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Abstract. Current climate models have difficulty representing realistic wave-mean flow interactions, partly because the con-

tribution from waves with fine-vertical scales is poorly known. There are few direct observations of these waves and most

models have difficulty resolving them. This observational challenge cannot be addressed by satellite or sparse ground-based

methods. The Strateole-2 long-duration stratospheric superpressure balloons that float with the horizontal wind on constant

density surfaces provide a unique platform for wave observations across a broad range of spatial and temporal scales. For the5

first time, balloon-borne Global Navigation Satellite System (GNSS) radio occultation (RO) is used to provide high vertical

resolution equatorial wave observations. By tracking navigation signal refractive delays from GPS satellites near the horizon,

40–50 temperature profiles were retrieved daily, from balloon flight altitude (∼20 km) down to 6–8 km altitude, forming an

orthogonal pattern of observations over a broad area (±400–500 km) surrounding the flight track. The refractivity profiles show

an excellent agreement of better than 0.2 % with co-located radiosonde, spaceborne COSMIC-2 RO and reanalysis products.10

The 200–500 m vertical resolution and the spatial and temporal continuity of sampling make it possible to extract properties

of Kelvin waves and gravity waves with vertical wavelengths as short as 2–3 km. The results illustrate the difference in Kelvin

wave period (20 vs 16 days) in the Lagrangian versus ground-fixed reference, and as much as 20% difference in amplitude

compared to COSMIC-2, both of which impact estimates of momentum flux. A short dataset from the extra Galileo, GLONASS

and Beidou constellations demonstrates the feasibility to nearly double the sampling density in planned follow-on campaigns15

when data with full equatorial coverage will contribute to a better estimate of wave forcing on the Quasi-biennial Oscillation

(QBO) and improved QBO representation in models.

Short Summary

Atmospheric waves that carry momentum from the tropospheric weather systems into the equatorial stratosphere modify

the winds there. The Strateole-2 2019 campaign launched long-duration stratospheric superpressure balloons to measure these20

equatorial waves. We deployed a GPS receiver on one of the balloons to measure atmospheric temperature profiles beneath the

balloon. Temperature variations in the retrieved profiles show planetary-scale waves with a 20 day period and 3–4 day period

waves.
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1 Introduction

The fine-vertical scales of atmospheric waves in the upper troposphere/lower stratosphere (UTLS) region create observational25

challenges that cannot be addressed by either satellite or sparse ground-based observations (Vincent and Alexander, 2020).

Modeling challenges persist due to the high resolution required to simulate waves and gaps in physical process understanding

(Bushell et al., 2020). This work introduces the deployment of next-generation Global Navigation Satellite System (GNSS)

Radio OCcultation (ROC) instrument onboard long-duration stratospheric balloons to sample the equatorial wave field in three

dimensions by retrieving a continuous sequence of temperature profiles on both sides of the balloon trajectory. The balloon-30

borne ROC observations from the Strateole-2 project enable investigations to quantify UTLS wave properties that are needed

to improve model representations of wave driving of the quasi-biennial oscillation (QBO). They also enable investigations

to determine the relationship of UTLS waves to thin cirrus clouds that can be used for improving their representation in

models. This can be advanced by quantifying the global characteristics of waves that determine tropical cold point temperature

variability for use in improving models of stratospheric dehydration (Kim and Alexander, 2015; Jensen et al., 2017).35

Tropical waves in the UTLS have climate and weather impacts through their effects on cirrus clouds, stratospheric dehydra-

tion, and wave-driven circulation patterns. In particular, the QBO is a wave-driven circulation pattern with clear oscillations

in the zonal mean zonal wind with a typical period of 27 months (Baldwin et al., 2001). It is the dominant mode of interan-

nual lower stratospheric wind variability, affecting tropospheric variability through various teleconnections. The deposition of

momentum by dissipation of tropical waves of a variety of scales is believed to be the main cause. However, current climate40

models with limited resolution have difficulties producing a realistic QBO in the lower stratosphere due to unresolved small-

scale waves (Antonita et al., 2008; Ern and Preusse, 2009; Alexander and Ortland, 2010; Ern et al., 2014; Richter et al., 2020),

leading to uncertainty in the evolution of the QBO period and amplitude in a changing climate. Direct observations that can

inform the process of wave driving of the QBO are rare. The lowermost QBO winds show evidence of weakening in recent

decades (Kawatani and Hamilton, 2013) and models suggest the cause may be a gradual strengthening of the wave-driven45

stratospheric overturning circulation. However, this overturning cannot be directly observed, and the wave mean-flow interac-

tions that drive the stratospheric circulation are plagued by uncertainties associated with the lack of knowledge of the wave

properties.

Limb-sounding satellite observations have led to key advances in understanding equatorial waves, in part due to their high

vertical resolution capable of resolving detailed vertical variations (Salby et al., 1984; Shiotani et al., 1997; Srikanth and50

Ortland, 1998; Ern et al., 2008; Alexander et al., 2010). GNSS radio occultation (RO) is one of these limb-sounding techniques

that has had a particularly extensive impact because of the large and steadily increasing number of satellites now providing

temperature and refractivity profiles to study atmospheric waves in the stratosphere (e.g., Tsuda et al., 2000; Randel et al.,

2003, 2021). The RO technique is based on the principle that the refractive bending and propagation delay of a transmitted

navigation signal to a receiver on a Low Earth Orbiting (LEO) satellite is measured each time the LEO sets or rises relative55

to GNSS satellites. The bending angle is inverted to produce an estimate of refractivity in a layered approximation of the

Earth atmosphere, from which the atmospheric pressure and temperature can be derived (Kursinski et al., 1997; Fjeldbo and
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Eshleman, 1968). Theoretically, the vertical resolution of the RO method depends on the gradient of the bending angle with

height, and thus the gradient of refractivity with height, and is estimated to be as fine as 100–200 m based on the diameter of the

first Fresnel zone at L-band frequencies (Kursinski et al., 1997). However, the measurements at individual tangent point heights60

are not independent because the ray path samples all atmospheric layers above the tangent point, so the actual resolution is

lower. Previous studies have estimated that the typical vertical resolution of space-borne RO varies from 100 m near the surface

to 1 km at the tropopause (Zeng et al., 2012).

Multiple spaceborne missions have deployed GPS receivers on LEO satellites to perform RO observations. The combination

of these missions provides a large number of profiles of neutral atmospheric refractivity, temperature, moisture, and iono-65

spheric electron density. Moreover, multiple GNSS constellations are now operational, including GPS, GLONASS, Galileo,

and Beidou, which provide more opportunities for RO observations. The Tri-GNSS (TRIG) receiver on COSMIC-2 (Schreiner

et al., 2020) now can provide profiles from GLONASS as well as GPS, and Galileo profiles have been demonstrated from

aircraft (Haase et al., 2021). The global coverage and high vertical resolution of the spaceborne RO datasets have provided the

opportunity to quantify the global properties of gravity waves and other wave sources of variability in the stratosphere. Re-70

views of the success of RO in capturing equatorial waves are provided in Ho et al. (2019) and Scherllin-Pirscher et al. (2021)

and references therein. Several of these studies retrieved information on individual wave events, but were limited to waves

with very large horizontal scales and typically greater than 4 km vertical wavelength because the spacing between profiles is

irregular and quasi-random in time and space. There is a continuing need to increase the vertical resolution to gain a complete

view of the fine-scale wave-mean flow interaction that is unresolved in global models. For example, in QBO shear zones wave75

vertical wavelengths will shrink wherever the wind approaches the wave phase speed. If the wave can survive to higher altitude

where density is lower and the wave has shorter vertical wavelength, the wave can impart a significantly stronger force on the

QBO flow (Vincent and Alexander, 2020).

The need for a coherent sampling of wave structures in time and space with higher vertical resolution motivates the imple-

mentation of the balloon-borne RO observations. The technique has the added advantage of sampling the atmosphere in three80

dimensions, i.e., to both sides of the flight path along the line of sight to setting and rising GNSS satellites (Haase et al., 2021).

Because the balloon carrying the receiver moves at significantly slower speeds than the GNSS satellite, the location of the tan-

gent point (point on a signal ray path closest to the Earth) drifts horizontally from the balloon position at flight level to as much

as 500 km from the flight path as the tangent point descends to a height of 4 km. The resulting slanted profile measurements

provide an advantage in 3D sampling at the expense of added complexity in interpreting the profiles because of the potential85

distortion of retrieved wave parameters, such as wavelength and momentum flux (de la Torre et al., 2018). The slanted nature

of the profiles also presents difficulties in resolving wave properties in the presence of horizontal scale variability shorter than

about 1000 km, without explicitly considering the drift. The distortion is minimal for larger-scale tropical waves, which are the

subject of this study.

This study is organized as follows: Section 2 briefly describes the methodology of balloon-borne RO. Section 3 gives an90

overview of the superpressure balloon flights in the Strateole-2 campaign and the balloon-borne ROC instrumentat. Section

4 introduces the data analysis procedures and estimates the vertical resolution of balloon-borne RO. Section 5 presents com-
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parisons of the profiles with other independent datasets from radiosondes and spaceborne RO, as well as comparisons with

numerical model reanalyses. Section 6 presents the results illustrating the equatorial waves that are captured with different

periods and scales. Section 7 discusses some future perspectives and limitations of the balloon-borne RO observations. Con-95

clusions summarizing the results are presented in Section 8.

2 Method

The GNSS RO technique is a powerful remote sensing technique that utilizes GNSS signals that are refracted and delayed as

they traverse the atmosphere nearly horizontally. Vertical variations in atmospheric refractivity and other properties are derived

from the signal propagation delays. As a GNSS satellite sets (or rises) relative to a receiver on an airborne or spaceborne100

platform, the navigation signal scans through the highest to lowest atmospheric layers (or vice versa), which yields a complete

profile. In the following, we refer to airborne RO and balloon-borne RO as ARO and BRO, respectively, when necessary

to distinguish them from spaceborne RO, which we will refer to as SRO. Unlike SRO, slower platforms flying inside the

atmosphere such as aircraft (Haase et al., 2014, 2021) and balloons (Haase et al., 2012) provide a unique opportunity to

perform RO measurements continuously in time and space over a localized area, rather than the pseudo-random distribution105

of the global SRO datasets. The density and continuity are advantageous for reconnaissance flights in an area of interest, such

as hurricanes (Murphy et al., 2015; Chen et al., 2018) and atmospheric rivers (Ralph et al., 2020), but can also be applied to

the problem of resolving fine-scale wave structures from free-floating balloons. The physics and geometry of ARO and BRO

are similar to SRO, but there there are some geometric modifications required to implement the typical RO retrieval technique.

