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Abstract. Globally available and highly vertical resolved wind fields are crucial for the analysis of atmospheric dynamics for
the benefit of climate studies. Most observation techniques have problems to fulfill both requirements. Especially in the tropics
and in the southern hemisphere more wind data availability is required. In this study we investigate the potential of radio occul-
tation (RO) data for climate-oriented wind field monitoring in the tropics, with a specific focus on the equatorial area between
£5° latitude. In this region, the geostrophic balance breaks down, due to the Coriolis force term approaching zero. One further
aim is to understand how the individual wind components of the geostrophic balance and equatorial balance approximations
bridge across the equator and where each component breaks down. We analyze the equatorial balance equation within this
latitude band. In a wider range over the tropics, we derive the RO wind fields also using the geostrophic approximation and
we compared the RO winds with ERAS data. From analyzing first the zonal and meridional wind component, we find that the
meridional wind component is more volatile in its derivation, however the total wind speed benefits from a computation of
both wind components. Investigating next the bias between the RO and ERAS computed winds, we find that the systematic
data bias is smaller than the bias resulting from the approximation itself. As a final aspect we inspected the monthly-mean RO
wind data over the full example year 2009. The bias in the upper troposphere and lower stratosphere is mainly smaller than
+2ms~!, which is in line with the wind field requirements of the World Meteorological Organization. This is encouraging for

the use of RO wind fields in climate monitoring over the entire globe including the equatorial region.

1 Introduction

Globally available upper air wind profiling information is crucial for the analysis of atmospheric dynamics for the benefit of
climate studies, as well as climate models and numerical weather prediction. To determine a wind flow in its full state, wind
sensitive measurements need to ensure a high, 3-dimensional resolution, global coverage, and frequent observations from the
troposphere to the stratosphere (English et al., 2013; Bauer et al., 2015; Eyre et al., 2020). However, wind measurements in the
free atmosphere, depending on the observing system, lack very often one or these requirements.

Stoffelen et al. (2005, 2020) emphasize the need for horizontal resolutions smaller than 500 km to 10 km, to follow an
atmospheric process in detail from initial small-scale amplitudes to evolving dynamical mesoscale structures. The World Me-

teorological Organization (WMO) and the Observing Systems Capability Analysis and Review tool (OSCAR) require a vertical
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wind information of about 1 km in the troposphere and 2 km in the stratosphere, for weather and climate applications, with a
wind accuracy of 2ms~! (see WMO-OSCAR, 2023).

Furthermore, well-resolved wind data need to be available over the oceans, tropics, and Southern Hemisphere, where often a
measurement gap is present. For example, land surface stations, ships, buoys, and wind scatterometers from satellites provide
valuable surface data, but lack vertical profiling information. Aircrafts and atmospheric motion vectors (AMVs) from geosta-
tionary or polar satellites provide a high temporal and horizontal sampling at several heights, but lack global representation.
Wind profiler, radio sondes, and pilot balloons, have a high vertical sampling, however having information primarily at single
locations over continents and the Northern Hemisphere. On the other hand, the Atmospheric Dynamics Mission (ADM-Aeolus)
has the potential of 3D wind profiling with a frequent and high resolution coverage, filling measurement gaps over the oceans,
poles, tropics, and the Southern Hemisphere up to an altitude of about 20 km. However, it depends on clear air molecular
scattering (no measurements within clouds), which can be particularly tricky at tropical latitudes, due to the high-altitude cloud
systems (see also, Stoffelen et al., 2005, 2020; Kanitz et al., 2019).

In this respect, a valuable complementary data source comes from exploiting a different satellite based observation technique,
the Global Navigation Satellite System (GNSS) radio occultation (RO) method. RO provides vertical profiles of geophysical
variables such as bending angle, refractivity, pressure, density, and temperature. A basic introduction to the RO method can be
found in, e.g., Kursinski et al. (1997); Hajj et al. (2002). The applications range across climate monitoring and climate analysis,
numerical weather prediction, as well as space weather applications (e.g., Healy, 2007; Cucurull, 2010; Foelsche et al., 2009;
Anthes, 2011; Steiner et al., 2011).

