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Abstract. Characterizing the moist thermodynamic structure of the lower troposphere (LT) from spaceborne observations is
challenging. This is largely due to the LT’s highly variable moisture distribution which requires high-resolution observations in
both the vertical and horizontal dimensions. Two of the most impactful spaceborne remote sensing technologies in numerical
weather prediction (NWP) are (1) the global navigation satellite system — radio occultation (GNSS-RO) and (2) nadir sounding
instruments which include microwave radiometers (MWR) and infrared sounders (IR). These two technologies provide com-
plementary information of atmospheric temperature and water vapor. GNSS-RO provides high vertical resolution (~200m)
with near zero interference from hydrometeor, but its horizontal resolution along the ray path is coarse (>100km). On the other
hand, nadir sounders measure brightness temperature (TB) that can be related to the temperature and water vapor structure in
the atmospheric column with higher horizontal resolution (~25 km). However, retrievals from passive sounders have lower
vertical resolution (>2km), and are complicated by precipitation, clouds, and surface emissivity uncertainty over land.

In this study we combine these two complementary types of observations by use of a novel tomography method to improve
the 3D characterization of water vapor in the LT. This is done by adjusting the water vapor density along the RO links to
match the RO observations, while preserving the horizontal water vapor variability based on information derived from the
nadir sounders. We test this method using simulations based on mesoscale model outputs from the Weather Research and
Forecasting Model (WRF), as well as real observations from RO and Cross-track Infrared Microwave Sounder Suite (CrIMSS).
We demonstrate that the tomographic retrieval can resolve the complex moisture structure better than what is possible from

either measurement alone.

Copyright statement. © 2025. California Institute of Technology. Government sponsorship acknowledged

1 Introduction

The lower troposphere (LT) between 0-6 km altitude plays an essential role in radiative transfer, land surface-atmosphere
feedback, convective initiation, and water and energy cycles (Stevens et al., 2017; Sherwood et al., 2010; Miilmenstadt et al.,

2021; Zhou et al., 2016). Predictability of extreme weather/climate events and future water/energy budgeting largely relies
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on the knowledge of these complicated and non-linearly connected processes in the LT (Fujita and Sato, 2017; Holloway
and Neelin, 2009). To better understand the cause, impact, and interaction of these processes, it is critical to have accurate
representation of the three-dimensional temperature and water vapor fields in the LT (Wulfmeyer et al., 2015). Depending on
the application, the required resolution in observing the LT may vary; however, in most cases, including weather and climate
monitoring, forecast verification, and data assimilation applications, 300m vertical and 20km horizontal resolutions (meso-
beta) are needed (Wulfmeyer et al., 2015). Currently, no single spaceborne thermodynamic observation technique can reach
both of these vertical and horizontal resolutions. The most impactful observations in numerical weather prediction (NWP) come
from passive microwave radiometers (MWR), which utilize radiances across multiple frequency bands to retrieve the vertical
structure of temperature and water vapor in the atmospheric column (Rodgers, 2000). While MWR’s footprint retains 20km
horizontal resolution, the vertical resolution of 2km is strictly limited by its nature as a nadir sounder. The same limitation
applies to other nadir sounding techniques: observations from hyperspectral infrared sounders (IR) can reach less than 20km
horizontal resolution while the vertical resolution is 1km; Near-IR (NIR) imagers provide the best spaceborne horizontal
resolution (1-2km), but can only retrieve vertically integrated water vapor. Differential absorption lidar (DIAL) and temperature
rotational Raman LIDAR (TRRL) offer vertical resolutions of ~300m and horizontal resolution of ~100m. However, the high
power consumption and antenna requirements of these instruments restrict their applications to suborbital flights, thereby
limiting their impacts on NWP (Teixeira et al., 2021). By contrast, the Global Navigation Satellite System — Radio Occultation
(GNSS-RO) provides great vertical resolution (200m) but poor horizontal resolution (100-200km) (Kursinski et al., 1997). The
complementary strengths of spaceborne nadir sounders and RO limb measurements in resolving different dimensions motivate
this study to integrate both techniques in order to obtain the 3D LT thermodynamic field with an optimal resolution.