The detailed descriptions of the geometry and theory of BRO are provided in appendix A.110

The atmospheric refractivity N for radio waves at GNSS frequencies (L band) in the neutral atmosphere is described by

(Rüeger, 2002)

N = (n− 1)× 106 = 77.6
p

T
− 6.3938

pw
T

+ 3.75463× 105
pw
T 2
, (1)

where n is the refractive index, p, pw and T are atmospheric pressure [in hPa], water vapor pressure [in hPa] and temperature

[in K], respectively. In the atmosphere higher than ∼10 km, assuming water vapor is negligible, the equation for refractivity

can be simplified to115

N = (n− 1)× 106 = 77.6
p

Td
, (2)

where Td is commonly referred as dry temperature and deviates from true temperature if moisture is present.

The atmosphere is generally in hydrostatic equilibrium, where the pressure gradient force balances with gravity if there is

no acceleration in the vertical direction. It is described by the following equation

∂p

∂z
=−ρg, (3)

where ρ is the atmospheric density. When the atmosphere is perturbed by waves, this equilibrium is no longer satisfied. This is

true for high-frequency gravity waves with shorter horizontal wavelengths, and the vertical accelerations cannot be neglected120
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in the vertical motion of perturbation. However, lower-frequency gravity waves with longer horizontal wavelengths, such as

inertia gravity waves, have small vertical accelerations and are consistent with the quasi-hydrostatic approximation.

In this study, dry temperature and pressure were retrieved based on the simplified refractivity formula (Eq. (2)), hydrostatic

equilibrium (Eq. (3)), and the ideal gas law p= ρRT , and R is the ideal gas constant. The dry temperature is derived from the

following integral,125

Td(h) = T (h0)
N(h0)

N(h)
+

1

R

z=h0∫
z=h

g(z)
N(z)

N(h)
dz. (4)

where g(z) is gravitational acceleration as a function of height, N(z)
N(h) is the ratio of refractivity of two different altitudes.N(h0)

and T (h0) are refractivity and temperature at the balloon flight altitude h0, respectively, calculated from in situ measurements.

3 Strateole-2 Campaign

Strateole-2 (STR-2) is an international multi-year series of campaigns that utilize long-duration stratospheric superpressure130

balloons (SPBs) to investigate the atmospheric dynamics and composition of the tropical tropopause layer (TTL) (Haase et al.,

2018). The SPBs fly for several months along the equatorial belt at altitudes of 18–20 km. They are advected by the wind on

constant density surfaces, and therefore behave as quasi-Lagrangian tracers in the atmosphere. The first preparatory campaign

began in November 2019 with the practical objective of testing the unique capabilities of each of the instrument configurations

in advance of the full scientific deployments. Five different instrument configurations were tested on the balloons, some pro-135

vided in-situ information on the physics, dynamics, particle counts, and greenhouse gas composition of the sampled air parcels

surrounding the balloons. Other instruments, including the ROC instrument described here, also sampled the atmospheric pro-

files below the balloons. The preparatory campaign provided initial observations to assess the capabilities of the flotilla to

reveal the nature of equatorial waves.

Figure 1. Trajectories of all balloons launched in the Strateole-2 2019 campaign. The thick blue line is balloon “ST2_C0_06_STR1” that

carried the radio occultation receiver. ? marks the launch site in Seychelles and � indicates the final landing site in Mali. Small circles over

the trajectory indicate 00Z each day and are labeled at 5 day intervals. Dashed boxes along the trajectory mark the periods when BRO data

were recovered. Gray lines are the 4 other balloons flying at ∼20 km, and magenta lines are the 3 balloons flying at ∼18 km.
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3.1 Superpressure balloon flights140

Eight SPBs were launched from Mahé, Seychelles (4.7◦ S, 55.5◦ E) in the west Indian Ocean over the period from November to

December 2019, and flew until late February 2020, achieving a mean flight duration in the tropics of nearly 3 months (85 days).

The flight tracks of these balloons are shown in Figure 1. Several balloons completed more than one full circumnavigation at

the equator. The 13 meter diameter balloon (labeled as “ST2_C0_06_STR1”) that carried the BRO instrument was launched

on 5 December 2019 and flew eastward at about 20 km altitude for 57 days. Due to a small helium leak in the balloon, it was145

terminated for safety reasons over the desert in Mali, Africa, on 2 February 2020. The data was transmitted during flight, and

the instrumentation was not recovered.

The balloon carrying ROC equipement also carried the Balloon-borne Cirrus and convective overshOOt Lidar (BeCOOL)

system to measure optical properties of cirrus in the nadir viewing mode and the topography of convective cloud tops (Ravetta

et al., 2020), and the BOLometer Determining Albedo and InfraRed flux (BOLDAIR) to measure upward longwave and150

shortwave radiative fluxes. The combination of instruments was selected to better understand the modulation of cirrus by wave

motions and assess the radiative heating and forcing of the lower stratosphere by water vapor anomalies. The Thermodynamical

SENsor (TSEN) meteorological package was included on all balloons to provide in situ measurements which can be used to

derive the intrinsic frequency spectrum and probability distribution of gravity wave momentum flux at flight level (Podglajen

et al., 2016; Hertzog et al., 2008; Corcos et al., 2021). The ROC observations would augment these studies by providing155

continuous temperature profiles underneath the flight track to resolve the vertical variations. The same instruments flew in late

2021, and will be flown in the forthcoming campaign in late 2024 with 20 balloons, to capture different phases of the QBO.

3.2 Instrumentation

The ROC (Radio OCcultation) version 2 receiver builds on the heritage of the GPS-only ROC receiver that was originally

deployed in the Concoridiasi campaign in Antarctica (Haase et al., 2012; Rabier et al., 2010). It is a low-cost, lightweight160

multi-GNSS receiver capable of tracking multiple constellations and frequencies with two antennas. It utilizes the sophisticated

Septentrio AsteRx-4 OEM board, which performs phase locked loop (PLL) tracking of all GNSS signals in the field of view

and is configured to record down to -10◦ elevation angle below the horizon from the balloon at ∼20 km altitude. It also

contains a Linux single-board computer (TS-7680) to manage onboard power, configuration, data acquisition, storage, and

communication. The superpressure balloons are composed of two gondolas, “Zephyr” for the science payload and “Euros”165

for flight control. The ROC receiver enclosure was installed inside the Zephyr gondola and connected to the two avionics

GNSS antennas manufactured by GPSSource, which were installed on the top of the gondola tilted 30 degrees from horizontal

in opposite directions. The GNSS antennas were separated as far as possible from the Iridium antenna on the ∼50 cm wide

gondola to avoid electromagnetic interference because of the proximity of their frequency bands. Also installed in the Zephyr

gondola were two other scientific instruments, BOLDAIR and BeCOOL, and the Zephyr On-Board Computer (OBC), which170

managed the solar-powered battery charging system and the data/command telemetry through the Iridium satellite link. The

data were recovered at the Zephyr Mission Control Centre (CCMZ) managed by the Laboratoire de Météorologie Dynamique
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(LMD) of the Centre Nationale de la Recherche Scientifique (CNRS) in France. The TSEN package included an Ublox single-

frequency GPS receiver on the gondola to provide timing and wind velocity through the real-time positioning solutions. The

TSEN thermistor and thermocouple were suspended 8 meters below the Zephyr gondola to provide in situ measurements of175

ambient temperature at 30 sec sampling interval, and the TSEN barometer was located above in the Euros gondola providing

pressure at the same data rate.

3.3 Dataset

The ROC receiver continuously tracked multiple constellations including GPS, Galileo, and GLONASS and logged carrier

phase, pseudorange and signal to noise ratio (SNR) at a 5 sec sampling interval throughout the whole flight. The logged data180

was stored in the internal storage of the ROC receiver and was transmitted by Iridium data link to the CCMZ every hour. Due

to a technical problem that limited the bandwidth of the satellite data link, data from only 23 days of the 57 day flight were

recovered. The recovered dataset includes GPS only data from 6 December 2019–22 December 2019 (largest box on the left

on Figure 1), 1 January 2020 (box in the middle on Figure 1), 9 January 2021, and 11 January 2021–14 January 2021 (box on

the right on Figure 1). The data from three constellations (GPS, GLONASS, Galileo) were recovered from 15 December 2019.185

A 12 hour test was implemented on 14 January 2021 and recovered data from the GPS and Beidou constellations.

4 Data Analysis

4.1 Retrieval Procedures

The precise 3-D positions of the balloon were calculated from the GPS pseudorange and carrier phase data using Precise Point

Positioning with Ambiguity Resolution (PPPAR) (Ge et al., 2008; Geng et al., 2019) using the Position And Navigation Data190

Analyst (PANDA) software package developed at Wuhan University (Shi et al., 2008). The procedure was carried out in three

steps. The first step was to estimate high rate (30 sec) satellite clock errors based on regional data, instead of using global

satellite clock products, since the estimated regional clock solutions can compensate for other unmodeled errors in the PPPAR

solution (Lou et al., 2014). GPS satellite orbits were fixed to Center for Orbit Determination in Europe (CODE) final orbits

(Dach et al., 2020). Ground GPS observations were used from a list of 26 stations from the International GNSS Service (IGS)195

network in the equatorial region around the balloon trajectory to solve for the clock parameters (see Figure D1 in Appendix

D).

In the next step, fractional cycle biases (FCB) were estimated from the same dataset to improve the resolution of the carrier

phase ambiguities (Geng et al., 2011). The final calculation was solved for the coordinates of the balloon antenna at each

time sample. The receiver clock errors were also estimated at each epoch as parameters with white noise variance. The zenith200

hydrostatic delay is constrained to the Saastamoinen model (Saastamoinen, 1972) and the zenith wet delay is assumed to

be negligible at the balloon flight altitude and thus not included in the procedures, which reduces the number of estimated

parameters. The estimated position accuracy is ∼10 cm in the horizontal, ∼20 cm in the vertical and 0.05 m s−1 in velocity.
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The precise position calculation was shown to be a significant improvement over the onboard real-time GPS solution. It has

been used to improve the calculation of gravity wave momentum flux from balloon motion variations that treat the balloon as205

a quasi-Lagrangian tracer (Zhang et al., 2016).