There are several key advantages of RO data, which could make them a beneficial observation-based data set for indirect
wind field monitoring. First of all, it provides a multi-satellite, long-term stable, global data set record, with no need for inter-
calibration between the missions (Wickert et al., 2001; Anthes et al., 2008; Foelsche et al., 2011; Angerer et al., 2017; Steiner
et al., 2020). In addition, the radio occultation method provides all-weather capability. This is a specific advantage in the tropics
with large high-altitude cloud systems, that can limit other observation systems, such as optical sounders. Furthermore, RO
data is a high vertical resolution data set, with a resolution of about 100 m to 200 m in the troposphere, to about 500 m in the
lower stratosphere at low to mid-latitudes, and near 1.5 km from the middle stratosphere towards high latitudes (Schwarz et al.,
2017, 2018; Zeng et al., 2019). RO data cover well the complete stratosphere, with a core region of high quality between about
5 km to 35 km altitude (Zeng et al., 2019; Steiner et al., 2020). Hence it can give additional wind profiling information in high
altitude regions, where other observation based data sets might only cover the troposphere and the lower stratosphere (e.g.,
radiosondes, Ladstédter et al. (2015); Bodeker et al. (2016)).

Traditionally, most RO climate studies concentrate on using the high-quality vertical temperature information (e.g., Li et al.,
2023; Ladstadter et al., 2023). With respect to numerical weather prediction, the RO bending angle and refractivity profiles
(on altitude levels) are assimilated in forecasting and reanalysis systems (e.g., Kuo et al., 2000; Cardinali and Healy, 2014;
Hersbach et al., 2020). One aspect, emphasized in Scherllin-Pirscher et al. (2017), is hereby of particular importance. RO
measurements have the power of vertical geolocation, meaning they can give accurate information on the absolute position

of a measured air parcel. Hence, RO provides virtually independent information on altitude and pressure fields, enabling
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also to study a very accurate representation of the mass field driven wind field circulation. So far, only a few studies have
analyzed the option of calculating wind fields from RO geopotential fields, on isobaric levels. Scherllin-Pirscher et al. (2014)
and Verkhoglyadova et al. (2014) have tested the geostrophic wind approximation, excluding the tropics completely between
15° and 10°, North and South, respectively. Healy et al. (2020), on the other hand, tested the zonal equatorial balance equation
around the equator, studying a 5°-zonal band for RO data.

In a previous study, Nimac et al. (2023) started to analyze the geostrophic approximation on a monthly 2.5° x 2.5° latitude
x longitude grid for ERAS5-reanalysis and RO data. It was possible to reproduce the original winds rather well, and within
the target of £2ms~!. The exception with somewhat higher deviations were strong wind speeds, such as in regions of the
jet stream, and over large mountain areas (e.g., Himalayan or Anthes region), where the ageostrophic contributions grow in
importance. In general, the wind speed estimates performed well towards the tropics up to even £5° around the equator band,
going further towards the equator than other prior RO studies. Within the equator band the Coriolis force converges towards
zero and the singularity starts to dominate. Interesting was also to see, when studying the temporal stability between RO and
ERAS geostrophic winds from 2007 and 2020, the differences became noticeably smaller in the year 2016, when ERAS5 had
observing system changes. This emphasizes the temporal stability of RO data, and since differences became smaller, this also
points to the high-quality of RO data.

In this study we aim to close the gap in RO wind field computation across the equator. For this purpose we investigate the
zonal and meridional wind components, as well as total wind speed, based on the equatorial balance equation (Chandra et al.,
1990; Scaife et al., 2000; Holton, 2004). The method and used data sets are introduced in Section 2 and Section 3. In a first
step, we assess the quality of the approximation, using monthly ERAS reanalysis data (Hersbach et al., 2020) on a 2.5° x 2.5°
latitude x longitude grid as a reference. Here we compare the original ERAS wind components and wind speeds to the ones
computed from the equatorial balance approximation (Section 4.1). In a second step, we derive the zonal and meridional wind
components, as well as total wind speed, for monthly RO climatologies, analyzing the quality and added value of RO wind field
products over the equatorial band (Section 4.2). Finally, in Section 4.3, we test how the equatorial-balanced wind speeds bridge
the geostrophic wind speeds across the equator, closing the gap in the tropics with RO wind data. Summary and Conclusions

are then given in Section 5.