While the presented method can be applied to most spaceborne limb and nadir sounding techniques, in this article we fo-
cus on GNSS-RO and MWR to illustrate its applicability. As a limb sounding technology, GNSS-RO measures the received
excess phase delay induced by the atmosphere and computes the bending angle of each ray path due to refraction through the
atmosphere. The GNSS L-band frequencies (approximately 1.1-1.6 GHz) allows the RO signal to penetrate through heavy
cloud cover and precipitation which are abundant in the LT. The computed bending angle can then be inverted to retrieve the
vertical refractivity profiles, and by use of auxiliary information, the vertical thermodynamic profiles can be accurately ob-
served. Since the launch of GPS/MET in 1995, the number of RO missions has steadily increased and now includes several
commercially operated satellites. Today, RO observations exceed 10,000 per day, offering a dense and global coverage. With
radio holographic processing of GNSS-RO, vertical resolution can reach 100m in the LT. However, the long ray path in the
direction of the link leads to a low horizontal resolution of 100-200km. Conversely, MWR observes across multiple frequency
bands in nadir-viewing geometry to provide information related to the vertical structure of temperature and water vapor in the
atmospheric column. Traditionally, the thermodynamic profiles are retrieved along with the surface temperature and emissivity
simultaneously through an optimal estimation approach (Boukabara et al., 2011). MWR observations have been utilized exten-
sively and it has been shown to have significant positive impacts in NWP with assimilation of observations from AMSU/MHS
(Bao et al., 2015), AMSR-E (Kazumori et al., 2008), and ATMS (Bormann et al., 2013). But MWR sounding also suffers

from poor vertical resolution (>2km) due to weighting functions with a relatively wide vertical extent. MWR measurements
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and retrievals from different frequency bands also contain forward modeling uncertainties caused by clouds, precipitation,
absorption, and surface properties.

The idea of combining the nadir and limb soundings has been proposed numerous times in the past. Borbas et al. (2003) and
Ho et al. (2007) developed the multivariable regression method to estimate the 1D atmospheric thermodynamic states based on
coefficients trained by a set of collocated RO refractivity and MWR/IR brightness temperature observations. Collard and Healy
(2003) also showed that the complementary RO and nadir sounding (MWR/IR) measurements can be fused together by using a
sequential 1DVar algorithm to significantly increase the impacts of the observations in NWP models. Nevertheless, GNSS-RO
refractivity observation itself could be negatively biased in the LT for several reasons including ducting (Ao, 2007), low SNR
(Wang et al., 2016), and small-scale refractivity fluctuations (Gorbunov et al., 2015). In particular, the refractivity computed
from the unbiased bending angle will be negatively biased through the conventional retrieval process under ducting conditions
(Xie et al., 2006; Ao, 2007). This translates into a positive bias in temperature and a negative bias in water vapor within the
boundary layer. To reduce the negative refractivity bias due to ducting, Wang et al. (2017) reconstructed the observed profile
based on an optimal estimation approach which combined RO and AMSR-E total precipitable water (TPW) retrievals. Wang
et al. (2024) extended this study further by combining RO bending angle with MWR brightness temperature measurements
using 1DVar to retrieve the LT thermodynamic profiles. However, thus far, most of the proposed methodology focuses on 1D
combination of collocated observations and don’t account for the true footprint of nadir sounders or GNSS-RO elongated ray
path to construct a 3D thermodynamic field. Although a tomographic approach has been applied to RO measurements in the
Mars atmospheric environment (Moeller et al., 2021), the combination of nadir and limb sounding to construct a 3D field has
not been explored on Earth or Mars.