After the precise 3-D positions were determined, they were fixed in the positioning software to calculate the residual distance

(excess phase) between the geometric balloon-to-satellite distance and the observed carrier phase using the same satellite

clock corrections and models for relativity, antenna phase center corrections, and other effects that were used in the position

calculation. The ionospheric effects were corrected using the ionosphere-free combination of dual-frequency (L1 and L2)210

observations. The excess Doppler for each satellite was calculated by differentiating the excess phase with respect to time. The

receiver clock errors were removed by single differencing, where the excess Doppler time series from a high elevation satellite

in view at the same time was subtracted from the occulting satellite time series. A second-order Savitzky-Golay filter was used

to smooth high-frequency noise in the excess Doppler that would lead to unrealistic variability of shorter scale than the first

Fresnel zone. The filtering window width was selected to be 55 seconds based on the vertical resolution analysis in the later215

sections.

The local radius of curvature, Rc, tangent to the ellipsoidal Earth surface was determined at the approximate location of the

lowest tangent point with an orientation parallel to the occultation plane (Syndergaard, 1998). The Cartesian coordinates of the

satellite and balloon at each epoch were offset to the new reference frame with origin at the center of curvature. The refractivity

at the balloon flight level, N(h0), was calculated from the in situ pressure and temperature based on Eq. (2) and averaged over220

the occultation duration to reduce sensitivity to small variations in flight altitude over the duration of the occultation.

The excess Doppler shift was projected onto the satellite-receiver velocities in the shifted coordinate system to calculate the

bending angle as a function of impact parameter a= n(r)r as described in Appendix A. Balloon positions and velocities were

smoothed using the same filter as the excess Doppler. The refractive index at the balloon location was nR = 1+N(ho)×10−6.

The bending angle was then interpolated to an even sampling of 10 m in the impact parameter. Bending angle was calculated225

from the satellite observations from 10◦ above the local horizontal until the signal was lost, so included both positive and

negative elevation angle (see Figure A1). The partial bending angle, α′, at each impact parameter, a, below the flight level of the

balloon was calculated by subtracting the positive elevation angle observations from the negative elevation angle observations

for the same impact parameter (Healy et al., 2002). Finally, a was converted to height above the ellipsoid using a= n(r)r and

hellipsoid = r−Rc. The ellipsoidal height was then converted to the Mean Sea Level (MSL) height by subtracting the geoid230

height (hmsl = hellipsoid−hgeoid) retrieved from the EGM96 geoid model at the location of the lowest tangent point. The EGM96

model has a stated accuracy of ∼10 cm and horizontal resolution of 15′ (Lemoine et al., 1998).

In practice, even after filtering, the noise in the balloon velocity estimate creates noise in the excess Doppler for positive

elevation angles that is comparable to the magnitude of the accumulated excess Doppler due to the atmosphere, so the derived

bending angle can be very noisy. In order to reduce this noise, the bending angle as a function of time was heavily smoothed235

with a LOESS filter (locally weighted quadratic regression fit) over a 5 min moving window from th0−1km to telmax, corre-

sponding to the time when the tangent point was 1 km below flight level to the time of maximum positive elevation angle.

The bending angle was lightly smoothed with a 1.25 min window for the remaining period for the negative elevation angle. A
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taper function was used to merge the two bending angle time series between th0−0.5km and th0−1km. Then we calculated the

partial bending angle, which was then much less noisy for all tangent point heights, and computed the refractive index using240

the inverse Abel transform (Eq. (A3)), with the refractive index nR at the balloon height fixed. This final estimate of the re-

fractive index should be considered strongly constrained by the in situ refractive index for the top 0.5 to 1 km (Murphy, 2015).

These improvements to the bending angle, partial bending angle, and refractivity calculations produce less bias compared to

the previous versions of the ARO inversion software developed by Xie et al. (2008) and Murphy et al. (2015), which has been

used in multiple aircraft campaigns (Haase et al., 2014, 2021).245

The 1D-VAR algorithm based on the Bayesian optimal estimation theory by combining RO observations and a priori in-

formation from a model can be implemented to retrieve a complete set of meteorological parameters, including water vapor

pressure (Poli et al., 2002). However, we chose to use dry temperature to avoid any dependence of the retrieval on a first guess

model that did not contain any wave signature since the region of interest is above 10 km and BRO is not accurate enough to

be sensitive to low values water vapor at those altitudes. This also makes it possible to compare BRO dry temperature profiles250

directly to SRO dry temperature profiles. The dry temperature profiles were calculated from refractivity and in situ pressure

and temperature using Eq. (4).

Because the motion of the GNSS satellite is much greater than that of the balloon during an occultation, the tangent points

drift horizontally away from the balloon as the ray paths from a setting satellite descend through the atmosphere, or towards the

balloon for a rising satellite, as shown in Figure B1 For SRO, where the receiver is in a vacuum and the occultation geometry255

is symmetric within the atmosphere, the horizontal location of the tangent points of each ray path can be solved geometrically.

However, this is not the case for BRO, where the receiver is within the atmosphere. The horizontal location at a given tangent

point height is determined by a simulation using forward ray-tracing implemented in the Radio Occultation Simulator for

Atmospheric Profiling (ROSAP) model (Hoeg et al., 1996; Syndergaard, 1998), assuming a climatological refractivity profile

from the CIRA-Q model appropriate for the month and latitude (Kirchengast et al., 1999). The final BRO slant profile dataset260

includes a horizontal location (latitude/longitude) and time for each tangent point height in the profile, and the location and

time of the lowest tangent point of the profile are provided as the reference for the profile.

Figure 2 shows the intermediate products of excess Doppler and bending angle for a rising occultation labeled as “G29r_G13”.

This occultation lasted about 15 minutes from when the receiver started tracking satellite PRN29 and until it rose above the

local horizontal. The undifferenced excess Doppler of the pair of satellites is shown in Figure 2(a), and both contain noise265

on the order of magnitude of 0.05 m s−1. The excess Doppler from the high elevation GPS satellite PRN13 was subtracted

from the excess Doppler of occulting satellite PRN29 to eliminate the undetermined receiver clock error. The difference in

excess Doppler is shown in Figure 2(b) with interpolation and filtering applied. In this rising occultation, the excess Doppler

reached a maximum of 0.9 m s−1. The ratio of carrier to noise density, C/No, which indicates the signal power of the tracked

satellite relative to the noise floor, fluctuated in the range of 25–45 dBHz when the GPS satellite was deep below the horizon.270

The C/No underwent slight drops around 23.4 h due to the automatic gain control (AGC) in the receiver when signal strength

increased, for example, when the satellite rose above the local horizontal. In Figure 2(c), bending angle increases to 0.05◦ as

impact parameter increases, corresponding to positive elevation angles when the GPS satellite is above the local horizontal,

9



Figure 2. (a) Excess Doppler for the pair of satellites from the rising occultation “G29r_G13”. The GPS satellite PRN29 is in the occultation

position, and satellite PRN13 at a high elevation angle is used to remove the receiver clock error. (b) The excess Doppler difference for G29

minus G13, after interpolation and filtering (left axis), and signal carrier to noise ratio (C/N0) (right axis). (c) Bending angle from the initial

retrieval (light green) and final retrieval (black) with tapered increased smoothing for the top and positive elevation angle segments of the

bending angle (see text). The partial bending angle (blue) is derived from the black curve. (d) The final retrieved refractivity profile with

refractivity at the top fixed to the balloon in situ measurement.

then transitions to decreasing impact parameter as the bending angle increases from 0.1◦ to 1◦ for negative elevation angles

when the GPS satellite is below the local horizontal. The green curve shows the raw bending angle without smoothing for275

the entire occultation, and the black curve shows the bending angle that is smoothed separately and combined with a taper, to

reduce the errors propagating into the partial bending. The partial bending angle (blue curve) is obtained by subtracting the

positive bending from negative bending at the same impact parameter. The final retrieved refractivity profile is shown in Figure

2(d) in MSL altitude. The resulting refractivity profile from this rising occultation is truncated at 4 km, at the tangent point

altitude where the receiver initiated the steady tracking of the GPS signal. A setting occultation would be truncated at altitudes280

where the receiver loses the tracking of the GPS signal.
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4.2 Vertical Resolution of BRO

The GNSS carrier phase data were sampled at a 5 s interval, which would lead to a small vertical sample interval for the tangent

points between adjacent ray paths. However, the resolution of RO profiles is determined by the diffraction limit of the signal

ray paths, which is defined as the diameter of the first Fresnel zone ZF = 2
√

λLTLR

LT+LR
where λ is the GPS signal wavelength285

(0.19 m for GPS L1), and LR and LT are the distances from the receiver and transmitter to the tangent point of the ray path

(Hajj et al., 2002; Kursinski et al., 1997). For a stratospheric balloon flying at 20 km altitude, LR is a maximum of 600 km,

and LT is about 25,800 km for GPS satellites, which yields a maximum of ZF ∼600 m. It is smaller than SRO, where ZF is

about 1.4 km because the LEO satellites are at higher altitudes and thus further away from the tangent point of the ray path.

When the vertical gradient of refractivity is considered, the vertical resolution can be described as ZF ? = ZF
√
M , where the290

defocussing factor M is defined as
(

1− LTLR

LT+LR

dα
da

)−1
. Using the Full Spectral inversion technique the SRO observations

can have improved vertical resolution as small as 500 m, depending on the refractivity gradient (Tsuda et al., 2011) though

more generally limited to ∼1 km for wave perturbations (Scherllin-Pirscher et al., 2021). For comparison, the HIRDLS and

SABER limb-sounding satellites have a reported vertical resolution of 1 km and 2 km, respectively (Wright et al., 2011). The

diffraction-limited vertical resolution of the BRO profiles in a realistic atmosphere lies in the range 200–500 m. As shown in295

Figure 3(a), the vertical resolution is higher at the highest altitude near the tropopause because the tangent point is closer to the

balloon and in the lowest 4 km because of the increasing refractivity gradient. In the retrieval procedure described in section

4.1, the time scale of the Doppler smoothing is consistent with this vertical resolution, i.e., the time for the tangent point to

cross the first Fresnel zone diameter T = ZF

V
√
M

where V is the vertical velocity of the ray path tangent point in a vacuum. In

Figure 3(b), the vertical velocities of the tangent points in the atmosphere were shown to vary among different BRO profiles300

over one day (12 December 2019) due to slightly different occultation geometries. The estimated time for the ray path to cross

the diameter of the first Fresnel zone is around 20–60 sec above 5 km, and around 100–800 sec below 5 km. The time window

selected for excess Doppler filtering is 55 sec (11 data points), which is intended to filter out the majority of variations of the

sub Fresnel zone scale for data above 5 km. Evidence for the fact that BRO has a higher vertical resolution (smaller Zf ) than

SRO is exhibited in Figure 6 where the cold point tropopause (CPT) layer appears thinner in the radiosonde and BRO profiles305

than in the COSMIC-2 profile, and in Figure 9 where additional variability is indicated in the BRO–COSMIC-2 comparison at

∼18 km altitude.