2 Method for wind field derivation

In general a wind flow in the free atmosphere can be approximated by geostrophic balance, which equals an exact balance
between Coriolis force and pressure gradient force. Friction can be ignored in the free atmosphere, while ageostrophic contri-
butions become generally of higher relevance in the winter hemisphere, and also above large mountain areas (see e.g., Scaife
et al., 2000; Nimac et al., 2023). When winds are studied at the equator, the geostrophic balance breaks down, due to the
Coriolis force approaching zero, inducing a singularity in the geostrophic approximation. A solution for the wind equation in
the tropics, assuming a steady friction-less flow, is the equatorial balance equation. In this study we calculate wind speeds,

using the geostrophic balance and equatorial balance approximations, with the main focus on the latter one. The derivation of



95

100

105

110

115

120

https://doi.org/10.5194/amt-2023-137 Atmospheric
Preprint. Discussion started: 13 July 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
By

RO wind fields, based on the geostrophic approximation, has already been thoroughly validated in a prior study (Nimac et al.,
2023). In our analysis we follow the accruracy requirements specified by the World Meteorological Organization (WMO), see
WMO-OSCAR, 2023. A target requirement for wind speed biases are hereby values smaller than +2ms~?, with a maximal
bias threshold of 5 ms™!.

The equatorial balance equation: to derive wind fields over the equator, we follow the formulation of Chandra et al.
(1990); Scaife et al. (2000). The equatorial wind data are derived from geopotential ®, given on isobaric levels, resulting in the

following formulation for the zonal and meridional wind components, w.; and v.p, respectively, over the equator:

1 02
v = g (1)
1 0P?
b = CoSp——m | 2
ve = goospn o )

where (3 equals 202/ Rg, with ) being the Earth’s angular rotation rate (7.2921 x 1075 rad/s), and Ry, is the Earth’s mean
radius ( 6371 km). The derivative of the geopotential ® is taken in northward, y, and eastward, x, direction. In our analysis, the
derivative has been implemented with the forward finite-difference method.

The geostrophic balance equation: to derive wind fields outside the equator region, the geostrophic balance equation is
used (e.g., Scherllin-Pirscher et al., 2014). The wind components are still derived from geopotential ®, given on isobaric levels,

resulting in the following formulation of the geostrophic zonal and meridional wind components, 4 and vg4:

1 0%
~ _ o¢ 3
ta f(p)Rg O’ ©

Lo
f(@)REcosp OX

1

“)

Vg

with f(¢) = 2Qsin being the Coriolis parameter, and ¢ and \ being the latitude and longitude in degrees, respectively, also
implementing these derivatives by the forward finite-difference method.

Wind speed: for both methods we calculated the wind speed as V = v/u2 + v2, where the subscripts in our figures (Sect. 4
and Sect. 4.3) will indicate, whether the wind speed was derived from the equatorial balance (eb) or geostrophic (g) wind field
approximation. Furthermore, the original wind speeds from the ERAS reanalysis data have the subscript (0), indicating the
original ERAS wind data.

Validation: we derived the equatorial winds and the geostrophic winds for the complete globe. However, from our prior
analysis we know, that between £5° latitude, the geostrophic approximation breaks down, since it is not the correct physical
approximation for the wind retrieval (Nimac et al., 2023). In this region the equatorial balanced winds take over. Hence,
we indicate this latitudinal area in all our result figures with a light grey shaded area. Within this area, the validation of the
equatorial balance equation is conducted, aiming to bridge the equatorial gap, when deriving RO wind fields. The bias directly

obtained from the equatorial balance equation is studied as the difference between ERAS balanced (eb) and original (o) wind
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speeds, while the systematic difference is studied as the difference between RO and ERAS balanced winds, as summarized in
Table 1:

Bias Definition Lat Range Lon Range
Equatorial-balance bias | ERA5., — ERA5, focus area +5° N/S all
Systematic data bias ROecp,g — ERAB., 4 | focus area £5° N/S (eb); complete globe (g) | all

Table 1. Definition of the equatorial-balance bias and systematic data bias, as well as analyzed latitudinal and longitudinal ranges.