In this study, a 3D-tomography approach is developed and implemented to preserve the high vertical resolution from GNSS-
RO and high horizontal resolution from MWR for the LT thermodynamics characterization. While the methodology assumes
unbiased RO refractivity retrievals, in practice, it can be applied after the observed profiles have been reconstructed according
to the method described in Wang et al. (2017). The tomographic algorithm is introduced in detail in Sec. 2. Results from
simulations and actual data from collocated GNSS-RO and ATMS measurements are presented and discussed in Sec. 3. A

conclusion is given in Sec. 4.

2 Methodology

We divide the 3D space to be imaged into grids along fixed longitudes, latitudes, and altitudes. Fig. 1 shows this 3D grid
flattened into a Euclidean geometry. The curved lines represent the RO links which are approximately straight lines in spherical
coordinates but appear curved in this Euclidean geometry. Each voxel is associated with a grid coordinate defined by its latitude
(¢), longitude (0), and height (z). We take the size of each voxel to be 0.1° x 0.1° in the horizontal direction to capture the
horizontal resolution of MWR footprint and 200 m in the vertical direction to match the vertical resolution of GNSS-RO.

The temperature 7', water vapor e, and refractivity /N are modeled as piecewise constant within each voxel and are denoted
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Figure 1. The voxel coordinate system defined throughout this study, and a representation of the RO links (green lines). The red dot shows
the tangent point location of one of the ray paths. The voxel highlighted by red lines along with the ray path going through it are magnified
on the right.

as T(¢;,0;,21), e(¢;,0;,2;), and N (¢;,0;,2;) where ¢, j, and k are the indices in latitude, longitude, and height grids,
respectively.

We estimate the 3D refractivity field N (¢;,6;, z;) by combining temperature T, 4, and water vapor e,,qq;, profiles derived
from the MWR retrievals at each footprint and GNSS-RO 1D refractivity retrieval. Unlike conventional variational methods,
the background in this approach is the refractivity derived directly from MWR retrieved profiles rather than from a numerical
model or analysis data, thereby minimizing the model-induced errors (except through the dependence of the MWR retrievals
on the model). Since the 1D GNSS-RO refractivity profiles provide essential vertical information while the nadir sounders
give horizontal information, we assume the true refractivity field IV (¢;,6;,2x) to be linearly related to the nadir refractivity

Nradir (04,65, 21) (derived from the nadir retrieved temperature and water vapor) at each level as follows:

N (¢i,0;,21) = Nnadir (05,05, 2) - a(zx) (1)

where a (z) is a scale factor for each layer to be determined by use of GNSS-RO observations. The main point of this scaling,
introduced in (Hajj et al., 1994) in the context of ionospheric profiling using ionospheric RO data, can be described as follows.
The starting point of the tomography inversion process is Ny, qdir (93, 05, z);) which, due to the geometry of the nadir sounders,
has high horizontal and low vertical resolutions. The scaling in Eq. (1) allows one to maintain the horizontal resolution of
Nyadir (94,05, 2;) while refining its vertical resolution by introducing a high resolution scaling factor a(zx) at each layer.
Stated differently, IV,,4q; for a given voxel is strongly correlated with neighboring voxels in the same vertical column. The
scaling factor a(z), solved for by use of GNSS-RO data, allows for breaking down this correlation. To combine the temperature
and water vapor derived from the nadir sounders with GNSS RO observations, forward operators for both types of instruments

are needed and are described below.
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2.1 The Forward Operators
2.1.1 Microwave Radiometer

The nadir instrument retrievals (temperature and water vapor), used as a priori in the retrieval process, are linearly interpolated
to the voxel grid defined above (see Fig. 1). The refractivity of each voxel N, qa:r (¢:,8;,25) can be calculated using the

following equation (Smith and Weintraub, 1953):

nadir iae'a 5 Enadir iae'a
Pnad (¢ J Zk) +3'73 % 100 62 d (¢ J Zk')
Tnadir (¢’L7 Hj, Zk) Tnadir (¢17 9]7Zk>

where T),qdir»> Pradir» and e,q4:r are temperature, total pressure, and water vapor partial pressure respectively from the nadir