5 Retrieval Results and Data Quality

During the first 17 days of the flight (06 December 2019–22 December 2019) when a nearly continuous sequence of data was

recovered, there are about 750 BRO profiles retrieved from the GPS satellites alone (top panel of Figure 4). On average, there310

are 44 profiles retrieved per day. The sampling of the profiles is continuous in both time and space, in contrast to SRO that has

a quasi random distribution. The balloon was floating predominantly eastward with an average velocity of 10–15 m s−1, at a

time when the QBO was in the westerly phase of zonal mean winds. The profiles were distributed in a band within±10◦ of the

equator with an average separation of ∼100 km. The density of profiles over a given area varies with wind speed. The balloon
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Figure 3. (a) Diameter of the first Fresnel zone of the radio wave for BRO profiles from 12 December 2019. Thin black lines are individual

BRO profiles, and the thick yellow curve is the daily mean for all panels. (b) Vertical velocity of the ray path tangent point during the

occultation. (c) Time for the tangent point to cross the first Fresnel zone diameter as a function of height. The thin blue line indicates the

selected window width (55 sec) used to filter the excess Doppler.

Figure 4. Plan view of the slant BRO profiles from 06 to 22 December 2019 (top), and a few selected days in January 2020 (1, 9, 11, 12, 13)

(bottom). The thick black line marks the trajectory of the balloon at the altitude of ∼20 km. Red and blue lines denote rising and setting BRO

profiles, respectively, that are projections of slanted profiles with the highest tangent point on the balloon path and the lowest point furthest

away. Small circles mark 00Z each day and are labeled with the date at 5 day intervals. Galileo and GLONASS data were recovered on 15

December and Beidou data were recovered on 14 January but not included in this map.
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path shows meridional motions associated with wave periods of ∼3–4 days. From 16–19 December 2019, the zonal wind was315

relatively weak, producing a very dense sampling of BRO profiles near 140◦ E longitude. The sampling was similarly dense

between 9 and 14 Jan 2020 near -90◦ E longitude.

GPS satellites travel much faster (2,000 m s−1) at much higher orbits (20,200 km) than superpressure balloons floating with

the wind at 20 km altitude. Over the duration of an occultation lasting about 10–20 minutes, the balloon is relatively stationary

compared to the GPS satellite. For a setting occultation, the tangent points of the ray path descend and drift horizontally away320

from the balloon position as the satellite sets (blue lines in Figure 4), and vice-versa for rising occultations (red lines in Figure

4). The slant profiles are aligned in four primary directions, roughly parallel to the orbital planes of the GPS satellites at the

equator (55◦ orbit inclination). Rising occultations on the north side of the balloon sample roughly from NW to SE and on

the south side sample from SW to NE. Setting occultations sample from SW to NE on the north side of the balloon and NW

to SE on the south side of the balloon. The temporal sampling of tangent points in an individual profile always produces later325

sampling to the east. Within a short time window, four or more setting and rising profiles form a tetrahedral shape extending 500

km in 4 different directions. This nearly orthogonal distribution of BRO profiles is expected to present advantages for resolving

wave structure in the horizontal direction. Multiple irregularly spaced but temporally and spatially consecutive profiles form

near-parallel transects ∼400 km wide along the trajectory.

Figure 5. Spatial distribution of the slant BRO profiles on 12 December 2019. The thick black line marks the trajectory of the balloon at the

altitude of ∼20 km. Red and blue lines denote tangent point locations for rising and setting BRO profiles, respectively. Blue squares denote

radiosonde stations, and yellow circles denote COSMIC-2 RO profile reference locations (neglecting the much smaller tangent point drift)

over the same day. The numbers above the yellow circles are the time in hours of the COSMIC-2 RO profiles. The BRO profile denoted by

a thick red line and the circled COSMIC-2 and radiosonde profiles are close in space and time, thus selected for comparison in Figure 6.

The transect of setting (blue) BRO profiles on the south side of the balloon trajectory is shown in Figure 7. No COSMIC-2 RO profiles are

obscured by the legend in the lower-left corner.
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The spatial distribution of the 49 BRO profiles retrieved from GPS satellites on 12 December 2019 is shown in Figure 5.330

There are 23 rising occultations (red) and 26 setting occultations (blue). The thick black line is the balloon flight track, and the

balloon was flying eastward over Indonesia during that period. The profiles are relatively evenly distributed and continuous in

both time and space, which provides a comprehensive sampling of the atmosphere beneath and surrounding the flight track. A

typical BRO tangent point profile will drift as far as 500 km to the side of the flight path as the tangent point altitude decreases

from balloon flight level down to 4–5 km altitude, producing the sequence of points appearing as curved lines in Figure 5.335

The horizontal drift is greater at the top and varies slightly depending on the relative orientation of the satellite motion to the

occultation plane. The horizontal drift is much larger than SRO over the same altitude range. For most of the occultations (41

out of 49), the lowest tangent point altitude reaches below 10 km, and the deepest profile reaches 4 km. About 22 SRO profiles

from COSMIC-2 fell in the map area on that day. However, they are scattered randomly in both space and time, as shown in

Figure 5.340

To evaluate the quality of the BRO observations, we compared them with observations from radiosonde launches when

the balloon passed over the maritime continent. We also compared them with COSMIC-2 SRO profiles that were close in

location and time and with reanalysis products from the European Centre for Medium-range Weather Forecasting (ECMWF)

Reanalysis-5 (ERA5) (Hersbach et al., 2020). The hourly ERA5 reanalysis (European Centre for Medium-Range Weather

Forecasts, 2019) interpolated from native model levels was chosen to represent the best estimate of the atmosphere state345

for this study, particularly for its high vertical resolution in the UTLS (∼300–400 m) and high temporal resolution of one

hour. These ERA5 model level products have a horizontal resolution of 0.25◦× 0.25◦ (∼25–30 km) and 137 hybrid sigma-

pressure levels in the vertical, up to a top-level of 0.01 hPa. The geopotential and geometric height, and the pressure at each

of the aforementioned model levels, were calculated using the method employed at the ECMWF (Simmons and Burridge,

1981; Trenberth et al., 1993). For each retrieved BRO profile, a corresponding refractivity profile from the ERA5 product was350

created by extracting the horizontal grid point closest to the observed tangent point for the nearest hour. Linear interpolation

for temperature, specific humidity, and the logarithm of pressure was performed between the two nearest model levels in the

reanalysis product to the height of the given tangent point in the BRO profile. Therefore, the final matching reanalysis profile

also drifts horizontally and contains the same number of points as the given BRO profile. Note that the ERA5 products on

pressure levels do not preserve sufficient vertical resolution to represent fine vertical-scale waves.355

Figure 6(a) shows a BRO profile with the radiosonde observation at Mutiara Airport near Palu, Indonesia (station ID# 97092)

and a COSMIC-2 RO profile (locations circled in Fig. 5). They were located about 300 km and 150 km away from the BRO

profile, respectively, and the time differences were less than 2 h. The refractivity profiles were calculated from the radiosonde

and ERA5 products using Eq. (1) with water vapor pressure estimated from specific humidity (details in Appendix C). The

matching ERA5 profile at the drifting tangent points is also shown in Figure 6(a). At each hour, we calculate the mean balloon360

location, then average all of the COSMIC-2 profiles that occur within ±15 days of that time and ±5◦ latitude and longitude

of that location to construct a monthly mean background refractivity and temperature profile that captures synoptic-scale

variations at periods much longer than the expected wave signatures. This COSMIC-2 “monthly mean” profile best represents

the mean tropopause structure, excluding the influence of tropical waves. In Figure 6(b), the percentage refractivity difference
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relative to the monthly mean profile is shown. The observations all show similar deviations from the monthly mean climatology.365

The BRO, radiosonde, and COSMIC-2 profiles all contain small-scale wave features near and above the tropopause. The wave

features are also present in ERA5, which assimilates both radiosonde and COSMIC-2 data. Visually, the BRO profile matches

the ERA5 profile well, which we attribute to the fact that they both consider the same tangent point drift.

Figure 6. (a) Refractivity profiles from BRO, the ERA5 reanalysis, a nearby radiosonde (RS), a COSMIC-2 RO profile (locations shown in

Fig. 5) and the monthly regional mean determined from COSMIC-2. (b) Percentage refractivity differences of ERA5, radiosonde, COSMIC-

2, and BRO with respect to the COSMIC-2 monthly mean. (c) Corresponding temperature (dry temperature for COSMIC-2 and BRO)

profiles. (d) Corresponding temperature differences with respect to the COSMIC-2 monthly mean. The time and location of the radiosonde,

COSMIC-2 RO and BRO are listed in the panel.

The refractivity differences between the BRO and the radiosonde is∼1 % from 4 to 15 km and∼2 % above 15 km. Note that

the radiosonde site is closer to the lower part of the BRO profile, as shown in Figure 5, and the BRO profile is within an hour370

of the 00:00UT launch time. Considering the spatial and temporal separation between the BRO and radiosonde measurements,

the BRO profiles have an absolute accuracy better than 2 %. The temperature profiles (dry temperature for COSMIC-2 and

BRO) are shown in Figure 6(c). The BRO dry temperature closely matches the radiosonde and COSMIC-2 temperature above

10 km and resolves the cold point tropopause very well. Figure 6(d) shows wave temperature anomalies (absolute differences)

from the COSMIC-2 monthly mean profile. A similar wave pattern can be identified in all observations, and waves are seen375
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Figure 7. (Top) Transect of northwest-southeast oriented BRO temperature profiles (blue lines) from 12 December 2019 south of the balloon

trajectory (see Fig. 5; blue lines) ordered by time and the offsets are proportional to the intervals. COSMIC-2 background profiles are shown

as black lines. (bottom) BRO profiles with the background removed. A coherent wave structure with ∼4 km wavelength dominates the

variability.

to sharpen and depress the cold point tropopause temperature by ∼1 K, as has been observed in previous studies (Kim and

Alexander, 2015). The differences in temperature between the BRO, COSMIC-2, and radiosonde are within 1 K above 10 km.

Below 10 km, the BRO and COSMIC-2 profiles are similar, as they both neglect water vapor and thus are not comparable to

ERA5 and the radiosonde.