The biases are validated for zonal (u), meridional wind (v), as well as wind speed (V). As mentioned above, the target
threshold for data quality is +2ms™!, with a maximal bias of +5ms~1, in line with WMO requirements WMO-OSCAR,
2023. The thresholds are marked with dashed lines in the result figures.

3 Data sets

Monthly ERAS reanalysis data (Hersbach et al., 2020) and monthly averaged RO OPSv5.6 data (Angerer et al., 2017; Steiner
et al., 2020) from the year 2009 were used. This year was chosen for its high number of RO observations, representing a
good approximation for later years, when the COSMIC-2 mission started (June 2019), which has an especially high number
of observations in the tropics and the mid-latitudes. To limit the length of the paper, January was chosen as a representative
month for the figure analysis. All other months were studied as well, and are partially shown as part of the results in respective

time series plots.
3.1 ERAS reanalysis data

The ERAS reanalysis data combines global 3D wind information and geopotential height, it is therefore the ideal data set to test
the validity of the equatorial balance equation. It is available for a long time period and readily accessible via download from
the Copernicus Climate Data Store (CCDS) (ECMWEF-ERASmonthly). The data are available on 37 levels from 1000 hPa to
1 hPa, on a 0.25°x0.25° grid. Different grid resolutions were investigated for wind derivation, to find the sensible spatial grid,
for the equatorial balance approximation. Fig. 1 shows the result for the zonal equatorial balanced wind, u.;, where a) shows
the result for the zonal wind component, tested for resolutions from 0.5° up to 5°, and b) shows the difference to the original
ERAS zonal wind component.

The analysis in Fig. 1 illustrates that a grid spacing of 0.5° and 1° is counter productive, as the « component shows large
fluctuations. A grid of 2.5° or 3° results in similar values. For a 5° spacing, the loss in resolution is noticeable.

As aresult, we chose a 2.5°x2.5° climatology for all further ERAS wind investigations. The data sets with lower resolutions
were derived from the original 0.25°x0.25° grid, via cosine-weighted binning. The wind component data from the reanalysis
is labeled u,, v,, and V,, corresponding to the eastward-, northward wind component, and the wind speed. A line above the
variable indicates a zonal average, e.g. u,. The wind components derived from the geopotenial via the equatorial balance

equation are referred to as uep, vep, and Vep, or with a subscript g, when we used the geostrophic approximation.
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Figure 1. Influence of different spatial resolutions on the zonal-mean wind component. Panel a) shows the wind component, u.p, panel b)

the difference of the calculated wind to the ERAS5 wind field zonal wind component u,.

3.2 Radio occultation data

We use monthly RO climatologies data from multi-satellite missions in the year 2009. The RO phase data were derived at
UCAR/CDAAC (University Corporation for Atmospheric Research/COSMIC Data Analysis and Archive Center), while the
further processing to geopotential height, Z(p), calculated on isobaric surfaces p, was performed using the WEGC Occultation
Processing System OPSv53.6 (Angerer et al., 2017; Steiner et al., 2020). The conversion to geopotential ®(p) is defined as
®(p) = Z(p) - go, where go =+9.80665m/s%, being the global standard gravity at mean sea level. In the year 2009, data is
available from the following missions: Satélite de Aplicaciones Cientificas (SAC-C) (e.g., Hajj et al., 2004), Gravity Recovery
And Climate Experiment (GRACE-A) (e.g., Beyerle et al., 2005), Formosa Satellite Mission 3/Constellation Observing System
for Meteorology, Ionosphere, and Climate (Formosat-3/COSMIC) (e.g., Anthes et al., 2008), and from the Meteorological
Operational Satellite (MetOp-A) (e.g., Luntama et al., 2008). The year 2009 was chosen as a representative data set to analyze
the wind dynamics within a full year, having at the same time the advantage of a rather high occultation statistics, due to the
fully available six-satellite constellation of the Formosat-3/COSMIC mission (Angerer et al., 2017).