Nnadir (¢i70jazk) =776 (2)

instrument retrieval. The calculated refractivity is used as the a priori for the following tomographic processing. For simu-
lation purposes, the simulated "true" temperature and water vapor fields were linearly smoothed (2 km vertically and 10 km
horizontally) before interpolation to match the MWR observation footprint. For real observations, the nadir retrievals from the
Cross-track Infrared Microwave Sounder Suite (CrIMSS) dataset (Smith, 2019) were used and interpolated to the voxel grid

without additional smoothing.
2.1.2 GNSS-RO

The commonly used RO total excess phase observable,

D= / ndl, — / di, 3)

is the difference between the optical path length of the refracted ray and the straight-line geometric path in vacuum, represented
by the red and black lines connecting the GNSS and LEO satellites in Fig. 2, respectively. Through the process of careful
calibration of clocks and orbits, this total excess phase observable can be measured throughout an RO, up to an unknown
constant (Hajj et al., 2002). To appreciate the distinct geometric and optical contributions to this total excess phase observable,

we decompose the index of refraction as n = 1+ N x 1075, Eq. 3 can then be written as
&= (L.— L)+ 10*6/Ndzc )

where L. and Ly are the geometric lengths of the curved and straight paths, respectively. Therefore, the total excess phase
contains a purely geometric term due to ray bending (i.e., the L. — L term in Eq. (4)) and a refractivity-dependent term due to
the atmosphere (the second term on the RHS of Eq. (4)). To isolate the atmospheric contribution, we define the partial excess

phase as:
®,=[®— (L.~ Lg)] x 10° = /N((ﬁi,Gj,zk)dlc. (5)

Unlike the total excess phase defined in Eq. 3, this partial excess phase depends only on the refractivity along the portion

of the ray path within the atmosphere where N > 0, eliminating contributions from vacuum regions. As a result, forward
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A Tangent Point

Figure 2. Radio occultation geometry illustration showing the difference between total excess phase and partial excess phase.

modeling can be restricted to the atmospheric domain without requiring integration along the full ray path. This simplifies the
tomographic inversion significantly and can be applied when doing simulations and in the processing of real observations.
In simulation mode, the simulated partial excess phase ®,, is generated by integrating through the three-dimensional refrac-

tivity field N (¢;,0;,2;) (taken as truth) along the curved ray path [, within the modeled domain:

B
(I>p:/N(¢i70j,Zk)dlc. (6)
A

where points A and B correspond to the intersection of the ray with the upper boundary of the atmosphere (see Fig. 2). This
is done by starting at height zj, as the tangent point and then trace the ray path on both sides of the tangent point through the
refractivity field. The ray is propagated outward until it intersects points A and B, corresponding to the upper boundary of the
modeled region on each side. In this way, the integral is restricted to the simulated domain, eliminating the need to model the
ray paths all the way to the satellites.

When processing real GNSS-RO observations, the true three-dimensional refractivity is not available. What is available is
a one-dimensional vertical refractivity profile Npo(z), obtained via bending angle inversion using the Abel transform under
the assumption of spherical symmetry. This assumption implies that refractivity depends only on height, where N (¢,0,z) =
Nro(z), so that horizontal variations are neglected and each atmospheric layer is treated as spherically uniform. However,
because the retrieved profile Nro(z) reproduces the same observed phase delay under this spherical symmetry assumption, the
forward model remains consistent if the true refractivity field is replaced by Nro(2). In other words, the error introduced into
Nro(z) due to the spherical symmetry assumption, cancels out when doing the forward raytracing using Nro(z) instead of

N(¢,0,z) to derive the partial excess phase (Syndergaard et al., 2005). Accordingly, the partial excess phase can be expressed
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as
B

(I)p:/NRO(Zk)dlc- (7
A

As in the case of simulated data, when processing real observations, raytracing starts at a tangent point (as determined by the
Abel inversion) and is done on both sides of the tangent point until the rays intersect the upper bound of the imaged domain
with intersection corresponding to points A and B of the integral in Eq. (7).

