns with ac-
tual observations. Our approach also provides insight into the
limitations of the observation methods widely used to study
these processes, and helps address important open questions
about observational mechanisms and methods.

We are also able to identify that the measurement discrep-
ancies between GNSS-RO and SABER as stem almost en-
tirely from the difference in their vertical resolution, with
other parameters having minimal impact on Ep or λz. By ap-
plying vertical smoothing to GNSS-RO data, we show that
these discrepancies can be significantly reduced in both pa-
rameters, confirming that vertical resolution is the key factor
underpinning their differences. After applying such smooth-
ing, the time series from the two datasets show strong agree-
ment both quantitatively and qualitatively.

Finally, our finding confirm that GNSS-RO can be used to
extend SABER records after SABER ceases operations, cur-
renty expected to be in later 2025. As ew GNSS-RO missions
are regularly being launched this knowledge thus gives us a
reliable means of maintaining the long-term gravity wave ob-
servations needed to understand one of the most important
processes in the atmsopheric system.
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Appendix A: Supplementary Figures

Figure A1. Time-Height cross-section of a color map of GW Ep from GNSS-RO (top row) and SABER (bottom row) overlaid by the zonal
winds at the QBO region shown in contour lines, with solid lines represent zero-wind line and dashed lines represent the westward winds
with a spacing of 5 m s−1 during one regular cycle (a) the 2016 disruption (b) and the 2019 disruption (c).

Figure A2. Same as Fig. A1 but for λz.
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demonstrations are published under a digital object identifier (Leroy
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