The monthly climatologies were produced on a 2.5° x 2.5° grid, using a Gaussian latitude-longitude weighting, within a
radius of 600 km. The geopotential climatologies ®(p) are available from 1000 hPa to 5 hPa, on 147 levels. The geopotential
was further binned to a 5° x 5° grid, using a cosine weighted binning. From this larger bins, the equatorial balanced winds were
calculated, applying afterwards a further longitudinal Gaussian window smoothing. The larger binning was performed to avoid
small fluctuations in the wind data, which required larger climatologies. Regarding geostrophic winds, the 2.5° x 2.5° grid could
be maintained. The most prominent difference in the computation between equatorial and geostrophic winds is that the former
requires a double derivative, while the latter requires a single derivative. Hence, small fluctuations in the data are enhanced for

the equatorial balance equation, which makes the derivation of winds a bigger challenge. However, we emphasize at this point,
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that due to the COSMIC-2 mission (start in June 2019), which provides a higher sampling in the tropics, the potential of finer
resolutions is given (Schreiner et al., 2020; Ho et al., 2020).

For the comparison between calculated ERAS and RO wind, an interpolated ERAS reanalysis data set with 364 levels from
1000 hPa to 10 hPa was used. Since RO data were binned to a 5°x5° grid (see Sect. 3.2, to have a sufficient number of
observations per grid cell), the ERA5 data set was also transferred to a 5°x5° grid, using cosine weighted binning. For this

specific data set the prefix ERA is used.

4 Results and discussion

To validate the equatorial balance equation, the zonal and meridional wind components, and wind speed were calculated
according to the equations introduced in Sect. 2. We analyze the bias from the equatorial balance equation in Sect. 4.1. The
systematic bias between the observation-based RO data set and the reanalysis data set, is investigated in Sect. 4.2. Hereby,
the potential of RO wind products over the equatorial region is tested. The results on closing the gap across the equator are

discussed in Sect. 4.3.
4.1 ERAS5 wind validation

To test the quality of the equatorial balance equation, both wind components individually, and the accumulated wind speed
are compared to the wind field in ERAS. Fig. 2 shows the original wind and the calculated wind component/wind speed
with the equatorial balance equation, as well as the respective difference for January, 2009. For the zonally averaged zonal
wind component e, and wind speed V5, spatial features of the wind field are well reproduced by the equatorial balance
equation, compare Fig. 2 a) and b), as well as g) and h). Fig. 2 c¢) shows the difference between ., and u,. For all levels
there is a range in which the difference is below the target threshold of +£2ms~!. Towards lower pressures the approximation
becomes less accurate. Fig. 2 d), e) and f) show the same comparisons for the v component. Because the magnitude and
direction of meridional wind changes with respect to longitude, the plots show an average around the prime meridian (—10°

to 10° longitude). The meridional wind bias is below £2ms™!

everywhere, except around 200 hPa and close to the surface,
where the Hadley cell is situated and friction is not neglectable. Nevertheless, it should be noted that absolute meridional
wind speeds, outside of these regions, are small, therefore an absolute threshold might be satisfied, even though there are large
relative deviations. In general, the meridional component is not reproduced as well as the zonal wind. This could be due to the
fact that the v component contains a derivation with respect to latitude as well as longitude which is computationally not as
robust as the second derivative with respect to latitude. One can show that despite the shortcomings of the meridional equatorial
approximation, the wind speed is better reproduced when using V,;, = \/m than using Vep & |tep|.