Egs. (6) and (7) are evaluated using two-dimensional ray tracing in the occultation plane, following the same methodology
implemented in the Radio Occultation Processing Package (ROPP) (ROPP document, 2020) (Culverwell et al., 2015). The
details of the implementation are given in Appendix A. For a given set of tangent point locations, only knowledge of the
occultation plane is needed at any given time such that the raytracing is done in that plane. The exact positions of the GNSS
transmitter or receiver are not needed. This is true when processing simulated or real data. We sample the ray path within
the 3D domain with the incremental segment of As = 20m, which is sufficiently small relative to the grid size used in the
inversion. By locating the latitude, longitude, and height of each point along the ray path with the voxel grid defined at the
beginning of this section, the number of points for each voxel can be counted. Therefore, the path length within each voxel

d(¢;,0;,2;) as shown in Fig. 1 can be estimated:
d((ZSi,ej,Zk):M((m,@j,Zk) X As (8)

where M (¢;,0;,2) is the number of ray path sample points at each voxel. Having determined the ray path length in each

voxel, the partial excess phase for each ray path given in Eq. (6) can be discretized as:

@p:ZN(¢u9j72k)'d(¢z‘,9jvzk) ®
]

Only those voxels where ray path [. penetrates through will contribute to the partial excess phase, since d (¢;,6;,2) = 0 at
the other voxels even though their refractivity is non-zero valued. As a discretized version of Eq. 6, this equation will be used in
simulation to generate the GNSS-RO observable for tomography. For real GNSS-RO data, the following discretized equation

corresponding to Eq. 6 will be used:

®, = Nro(z)-d(¢:,0;,2) (10)
lc

2.2 Level-wise 3D Tomography

The goal of the proposed tomography approach is to estimate the true 3D field solution that best matches the partial excess
phase ®,, observations based on the given a priori field N,,qq:r (¢:,6;, 2 ) obtained from the nadir retrievals. Due to the nature
of nadir and limb viewing geometry, we assume that the horizontal information of the estimated solution come mainly from
the nadir observations, while GNSS-RO provides finer resolution in the vertical direction. As shown in Eq. 1, the ratio of

refractivity between each voxel in the same layer z; is constrained by the a priori so that only the estimation of the vertical



185

190

195

200

205

https://doi.org/10.5194/egusphere-2026-4427
Preprint. Discussion started: 11 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

scaling factor a(z) is needed instead of the entire refractivity set of N (¢;,6;,z;) in that layer. This approach simplifies the
computational complexity significantly by reducing the number of state variables from the total number of voxels in 3D space
to the number of vertical layers, i.e., collapsing a 3D problem into a 1D problem. Using the constraint defined in Eq. 1, our

model equation can be written as

(I)p:ZNnadir(Qbiyejazk)'d(¢i79j7zk)'a(z) (11)
le

where a(z) are the parameters to be solved for and are given by

n

a(2) = | Y Nuaair (1,05, 2k) - d($:,05,2) | - Py (12)
le

where T is the pseudo inverse operator [see, e.g., Hajj et al. (1994)].
After obtaining the estimated vertical scaling factor G(z) and using Eq. 1 again, we can now estimate the refractivity field

solution at each grid as

Nsol (¢i70j7zk) = Nnadir ((biaejazk) : EL(Z) (13)

By assuming the temperature and pressure fields from the nadir instrument retrieval to be sufficiently accurate, one can use
Eq. 2 to calculate vapor pressure from the estimated 3D refractivity field. In our approach, we also assume the change of the
ray path due to refractivity difference between the estimated field and the a priori to be negligible, and that the same ray tracing
solution can be applied to all subsequent iterations. The assumption is mostly valid because the ray path difference due to
refractivity is normally less than 1m per voxel.