The wave pattern observed in the radiosonde, COSMIC-2, and BRO profiles in Figure 6 can be examined in more depth,380

given a large number of BRO profiles available. Figure 7 shows a series of 11 profiles that were collected consecutively in

space and time from setting GPS satellites on the south side of the balloon track on the same day (12 December 2019), where

the orientations of the tangent point drift were similar. The offsets between two adjacent profiles are proportional to the interval

between them. The CPT is at ∼16 km and is associated with a vertical wave pattern that is common to all the profiles. This

is even more clear when the large-scale background temperature profile is removed, shown in the lower part of Figure 7. The385

background has its coldest point significantly higher, at ∼17.5 km. This fine-vertical scale (∼3–4 km) wave pattern seen in the

BRO data must have a long intrinsic period (>1 day) since no obvious progression in phase is visible.

A statistical comparison between BRO and the corresponding ERA5 reanalysis profiles for the entire 17 day period is shown

in Figure 8. The number of points from the BRO profiles at each height is indicated in black lines. The lowest tangent point

altitude in each profile varies because the PLL receiver loses or initiates tracking of different satellites at different altitudes.390

Most of the profiles (∼600) penetrate below 10 km, and∼400 profiles penetrate below 8 km. The differences are characterized
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Figure 8. (Left) absolute refractivity difference between BRO and ERA5 (BRO minus ERA5), (center) percentage refractivity difference and

(right) absolute temperature difference. Blue solid and dashed lines are the mean and standard derivation (SD) of the differences between the

two datasets. Note that true temperature is shown for ERA5 and dry temperature is shown for BRO. The number of BRO measurements at

each altitude is shown by the black line and top axis. For reference, the vertical dotted lines around zero represent 0.1 N-unit and 0.2 % in

absolute and percentage differences and 0.5 K in temperature difference.

Figure 9. (Left) absolute refractivity difference between daily mean BRO and daily mean COSMIC-2 RO (BRO minus COSMIC-2), (middle)

percentage refractivity difference and (right) dry temperature difference. The COSMIC-2 profiles are within 10◦ latitude and 10◦ longitude

of the daily mean balloon position. Vertical dotted lines around zero represent 0.1 N-unit and 0.2 % in absolute and percentage difference,

and 0.5 in dry temperature.

by the mean and standard deviation (SD) of the absolute and percentage differences between the two datasets. The mean

difference between BRO refractivity and ERA5 is within 0.1 N-units, and the corresponding percentage difference is about 0.2

% above 7 km. The mean difference between retrieved dry temperature and ERA5 is within 0.5 K above 11 km, where moisture

is negligible, with BRO showing higher temperatures. A residual wave-like pattern is apparent in the differences above 15 km,395

which is likely the signature of a large-scale and slowly varying wave captured by BRO that is coherent over the 17 days and is

not captured accurately or is underrepresented in ERA5, as seen in Figure 6(c) and Figure 7. Because the dataset extends only

∼100◦ longitude along the equator, the large-scale wave perturbations were not averaged out and are still evident in the BRO

dataset.
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Although there are many COSMIC-2 profiles over the equatorial region during the period of the Strateole-2 campaign, the400

number of profiles available to implement a profile-to-profile comparison between the two datasets is quite small. In order to

compare the two types of RO profiles, the daily mean refractivity and temperature were calculated for each dataset by averaging

all RO profiles that occurred over a day within a box of 10◦ latitude by 10◦ longitude centered on the mean balloon position

for the day. There were typically about 15–25 COSMIC-2 profiles per day falling in such an area compared to ∼45 BRO

profiles. There are in total 17 daily mean profiles calculated for both RO datasets. Figure 9 shows the absolute and percentage405

differences of daily mean refractivity between BRO and COSMIC-2. There is about a 0.1 N-unit mean difference between

the two datasets above 15 km, corresponding to a 0.2 % difference. The mean temperature difference is within about 0.5 K

between two RO datasets above 8 km, with BRO showing higher temperatures. The largest differences at 17 km altitude close

to the tropopause suggest that the COSMIC-2 daily mean may not be capturing all of the wave structure present in the higher

vertical resolution BRO observations. Residual wave effects may also be associated with the limited sampling of COSMIC-410

2, or the latitudinal dependence of waves that may result in averaging out some variability. The technique for constructing

composites of COSMIC-2 data is explored further in section 6. Between 7–15 km, the differences are very small and stay

within 0.1 % of the refractivity. The BRO observations are expected to be noisier than COSMIC-2 RO near the top of the

profile because the accumulated bending angle along the ray path and the excess Doppler is small compared to velocity errors

from the position uncertainty (Muradyan et al., 2011). However, the in situ refractivity observations assure the errors are small.415

The comparison between the two datasets illustrates that the same technique on different platforms can consistently observe

large-scale atmospheric properties. The difference seen in the dry temperature below 15 km might be due to the different

numerical schemes of calculating the dry temperature in the two datasets.

6 Equatorial Waves in the BRO Dataset

A primary objective of this work is to determine the properties of the equatorial waves that are evident in the BRO dataset, such420

as presented in Figure 7. The TSEN instrumentation on the Euros gondola measures flight level temperature and horizontal

wind from the balloon position and reveals some properties of the wave spectrum. The Lagrangian frame of reference on the

floating balloon enables a direct measurement of intrinsic wave frequencies. From these measurements, we compute the wave

energy spectrum as a function of intrinsic frequency over the 57 day flight, which contains the period of high-density BRO

measurements. Figure 10 shows the spectrum for waves with periods 1–30 days. The spectrum shows a main peak near 20 days425

and secondary peaks at 3–4 days plus a background of higher-frequency waves. The 20 day signal is associated with a large

quadrature in zonal wind and temperature without any coherent meridional wind signal (not shown), permitting interpretation

of the 20 day signal as a Kelvin wave. The clear break in the spectrum near 5 day is next selected as the cutoff period for

filtering to separate this Kelvin wave from shorter period waves in BRO temperature profiles.

Given the characteristics of the profile transects shown in Figure 7, we investigated the ability of BRO profiles to capture430

the properties of equatorial waves with short vertical wavelengths. In order to extract the wave components, background

temperature profiles were subtracted from each BRO profile. The background temperature is defined as the moving average of
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Figure 10. Intrinsic frequency spectrum of total wave energy (m2 s−2) from TSEN measurements at the balloon float altitude near 20 km

for the flight containing the time of the high-density BRO measurements.

all COSMIC-2 profiles that occurred within ±15 days and ±2◦ latitude and ±10◦ longitude surrounding the balloon location.

Temperature perturbations thus include waves with periods shorter than 30 days. The BRO temperature perturbation profiles in

Figure 11(a) are ordered in time along the balloon track, with the corresponding longitudes shown on the top axis. The altitude435

of the BRO cold point tropopause (CPT) is also shown in Figure 11(a). The coherent descent of phase with time, characteristic

of upward propagating tropical wave energy, is observed in the stratosphere, as well as variability on a wide range of time

scales. The longer period coherent wave is clear in the BRO profiles that are filtered within periods of 5–30 days shown in

Figure 11(c).

Figure 11(b) shows the residual temperature variation after removing the dominant long period signal from Kelvin waves440

(5–30 day period) shown in figure 11(c). This isolates the tropical wave variability at periods ≤5 day. These shorter period

wave signals commonly reach ±4 K, and coherent phase descent is evident at times. Variability at the shortest time scales

may be convolved with spatial wave variability, and multiple waves may be present, so further study of these high frequencies

will be the subject of future work. Previous analyses of ground-based tropical observations at fixed locations have chosen a

cutoff period at≤3 day to isolate inertia-gravity waves (Sato and Dunkerton, 1997). Pass bands of≥4–7 day periods have been445

used to isolate Kelvin waves (Tsuda et al., 1994; Kiladis et al., 2009). However, these analyses were done in the ground-based

reference frame, while we observe in the Lagrangian frame and at latitudes very close to the equator. This frame of reference

difference is an important distinction, and we will show clear differences in waves observed in these two frames of reference in

what follows. While mixed-Rossby-Gravity waves and Kelvin waves can occur near a 5 day intrinsic period, we do not observe

these signals around this period of high-density BRO data.450

Figure 11(c) shows the filtered temperature perturbation within the period band of 5–30 days, which contains Kelvin waves

with a peak period of∼20 days. The vertical structure of the 5–30 day signal in the strateosphere (Figure 11(c)) has a dominant
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Figure 11. Time-altitude cross-section of the 17 days continuous measurement period. (a) BRO temperature perturbations with periods

less than 30 days, (b) BRO temperature perturbations with periods less than 5 days after removal of Kelvin waves, (c) BRO Kelvin wave

perturbations (periods in the band 5–30 day), (d) COSMIC-2 Kelvin wave perturbations (5–30 day) from compsite profiles. Black lines in

(a) mark the cold-point tropopause height. Numbers at the top axis of (a) are the longitudes at the corresponding time.

vertical wavelength of ∼6 km until day 350. Then after day 352, a ∼3 km vertical wavelength signal is more prominent. We

can estimate the horizontal wavelength using the dispersion relation for Kelvin waves,

ω̂ =Nk/m, (5)
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Figure 12. Profiles of Kelvin wave temperature perturbations from COSMIC-2 and BRO from Fig. 11(c) and (d), on (a) day 346 when the 6

km vertical wavelength dominates and (b) day 353 when the 3 km wavelength dominates.

where ω̂ is intrinsic frequency,N is buoyancy frequency (∼.025 rad s−1), and k andm are horizontal and vertical wavenumber,455

respectively. The 6 km signal is thus associated with the zonal wavenumber (wn) 1 Kelvin wave and the 3 km signal with wn

2.

A comparable estimate of the 5–30 day period Kelvin wave perturbations observed by COSMIC-2 is demonstrated by

constructing composite temperature profiles following the balloon trajectory. These profiles were obtained by averaging the

COSMIC-2 profiles that occurred within ±12 hours and±2◦ latitude and±10◦ longitude of the hourly mean balloon location.460

Then, the same previously defined monthly mean background was removed from these profiles. The residual temperature

perturbations are shown in Figure 11(d). The pattern is very similar in the BRO and COSMIC-2 observations, but the amplitudes

in the BRO appear stronger, particularly in the later period where the 3 km vertical wavelength structure dominates. The larger

amplitude of the Kelvin wave signal in the BRO data can be explained by the higher vertical resolution of BRO compared to

SRO derived in section 4.2. Figure 12 shows this more quantitatively by comparing profiles in Figure 11(c) and (d) on days465

346 (when the 6 km wavelength dominates) and 353 (when the 3 km wavelength dominates). The same Kelvin waves are well

observed by both datasets; however, the ones observed by COSMIC-2 show amplitudes attenuated by ∼20 % compared to

BRO. The discrepancies below 15 km might be due to different numerical schemes of calculating the dry temperature from

refractivity, which can also be seen in Figure 9(c).