In a next step, we investigate the latitudinal scope of the equatorial approximation and the magnitude of the approximation
bias. The mean zonal wind, meridional wind and wind speed bias in a zonal latitude band is plotted, see Fig. 3. Comparing

Fig. 2 and Fig. 3 shows for a latitude band compared to individual —2.5°x2.5° grid cells, that the accuracy of the approximation

increases. The wind speed bias in the free atmosphere does not exceed the maximum bias threshold of £5ms~! for all bands
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Figure 2. Panels a), d) and g) show the u, v and V' component of the original ERAS data. Panels b), e) and h) show the wind components

calculated with the equatorial balance approximation. The bottom row illustrates the difference between the calculated values and the original

wind data from ERAS. Note that u and V" are plotted as a zonal average, while the v component is shown as the mean of the longitude band

—10° to 10°.

within —7.5° - 7.5° latitude. Thus, the equatorial approximation can be used to approximate average equatorial wind speeds in

the equatorial region in a latitudinal range of —7.5° to 7.5°. For %, the increase of the bias with a broadening of the latitudinal
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Figure 4. Temporal development of the bias resulting from the equatorial balance equation for the year 2009, based on ERAS data.



205

210

215

220

225

230

235

https://doi.org/10.5194/amt-2023-137 Atmospheric
Preprint. Discussion started: 13 July 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
By

In a final analysis in this section we investigate the bias resulting from the equatorial balance approximation for the com-
plete year 2009 (Fig. 4). Our focus lies on the three representative levels, 200 hPa, 50 hPa and 10 hPa, relating roughly to the
tropopause, lower stratosphere and middle stratosphere (Nimac et al., 2023). For all seasons the equatorial balance approxima-
tion is less accurate for lower pressures. For the lower stratosphere the region below the maximum bias threshold shifts away
from the equator with the seasons, with an offset in the direction of the winter hemisphere. For 10 hPa, the middle stratosphere,
the approximation is least accurate during northern hemisphere summer months. When averaging from —2.5° to 2.5° the wind

speed bias stays below 2 ms ™ for nearly all months on all pressure levels. The bias increases for a broader latitudinal range.
4.2 RO wind validation

In this section we investigate the systematic data bias between RO and ERAS reanalysis data. For RO u.;, RO v, and RO Vi,
the spatial patterns look very similar to the wind fields calculated with ERAS data, see Fig. 5 top to bottom row, respectively.
Between 30 hPa and 10 hPa the bias between the two data sets and for the zonal wind (., top row) lies between +2ms~!
and £5 ms ™!, increasing towards higher altitudes and exceeding the maximum threshold. A possible reason could be, that the
impact of the residual ionospheric error, as well as measurement noise increase towards higher altitudes (e.g., Danzer et al.,
2013, 2018; Liu et al., 2020). With the exception of this region and the boundary layer, the target threshold of £2ms™"! is
rarely exceeded.

Nimac et al. (2023) found that the bias between RO V,, and ERA V; decreased after 2016, when ERAS5 undertook a major
observing system change. It is reasonable to assume that similar behavior could be observed for RO V., and ERA V,;,. We
further note that with respect to RO data, the years 2008 and 2009 show a really high occultation statistics with a lot of
available missions. In the years 2011 and 2012 there is a significant drop in the available occultations (Angerer et al., 2017). In
those years we have no further data from the F3C-FM3 satellite, and also the SAC-C mission ended. However, with the launch
of the COSMIC-2 mission in 2019, which is specifically designed for a high coverage in the tropics up to the mid-latitudes
(Schreiner et al., 2020; Ho et al., 2020), the accuracy of RO data in the equatorial region will further increase. This possibly
also allows to use a —2.5°x2.5° wind field grid in future studies.

In a final analysis we investigate the development of the systematic data bias in wind speed for the complete year 2009 (see
Fig. 6). There is little to no deviation of RO V., from ERA V;, for the tropopause (200 hPa) and the lower stratosphere (50
hPa) all year. At the 10 hPa we observe somewhat larger deviations, most notable in the northern hemisphere summer months.
The numbers of RO profiles accumulated to generate the monthly RO data set dropped by around 33% in June 2009 compared
to other months in the same year. This decreases the data quality and therefore we observe an increase in the systematic data
bias. The bias is within =2 ms~! and -5 ms™!, indicating that towards high altitudes the wind speed retrieval over the tropics
gets more challenging. We still see a potential for improvements in the ongoing work for correcting residual biases of RO data

in the upper stratosphere (Danzer et al., 2021; Liu et al., 2020).
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Figure 5. Panels a), d) and g) show the u, v and V' components calculated with the equatorial balance approximation for ERAS data, while
panels b), e) and h) show the the same using RO data. The bottom row illustrates the difference between the values calculated between RO

data and ERAS data. Note that « and V' are plotted as a zonal average, while the v component is shown as the mean of the longitude sector
—10° to 10°.
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Figure 6. Temporal development of the systematic data bias between RO and ERAS data, for the year 2009.

4.3 Closing the equatorial gap

In this final results sectionr, we aim to bridge the wind field gap over the equator, to complete with a wind field product over the
complete globe. For this reason, we have once more a closer look at the zonal and meridional wind, as well as wind speed, at
the three respective pressure levels 10 hPa, 50 hPa, and 200 hPa (first to third row, Fig. 7). In Fig. 7 we compare the computed
winds, i.e., equatorial balance (eb) and geostrophic balance (¢g) RO and ERAS winds, to original (0) ERAS winds (black solid
line). We analyze how the equatorial balance and geostrophic balance approximations bridge over the equator, thereby finding
some interesting results. We observe that the zonal geostropic wind (u,) actually does not break down between +5°, neither
for RO or ERAS5 computed winds. The results for 7, are actually closer to the original wind (black line, Fig. 7a, d, and g), than
the computed zonal equatorial balanced winds (u., RO and ERAS5). The component that actually drives the geostrophic break
down over the equator is the meridional wind component (v,), showing the largest differences with respect to the original
ERAS meridional component (v,) at 10 hPa, decreasing towards 200 hPa (Fig. 7b, e, and h). Here, the equatorial balance
solution (vep, RO and ERAS) clearly better reproduces the ERAS meridional winds, having the smallest bias at 200 hPa, with
an increasing bias towards 10 hPa. Since the geostrophic meridional wind drives the equatorial breakdown (vg), as a result,
also the geostrophic wind speed (V) shows larger biases over the equator, while the equatorial wind speed (V) is a better fit
between +5° (Fig. 7c, f, and 1).

Finally, we use our knowledge from the prior analysis to compute a complete global wind field data set, using RO data. In
Fig. 8 we show the result based on the four seasonal representative months; January, April, July, and October. The wind fields
are illustrated as a vertical cross section from 1000 hPa to 10 hPa, dependent on latitude. The L.h.s. of this plot (Fig. 8a, b, c,
d) shows the bias between the computed RO wind fields, relative to ERAS computed wind fields. Between £5° we use the
equatorial balance equation for the calculation of the wind speed (V. ), while outside this latitude band the geostrophic balance
approximation is applied (V). We find that the bias between the two data sets is very low, with differences dominantly less
than 2 ms~!. In the equatorial latitude band we find small exceedances in the lower troposphere, while the upper troposphere
and lower stratosphere (UTLS ) are very close to ERAS. This feature clearly relates to the core region of high quality RO data,
which is in the UTLS. However, in the lower troposphere, the larger influence of moisture leads to a higher need of background

information in the RO retrieval chain, and as a consequence to an increase in the bias in the RO data product.
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Figure 7. Detailed analysis of zonal wind (u, first column), meridional wind (v, second column), and wind speed (V/, third column), at

the three pressure levels 10 hPa, 50 hPa, and 200 hPa (first to third row). Results are shown for the original (o), equatorial-balanced (eb),

geostrophic (g) ERAS data and RO data (eb, g). u and V' are plotted as the zonal mean, while the v component is calculated as a mean from

the longitudinal sector —10° to 10°.