To illustrate the effect of the balloon’s Lagrangian frame of reference on wave observations, Figure 13 shows temperature470

perturbations in the ground-based frame of reference. In panel (a), the COSMIC-2 data shown is from the daily average of

temperature profiles within a fixed area (a box from 120◦ E–140◦ E, and 2◦ S–2◦ N), band-pass filtered between 5 and 30

days. In panel (b), radiosonde data from Manado, Indonesia, (Station# 97014, 124.91◦ E, 1.53◦ N) is high-pass filtered for

periods shorter than 5 day. Both datasets are organized by altitude and time for comparison with the BRO dataset, filtered for

the same periods. Unlike the BRO dataset in the Lagrangian frame as shown in Figure 11, the filtered COSMIC-2 temperature475

perturbations within periods of 5–30 day (Kelvin wave signal) show different features. Figure 13(a) shows a relatively steady

downward progression of phase in time in this ground-based frame. During days 340–350, the period of the wn=1 Kelvin wave

21



Figure 13. (a) Time-altitude cross-section of COSMIC-2 temperature perturbations binned at a fixed location surrounding the radiosonde

site (120◦ E–140◦ E, 2◦ S–2◦ N) and band-pass filtered at 5–30 day period. Time is indicated with daily values at 12 UT on the horizontal

axis. (b) Radiosonde (124.91◦ E, 1.53◦ N, station ID# 97014) temperature perturbations high-pass filtered for periods shorter than 5 day.

Time is indicated with daily values at 0 UT and 12 UT on the horizontal axis.

observed in this frame is closer to 16 days, shorter than the 20 day observed in the TSEN data. This intrinsic period could also

be resolved by BRO data given that more data were retrieved.

Linear wave theory predicts that the difference between ground-based frequency and intrinsic frequency is equal to the zonal480

mean QBO wind (U ) times wavenumber k,

ω0− ω̂ = Uk. (6)

The difference is therefore consistent with an eastward mean wind of U ∼8 m s−1, a value closely matching the observed zonal

wind. In the Lagrangian frame, the balloon moves faster during the eastward Kelvin wave phase. During the westward phase of

the Kelvin wave, the balloon slows considerably, but during part of that time it is still moving eastward. Thus when the balloon

and wave move in the same direction and the wave propagation is faster than the mean wind, the balloon spends more time in485

eastward motion, and shorter time in westward motion. This difference would be reversed if the QBO were in the westward

phase.

Here we use two methods to make a rough estimate of momentum flux, one relying primarily on temperature perturbations

from ROC, and one relying primarily on TSEN data. As presented in the Appendix of Ern and Preusse (2009), the gravity and

Kelvin wave momentum fluxes can be estimated from relative temperature perturbations with known intrinsic wave frequency,490
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vertical/zonal wavenumber, atmospheric density and buoyancy frequency.
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of which ρ0 is the atmospheric density, T is the background temperature, and N2 is squared buoyancy frequency. These

formulas were applied to SABER (Ern and Preusse, 2009) and HIRDLS (Alexander and Ortland, 2010) observations, and also

SRO datasets, such as COSMIC-1 (Schmidt et al., 2016). With BRO data retrieved in the Lagrangian framework and better495

resolution of the wave amplitudes, a more accurate estimate of the wave momentum flux could be achieved near the balloon

flight altitude. Assuming a background temperature of 195 K, a density of ∼0.1 kg m−3 and a buoyancy frequency of 0.025

rad s−1 at about 20 km, the momentum fluxes of the Kelvin waves with wn=1 and wn=2, are estimated to be around 0.15 mPa

and 0.09 mPa, respectively. These values are reasonable and, for example, within range of values deduced from radiosonde

data in Sato and Dunkerton (1997, Fig. (7)) during the westerly phase of the QBO, which was about 0.1–0.2 mPa at around 20500

km.

Sato and Dunkerton (1997) provides a different way of estimating the Kelvin wave momentum flux by relating it to the

quadrature spectra of temperature and zonal wind perturbations.

Fm = ρ0 〈u′w′〉=− ρ0g

TN2

ω2∫
ω1

QTu (ω̂) ω̂ dω̂, (8)

where QTu (ω̂) is the quadrature spectra of the temperature and zonal wind fluctuations at intrinsic frequency ω̂. This is a

direct estimation of total momentum flux that contains both positive and negative momentum flux. The quadrature spectra of505

temperature and zonal wind perturbations were calculated from the TSEN measurements; a peak of about -3 K m s−1 was

found for the 20 day Kelvin wave around the BRO high-density observation period (not shown). Using the same constants

defined above, the total momentum flux associated with the Kelvin wave is calculated to be around 0.09 mPa. This value is

slightly smaller than the ones estimated from the ROC temperature measurements.

Figure 13(b) shows the high-pass (5 day cut-off period) filtered radiosonde temperature anomalies. Again differences be-510

tween perturbations in this ground-based reference frame and in the Lagrangian frame (Figure 11b) are apparent, but with

many different frequencies and wavenumbers of gravity waves likely contributing to these perturbations, the interpretation is

more complex and left to future work.
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7 Discussion

We have shown the level of consistency of the BRO observations with radiosonde observations, and made statistical compar-515

isons with the ERA5 reanalysis and COSMIC-2 RO for the larger horizontal scale Kelvin waves, which provides confidence

in the information extracted from the BRO observations. The RO technology has been deployed on many satellite missions

to provide datasets with global coverage, either as a primary payload in dedicated constellations or as a secondary payload in

other science missions, and recently in commercial CubeSat constellations. The BRO observations extend the general capabili-

ties of GNSS RO to dense consecutive profiles that can be exploited to investigate coherent finer vertical scale wave variability,520

as illustrated above. There is a rich dataset still to be explored in terms of three-dimensional propagation characteristics and

directionality by analyzing transects with different orientations from the orthogonal pattern of tangent point profiles. These

capabilities will be further enriched by recovering data of multiple constellations, including Galileo, GLONASS, and Beidou.

24 hours of data were retrieved from the Galileo and GLONASS constellations sufficient to demonstrate quality comparable to

GPS. 12 hours of data were retrieved from Beidou. Due to data transmission limitations, however, it was not possible to trans-525

mit the additional constellation datasets from the entire flight. The data were sufficient to verify the number of occultations

from each constellation. On average, there were∼2 profiles retrieved per hour from the GPS constellation. Including data from

all GNSS constellations more than doubles the number of profiles. The multi-constellation recordings that were successfully

tested for one day during this campaign are planned to be implemented for future Strateole-2 science campaigns which will

have increased communications bandwidth. Multi-constellation recordings will further improve spatial and temporal resolu-530

tion.

The BRO observations of temperature variability in a moving reference frame provide a unique benefit when interpreting

wave characteristics from dispersion relations. Strictly speaking, the dispersion relations that relate intrinsic period to wave

speed hold in the intrinsic (Lagrangian) reference frame. Infrared satellite data that are often used to capture wave modulation of

deep convection (i.e., Kiladis et al. (2009) are typically displayed and analyzed in an Earth-fixed (i.e., ground-based) reference535

frame. In the troposphere, where the winds are weaker and more random, the approximation that the reference frames are

nearly equivalent has a negligible effect. However, in the stratosphere, where the mean flow is stronger, the wave dispersion

curve in the intrinsic Lagrangian reference frame (i.e., the wave speeds) is different from the ground-based reference frame.

This can be seen clearly in Figure 13(a) where the COSMIC-2 profiles are averaged over boxes in a ground-based reference

frame, in comparison to a reference frame that moves with the balloon in Figure 11(d). The latter appears quite similar to the540

BRO profiles. In fact, the period estimated for the former is closer to 16 days, whereas the intrinsic period that is observed by

BRO is closer to 20 days. Often the dispersion curves calculated in the Lagrangian reference frame for different wave types are

shown on the same diagrams with satellite derived observations in the Earth-fixed reference frame (i.e., Kiladis et al. (2009),

without accounting for these differences. Similarly, the difference is also highlighted in the shorter period data from BRO in

Figure 11(b) where waves with an intrinsic period of 3–4 day are present. The radiosonde data in the ground-based reference545

frame in Figure 13(b) may be capturing the same waves but at different intrinsic periods. This is further complicated due to the
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likelihood that the data likely contains many wave types. The intrinsic period and wave speed can be significantly different,

also affecting any estimates of momentum flux.

The wave analysis is based on dry temperature profiles above 10 km, using the retrieval method based on the assumptions of

negligible water vapor and hydrostatic equilibrium (Kursinski et al., 1997). As expected, there is a deviation of dry temperature550

from the true temperature at lower altitudes. With prior information (a first guess) from the model about the temperature and

water vapor pressure and their uncertainties, the temperature and moisture information could potentially be retrieved using 1D-

VAR methodology (Poli et al., 2002), for example, as implemented in COSMIC Data Analysis and Archive Center(CDAAC)

(COSMIC Project Office, 2005). However, as seen in Figure 6, this would involve a more complicated interpretation of the wave

structure in the altitudes of interest when the background or first guess model has a significantly different vertical structure, so555

it is not used here.

Very high accuracy positioning is required for balloon-borne RO observations because of the sensitivity to Doppler velocity

errors. The higher accuracy positioning yields an additional benefit relative to the single-frequency GNSS receiver in the

standard TSEN sensor package provided for all deployed balloons. This precise positioning provides better estimates of the

winds and reliable vertical positions that are independent of the pressure measurement, which makes it possible to resolve the560

Eulerian pressure independently of altitude for the intrinsic phase speed estimation in the spectral analysis of the in situ data

(Boccara et al., 2008; Vincent and Hertzog, 2014). This was illustrated in the high precision positioning used in the gravity wave

analysis of the stratospheric balloon data from the Antarctic Concordiasi campaign and led to better estimates of momentum

flux of high-frequency gravity wave (Zhang et al., 2016). A similar analysis is planned for future Strateole-2 observations.

The COSMIC-2 constellation provides profiles over the tropical oceans operationally for assimilation into numerical weather565

prediction models and achieves a median latency of 30 minutes (Weiss et al., 2022). The increased density of the Strateole-

2 observations provides potential added value for models, and the processing scheme is quite similar. The observations are

transmitted via Iridium satellite communication link at 1 hour intervals, so there could be as much as 30 minutes additional

median delay, which would still be of potential value for NWP. Efforts are underway to develop low-latency products for aircraft

RO observations. Implementing the same techniques for near real-time balloon observations could contribute to improving570

model initial conditions over the tropical oceans in future campaigns.

8 Conclusions

This work is the culmination of efforts to design and deploy the 2nd generation Global Navigation Satellite System (GNSS)

receiver for Radio OCcultation (ROC) onboard equatorial long-duration stratospheric balloons. The Strateole-2 technology

demonstration campaign in 2019–2020 was the first time that balloon-borne GNSS RO has been used to derive high vertical575

resolution equatorial wave observations. About 45 temperature profiles were retrieved daily over a period of 17 days, from∼20

km down to a median altitude of 8 km. The BRO technique samples the atmosphere in an orthogonal pattern over a broad area

(±400–500 km) along both sides of the flight track, which will be helpful in the future for examining horizontal variations in

wave propagation characteristics.
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For verification, retrieved refractivity and dry temperature profiles were compared with colocated radiosonde observations580

over Indonesia within 300 km and 1 hour of the observation time. The BRO refractivity profiles show good agreement with

radiosondes, given the large horizontal drift of the profile tangent points, within 2 % refractivity and 1 K temperature from flight

level to 10 km altitude. Most importantly, the BRO profiles, with vertical resolution better than 500 m, show the same vertical

wave structure in the temperature and wave-generated depression of the cold point tropopause as is seen in the radiosonde

profiles. Over the duration of the flight over the maritime continent, the mean difference with the ERA5 reanalysis is less than585

0.2 % refractivity above 7 km, and the standard deviation is less than 1 %. A systematic bias in comparison with ERA5 from

15 to 20 km is explained by a large-scale Kelvin wave observed in the data that is not adequately resolved or represented in the

ERA5 reanalysis. We computed the daily regional mean from the much sparser COSMIC-2 RO profiles to compare to the daily

mean BRO profiles and found excellent agreement from balloon flight level down to 8 km altitude, with an RMS difference

less than 0.1 % refractivity. Slightly larger differences at 17–18 km are a possible indication that wave variations with less than590

3 km wavelength are not resolved as well in the sparser spaceborne RO dataset.

The dominant signal in the individual BRO profile transects, made visible by the consecutive sampling in time and space, is a

large-scale Kelvin wave with∼3–6 km vertical wavelength. The same Kelvin wave is also visible in the COSMIC-2 data, when

a new approach is used to bin the COSMIC-2 data following the balloon trajectory, essentially mapping the COSMIC-2 obser-

vations into the intrinsic reference frame. However, the BRO observations with slightly higher vertical resolution and denser595

sampling retrieved as much as 20% higher amplitude temperature variation associated with the wave. The BRO observations

present the advantage that the waves are naturally measured in the intrinsic reference frame. The BRO profiles show an intrinsic

period of 20 days for the Kelvin wave as compared to 16 day period for the Kelvin wave in the ground-referenced COSMIC-2

dataset. Both the difference in amplitude and the difference between periods determined from the BRO vs COSMIC-2 datasets

affect the calculation of momentum flux. After removing the large-scale signal of the Kelvin wave, the BRO observations show600

wave variations with 2–3 km vertical wavelength that are interpreted to be westward propagating inertia-gravity waves with

a 3–4 day period. These results demonstrate the ability to extract fine-vertical scale wave properties continuously in time and

space in poorly sampled regions of the globe. The results are promising and indicate that the data will be useful for distinguish-

ing contributions that waves of different scales make to momentum forces for wave driving of the QBO, which is expected to

lead to improved QBO representation in models.605

We retrieved a short dataset from the Galileo and GLONASS constellations, which have comparable accuracy to GPS, and

demonstrated the feasibility to nearly double the sampling density. Experimental data from the Beidou constellation were also

collected. Five balloons carrying the ROC receiver will be deployed to perform RO observations in a follow-on campaign. Im-

proved Iridium data rates are expected to be high enough to support the continuous transmission of all constellations throughout

the entire flight. Exploiting the full dataset and the information available from the directional sampling of the profiles on the610

north and south sides of the balloon paths will provide opportunities to capture waves over an even broader range of scales.

BRO observations contribute to the larger objectives of the Strateole-2 campaigns that include multiple types of instruments

to be flown in the coming years. The high vertical resolution provides new knowledge on fine-vertical scale waves that are un-

resolved in global models and provides direct observations of their spatial structure. When combined with other observations
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such as the Strateole-2 BeCOOL micro-lidar nadir cloud observations, the BRO observations will help determine the relation-615

ship of upper troposphere waves to the presence of cirrus clouds that can be used for improving model representations of these

clouds. They will help quantify global characteristics of waves that determine cold point tropopause temperature variability

for use in improving models of stratospheric dehydration. Slow upwelling, rapid transport by penetrating deep convection,

thin cirrus formation, and horizontal transport and cooling by waves combine to give the observed variability in water vapor

on timescales ranging from very short to decadal. Because stratospheric water vapor plays an important role in the radiative620

budget of the stratosphere as well as in modulating surface warming, quantifying wave properties in the equatorial region that

modulate transport of moisture from the troposphere is essential for improving climate models.

Code and data availability. The Strateole-2 balloon-borne ROC dataset from the 2019 flight is available at the Haase research group web-

page (https://agsweb.ucsd.edu/strateole2/) and also from the Strateole-2 project website managed at the Institut Pierre Simon Laplace (IPSL),

France (https://observations.ipsl.fr/aeris/strateole2/data/C0/ROC/). The radiosonde data was downloaded from the University of Wyoming625

(http://weather.uwyo.edu/upperair/sounding.html). The COSMIC-2 provisional data were retrieved from the University Consortium for At-

mospheric Research (UCAR) COSMIC Data Analysis and Archival Center (CDDAC) (https://cdaac-www.cosmic.ucar.edu/). The ERA5 re-

analysis data was retrieved from the ECMWF Meteorological Archival and Retrieval System (MARS) (https://www.ecmwf.int/en/forecasts/

dataset/ecmwf-reanalysis-v5). The ground GPS data for selected IGS stations were downloaded from NASA/Crustal Dynamics Data Infor-

mation System (CDDIS) (https://cddis.nasa.gov/archive/gnss/products). The precise GPS orbit data were downloaded from the Center for630

Orbit Determination in Europe (CODE) operated at the Astronomical Institute of the University of Bern (http://ftp.aiub.unibe.ch/). All the

map products were made using the GMT software (https://www.generic-mapping-tools.org/).

Appendix A: Geometry of Balloon-borne RO

The BRO geometry is similar to SRO except that the receiver is within the neutral atmosphere, as shown in Figure A1. The

excess phase delay is defined as the difference between the observed propagation time of the signal from the satellite to the635

receiver and the travel time in a vacuum, multiplied by the speed of light. The excess phase is the integral along the ray path of

the refractive index. It is the fundamental observed quantity, expressed in distance units as the carrier phase cycles multiplied by

the speed of light, and is typically as much as 100–200 m for BRO. The derivative of the excess phase with time is the excess

Doppler shift in the GNSS transmitter carrier frequency, for convenience given in units of speed (m s−1). In a spherically

symmetric atmosphere, the ray path bending angle can be derived from the excess Doppler shift (Hajj et al., 2002; Kursinski640

et al., 1997) using an iterative method, geometric constraints, and Bouger’s law for optical refraction (Born and Wolf, 1999;

Vorobév and Krasilńikova, 1994)

a= nt · rt = nT · rT · sinφT = nR · rR · sinφR = n(r) · r · sinφ. (A1)

Here the impact parameter, a, is constant for a given ray path, and φ is the angle between the radius vector, r, and the ray path

tangent vector. rT and rR refer to the radius vectors of the satellite transmitter and receiver positions, respectively, and rt is the
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Figure A1. Schematic diagram of balloon-borne RO geometry with a receiver inside a spherically symmetric atmosphere (shaded). The solid

lines connecting the balloon and the GPS satellites represent ray paths of the navigational signal at different times, thicker parts within the

neutral atmosphere. Point B on the ray path is symmetric with respect to the tangent point to balloon position A. The bending angle α′ is the

partial bending angle that accounts only for the bending of the ray path segment AB. Note that the schematic figure is not to scale and the

ray path bending is exaggerated for the purpose of visualization and is less than 2o.

radius at the tangent point. The result is an estimate of bending angle as a function of ray impact parameter a. The accuracy645

of the bending angle derived from the excess Doppler is subject to the accuracy of the velocity of the transmitter and receiver

(Xie et al., 2008; Muradyan, 2012; Muradyan et al., 2011).

Theoretically, the ray path bending is also described by an integral over radius, r, from the receiver altitude to the altitude of

tangent point then to the GPS satellite altitude, in the case of a spherically symmetric atmosphere,

α(a) =−2a

rR∫
rt

1

n

dn

dr

dr√
n2r2− a2

− a
rT∫
rR

1

n

dn

dr

dr√
n2r2− a2

. (A2)

The receiver is low enough that it cannot be considered to be in a vacuum, so the asymmetric geometry requires a correction650

for the in situ refractivity. It also requires a correction for the refractivity above the receiver for the positive elevation angle

segment of the ray path from point B to C in figure A1. The partial bending angle is defined as the difference between the total

bending accumulated for the ray path arriving at the receiver from an elevation angle below the horizon (negative elevation

angle) minus the positive elevation angle bending (Xie et al., 2008). It corresponds to the accumulated bending from the

segment of the ray path below the altitude of the receiver, which is the first term on the right side of Eq. (A2). In Figure A1,655

this segment of the ray path is between point A and point B, which is symmetric with respect to the tangent point. The partial

bending angle α′ is then inverted using the Abel transform to retrieve the refractive index profile.

n(a) = nR · exp

 1

π

nRrR∫
a

α′ (x)dx√
x2− a2

 (A3)
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nR is the refractive index at the receiver altitude and is determined by in situ measurements from meteorological sensors

onboard the same balloon. Finally, the refractive index profile as a function of altitude n(h) is retrieved using the relation

a= nr = n(RE+h), whereRE is the local radius of curvature of the ellipsoidal Earth and h is the altitude above the ellipsoid.660

Appendix B: Horizontal Resolution

Figure B1. The signal ray paths of one setting occultation in (a) horizontal plan view and (b) vertical cross-section view. The numbers label

the ray path traversing the atmosphere from top to bottom with a 300 sec and 150 sec intervals for (a) and (b). The black square marks the

position of the balloon that moves a short distance but is shown as nearly stationary in this scale. The red dots denote the tangent point of

that ray path and the segments that contribute 50% of the total excess phase are indicated by thicker lines in (a) and (b). (c) and (d) shows the

horizontal distance and corresponding altitude range of the ray path segments that contribute 50% of the total excess phase.