As a final comparison, we show on the r.h.s. of Fig. 8e, f, g, h, the respective RO wind fields relative to the original ERAS
wind data. We can conclude that the quality of the wind fields is especially above 500 hPa very good, and mostly within the
required =2 ms~?. Outside this latitude band we apply the geostrophic approximation, and find also a high wind speed quality.
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Figure 8. Zonal-mean wind speed bias, panels a) to d), and zonal-mean wind speed approximation bias, panels e) to h). To construct the RO
and ERA wind fields, the equatorial balance equation is used inside the equatorial band (ILat.| < 5, while outside this region the geostrophic

balance approximation is used.

Exceptions are the stratospheric polar jet stream and the sub-tropical jet stream, where larger deviations are found. However,

this was not part of this specific analysis. More information can be found in Nimac et al. (2023).

5 Summary and Conclusions

In this study we investigated the potential of radio occultation data for wind field monitoring in the tropics, with a specific
focus on the equatorial area between £5° latitude. We analyzed the equatorial balance equation within this latitude band and
computed wind fields on a 5° x 5° resolution. In a wider range over the tropics, we computed the RO wind fields using the
geostrophic approximation, on a higher resolved 2.5° x 2.5° grid. We also calculated the winds using ERAS data, applying
the same physical equations and resolutions for the comparison analysis. In a first step, we analyzed the bias solely resulting
from the equatorial balance approximation, by studying the difference between ERAS5 computed winds and original winds. In
a second step, we compared the RO computed winds to ERAS computed winds. Finally, we analyzed how the geostrophic and
equatorial balanced zonal winds, meridional winds, and wind speeds bridge towards the equator, to understand which wind
component drives the geostrophic breakdown over the equator.

The results showed that we successfully could apply the equatorial balance equation for the RO wind field computation
across the equator. A resolution of 5° x 5° was possible to obtain for the zonal and meridional wind components. However,
especially the meridional wind component was a challenge, since the meridional wind speeds are in general much smaller than
the zonal wind speeds, around 15 ms~! compared to 1 ms~*, respectively. Hence, a wind flow with small magnitudes and also

changes in the direction of the flow (changing sign) is challenging to reproduce. Nevertheless, the analysis clearly showed that
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calculating both, the zonal and meridional wind components, resulted in a higher quality of the total wind speed fields (V).
The biases were mostly within the target quality threshold of -2 ms~!, decreasing a bit in quality towards the 10 hPa level. At
that point we emphasize that the COSMIC-2 mission (Schreiner et al., 2020; Ho et al., 2020), with a high occultation statistics
in the tropics, will improve future RO wind fields in this area. Furthermore, the potential exists to go to even finer resolutions
of 2.5° x 2.5° latitude x longitude.

A particularly interesting result was found when analyzing the individual wind components (u and v) and total wind speed
(V), for geostrophic (g), equatorial balanced (eb), and original (o) winds, comparing RO and ERAS5 data. We found that the
dominant wind component, which drives the geostrophic breakdown, is the meridional wind, while the zonal geostrophic
wind works very well also over the equator. The geostrophic zonal wind (u4) performed even a bit better in quality than the
equatorial zonal wind (u.p). Nevertheless, the equatorial balance approximation works as a robust solution of the wind equation
just over the latitude band 45°. Outside this latitude band it is not the correct solution and hence breaks down. We tested also
combinations of the total wind speed in this region, as a vector sum of zonal geostrophic wind and meridional equatorial
wind in a specific altitude range. The results were quite satisfactory as well (not shown). To find a suitable combined wind
construction is part of a future study.

To summarize, we find the results encouraging, since we see that RO data have the potential of long-term wind field moni-

toring over the complete globe, introducing across the equator.

Data availability. All computed wind field data for the year 2009 an be found under WEGC-cloud. The folder contains the following three
files: (i) the wind field calculated from the WEGC Occultation Processing System OPSv5.6 RO data, (ii) the wind field calculated from
ERADS reanalysis data and further interpolated at the WEGC, and (iii) the wind field calculated from the download from the Copernicus Data
store. The original RO OPSv5.6 data are available under WEGC-OPSv5.6
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