For each balloon-borne RO profile, the retrieved refractivity is derived from an integrated measurement along the ray path,

whose effects are represented as a localized value at the tangent point. One way to define the horizontal resolution is to use the
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length of the ray path centered at the tangent point that contributes 50 % of the excess phase or bending. Using ray-tracing,

we simulated the GNSS signal propagation in the atmosphere for one setting occultation near the equator. Figure B1(a) shows665

the ray paths projected to a horizontal map view and Figure B1(b) shows a vertical cross-section for the segments of the ray

paths that traverse the atmosphere below the height of the balloon at 20 km. The thicker segments on the ray path surrounding

the tangent points account for 50 % of the total excess phase. The time interval between each ray path shown in panel (b) is

150 s. The horizontal drift of the tangent points (red dots) is clearly seen in these two panels. At this scale, the motion of the

balloon during the ∼25 min occultation is imperceptible. The horizontal distance ∆L and corresponding altitude range ∆z of670

this segment provide one way of defining the resolution. In Figure B1(c), ∆L varies from ∼275 km at 10 km height to 170 km

at the tropopause at ∼18 km, as ∆z varies from ∼1.4 km to to 0.7 km in Figure B1(d).

Appendix C: Water Vapor Pressure

When BRO refractivity profiles are compared with other observations such as radiosondes or model output such as the ERA5

reanalysis, the corresponding refractivity needs to be calculated from temperature, pressure, and humidity. In the definition of675

refractivity in Eq. (1), water vapor pressure pw is not a direct measurement or model variable. In general, absolute humidity

provides a better representation of water vapor content than relative humidity, especially when the water vapor concentration

is low. We selected the following formula to calculate water vapor pressure from absolute (specific) humidity:

pw = p
r

ε+ r
, (C1)

where r is the water vapor mixing ratio, calculated from specific humidity q [in kg/kg] using r = q/(1− q), and ε (Rd/Rw)

is the ratio of gas constants for dry air and water vapor, assumed to be 0.622. This formula provides a more accurate estimate680

of water vapor pressure than other formulas that estimate water vapor pressure from relative humidity based on empirical

equations.

Appendix D: IGS Ground Stations

In this study, GPS data from 26 International GNSS Service (IGS) ground stations are used to estimate the regional GPS satellite

clock errors in the precise position and phase residual calculation. The selected stations are surrounding the balloon trajectory685

with a good view of satellites that are potentially in occulting positions relative to the balloon location. The downloaded raw

data has a resolution of 30 s, which is sufficient to resolve the variations of satellite clock errors during occultations that

typically last 10–20 minutes.
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Figure D1. Map of balloon trajectory and selected ground stations from IGS network, that are used in determining the regional GPS satellite

clock errors.
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1 Trajectories of all balloons launched in the Strateole-2 2019 campaign. The thick blue line is balloon “ST2_C0_06_STR1”

that carried the radio occultation receiver. ?marks the launch site in Seychelles and � indicates the final landing

site in Mali. Small circles over the trajectory indicate 00Z each day and are labeled at 5 day intervals. Dashed

boxes along the trajectory mark the periods when BRO data were recovered. Gray lines are the 4 other balloons905

flying at ∼20 km, and magenta lines are the 3 balloons flying at ∼18 km. . . . . . . . . . . . . . . . . . . . . 5

2 (a) Excess Doppler for the pair of satellites from the rising occultation “G29r_G13”. The GPS satellite PRN29

is in the occultation position, and satellite PRN13 at a high elevation angle is used to remove the receiver clock

error. (b) The excess Doppler difference for G29 minus G13, after interpolation and filtering (left axis), and

signal carrier to noise ratio (C/N0) (right axis). (c) Bending angle from the initial retrieval (light green) and910

final retrieval (black) with tapered increased smoothing for the top and positive elevation angle segments of

the bending angle (see text). The partial bending angle (blue) is derived from the black curve. (d) The final

retrieved refractivity profile with refractivity at the top fixed to the balloon in situ measurement. . . . . . . . . 10

3 (a) Diameter of the first Fresnel zone of the radio wave for BRO profiles from 12 December 2019. Thin black

lines are individual BRO profiles, and the thick yellow curve is the daily mean for all panels. (b) Vertical915

velocity of the ray path tangent point during the occultation. (c) Time for the tangent point to cross the first

Fresnel zone diameter as a function of height. The thin blue line indicates the selected window width (55 sec)
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4 Plan view of the slant BRO profiles from 06 to 22 December 2019 (top), and a few selected days in January

2020 (1, 9, 11, 12, 13) (bottom). The thick black line marks the trajectory of the balloon at the altitude of920

∼20 km. Red and blue lines denote rising and setting BRO profiles, respectively, that are projections of slanted

profiles with the highest tangent point on the balloon path and the lowest point furthest away. Small circles mark

00Z each day and are labeled with the date at 5 day intervals. Galileo and GLONASS data were recovered on

15 December and Beidou data were recovered on 14 January but not included in this map. . . . . . . . . . . . 12

5 Spatial distribution of the slant BRO profiles on 12 December 2019. The thick black line marks the trajectory925

of the balloon at the altitude of∼20 km. Red and blue lines denote tangent point locations for rising and setting

BRO profiles, respectively. Blue squares denote radiosonde stations, and yellow circles denote COSMIC-2 RO

profile reference locations (neglecting the much smaller tangent point drift) over the same day. The numbers

above the yellow circles are the time in hours of the COSMIC-2 RO profiles. The BRO profile denoted by a

thick red line and the circled COSMIC-2 and radiosonde profiles are close in space and time, thus selected for930

comparison in Figure 6. The transect of setting (blue) BRO profiles on the south side of the balloon trajectory

is shown in Figure 7. No COSMIC-2 RO profiles are obscured by the legend in the lower-left corner. . . . . . 13

6 (a) Refractivity profiles from BRO, the ERA5 reanalysis, a nearby radiosonde (RS), a COSMIC-2 RO pro-

file (locations shown in Fig. 5) and the monthly regional mean determined from COSMIC-2. (b) Percentage

refractivity differences of ERA5, radiosonde, COSMIC-2, and BRO with respect to the COSMIC-2 monthly935

mean. (c) Corresponding temperature (dry temperature for COSMIC-2 and BRO) profiles. (d) Corresponding

temperature differences with respect to the COSMIC-2 monthly mean. The time and location of the radiosonde,

COSMIC-2 RO and BRO are listed in the panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

7 (Top) Transect of northwest-southeast oriented BRO temperature profiles (blue lines) from 12 December 2019

south of the balloon trajectory (see Fig. 5; blue lines) ordered by time and the offsets are proportional to the940

intervals. COSMIC-2 background profiles are shown as black lines. (bottom) BRO profiles with the background

removed. A coherent wave structure with ∼4 km wavelength dominates the variability. . . . . . . . . . . . . . 16

8 (Left) absolute refractivity difference between BRO and ERA5 (BRO minus ERA5), (center) percentage re-

fractivity difference and (right) absolute temperature difference. Blue solid and dashed lines are the mean and

standard derivation (SD) of the differences between the two datasets. Note that true temperature is shown for945

ERA5 and dry temperature is shown for BRO. The number of BRO measurements at each altitude is shown by

the black line and top axis. For reference, the vertical dotted lines around zero represent 0.1 N-unit and 0.2 %

in absolute and percentage differences and 0.5 K in temperature difference. . . . . . . . . . . . . . . . . . . . 17

9 (Left) absolute refractivity difference between daily mean BRO and daily mean COSMIC-2 RO (BRO minus

COSMIC-2), (middle) percentage refractivity difference and (right) dry temperature difference. The COSMIC-950

2 profiles are within 10◦ latitude and 10◦ longitude of the daily mean balloon position. Vertical dotted lines

around zero represent 0.1 N-unit and 0.2 % in absolute and percentage difference, and 0.5 in dry temperature. . 17

38



10 Intrinsic frequency spectrum of total wave energy (m2 s−2) from TSEN measurements at the balloon float

altitude near 20 km for the flight containing the time of the high-density BRO measurements. . . . . . . . . . . 19

11 Time-altitude cross-section of the 17 days continuous measurement period. (a) BRO temperature perturbations955

with periods less than 30 days, (b) BRO temperature perturbations with periods less than 5 days after removal

of Kelvin waves, (c) BRO Kelvin wave perturbations (periods in the band 5–30 day), (d) COSMIC-2 Kelvin

wave perturbations (5–30 day) from compsite profiles. Black lines in (a) mark the cold-point tropopause height.

Numbers at the top axis of (a) are the longitudes at the corresponding time. . . . . . . . . . . . . . . . . . . . 20

12 Profiles of Kelvin wave temperature perturbations from COSMIC-2 and BRO from Fig. 11(c) and (d), on (a)960

day 346 when the 6 km vertical wavelength dominates and (b) day 353 when the 3 km wavelength dominates. . 21

13 (a) Time-altitude cross-section of COSMIC-2 temperature perturbations binned at a fixed location surrounding

the radiosonde site (120◦ E–140◦ E, 2◦ S–2◦ N) and band-pass filtered at 5–30 day period. Time is indicated

with daily values at 12 UT on the horizontal axis. (b) Radiosonde (124.91◦ E, 1.53◦ N, station ID# 97014)

temperature perturbations high-pass filtered for periods shorter than 5 day. Time is indicated with daily values965

at 0 UT and 12 UT on the horizontal axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

A1 Schematic diagram of balloon-borne RO geometry with a receiver inside a spherically symmetric atmosphere

(shaded). The solid lines connecting the balloon and the GPS satellites represent ray paths of the navigational

signal at different times, thicker parts within the neutral atmosphere. Point B on the ray path is symmetric

with respect to the tangent point to balloon position A. The bending angle α′ is the partial bending angle that970

accounts only for the bending of the ray path segment AB. Note that the schematic figure is not to scale and

the ray path bending is exaggerated for the purpose of visualization and is less than 2o. . . . . . . . . . . . . . 28

B1 The signal ray paths of one setting occultation in (a) horizontal plan view and (b) vertical cross-section view.

The numbers label the ray path traversing the atmosphere from top to bottom with a 300 sec and 150 sec

intervals for (a) and (b). The black square marks the position of the balloon that moves a short distance but is975

shown as nearly stationary in this scale. The red dots denote the tangent point of that ray path and the segments

that contribute 50% of the total excess phase are indicated by thicker lines in (a) and (b). (c) and (d) shows the

horizontal distance and corresponding altitude range of the ray path segments that contribute 50% of the total

excess phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

D1 Map of balloon trajectory and selected ground stations from IGS network, that are used in determining the980

regional GPS satellite clock errors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

39