While the derived weighting factor a(z) can be applied to the entire refractivity field at a given layer, we limit its application
to the voxels within 2° ( 200km) horizontal distance from the tangent point location. This is due to the fact that the total length
of GNSS-RO ray paths within the domain does not exceed 3°, which limits the horizontal sensitivity of the RO observations
to scales of that order. We define u as the horizontal distance between a voxel and the tangent point location, as illustrated in
Fig. 1. Within the 2° horizontal range, a Hann window weighting function H (u) is applied to taper the GNSS-RO contribution
such that the solution transitions smoothly from the RO-constrained retrieval near the tangent point to the a priori field farther

away. The Hann window is given by

1
2{1+COS<7T . >}’ 0 <u < Upax, Umax = 2°,
H(u) = Hmax (14)

0, otherwise.

The resulting normalized refractivity at each voxel within the 2° of a single tangent point can then be written as:

N (¢i,05,21) = Nuot (64,05, 21) - H (0) + Npaair (0i,05, 2%) - [1 — H (u)] (15)
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The purpose of Eq.15 is to construct a smooth spatial transition between the refractivity solution constrained by a GNSS
radio occultation (RO) observation and the background refractivity field derived from the nadir retrieval. The same logic can
be extended to the case where a voxel lies within the influence region of two separate RO observations. In this case, each
occultation contributes according to its corresponding distance from the voxel. Let w; and us denote the distances to the two
tangent points, and let Nsou and Nsol’g denote the refractivity solutions associated with each occultation. A combined RO

solution can then be constructed as a normalized weighted average:

5 _ N50171H(U1)+Nsol,2H(u2)
sol, T H(Ul) + H(Uz) ’

(16)

This expression ensures that the RO solution closer to the voxel contributes more strongly, while preserving smooth con-
tinuity between overlapping RO influence regions. The normalization by H(u;) + H (u2) guarantees that the combined RO
contribution remains properly scaled. The transition between the combined RO solution and the nadir retrieval is then deter-
mined by the residual weighting not accounted for by either RO observation. Since 1 — H (u) represents the lack of constraint

from a given RO profile, the residual weight assigned to the nadir retrieval for two occultations is expressed as

(1= H(u1))(1— H(uz)). (17)

The final refractivity field can therefore be written as

N =Ny [1— (1= H(u))(1 = H(u2))] + Npagir(1 — H(uy)) (1 — H(up)). (18)

Expanding the complement term yields

1= (1= H(u))(1 = H(ug)) = H(u1) + H(ug) — H(ur) H (uz), (19)

which shows that the total RO contribution behaves similarly to an inclusion—exclusion formulation: the individual RO con-
tributions are added while the overlap term prevents double counting in regions where both occultations contribute simultane-
ously.

This framework naturally generalizes to an arbitrary number M of RO observations. For M occultations with corresponding

distances u,,, and RO-derived solutions Nsol,m’ the combined RO solution may be expressed as

NV L= ZT]\:{Il NSOLmH(um) )
’ et H (tm)

The residual nadir weighting becomes

(20)
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M

I (1= H (), @)

m=1

which represents the fraction of the voxel not constrained by any RO observation. The final blended refractivity field is

therefore
M M
N:Nsol,T [1 H (1*H(Um)) +Nnadir H (1*H(um)) (22)
m=1 m=1

This formulation provides a smooth and physically consistent transition between localized RO constraints and the large-scale

nadir retrieval while naturally accommodating overlapping sensitivity regions from multiple occultations.

3 Results
3.1 WRF simulation

To evaluate the feasibility and efficacy of this tomography algorithm, we apply it to the Weather Research and Forecast (WRF)
mesoscale simulation output. Here a WRF case of a strong Pacific cold front on 2006-12-15:00 UTC with a complex 3D ther-
modynamic structure is chosen as an example. The domain of the simulation is within 30 to 36° latitude (~ 0.005° resolution)
and -150 to -140° in longitude (~ 0.04° resolution). The WRF domain is linearly interpolated to the 3D grid defined in the
previous section.

To illustrate the 2D ray tracing we propagate the ray using Eqs. A1-A4 on a single vertical plane which has constant latitude
(33°). The ray paths are shown as cyan curves in Fig. 3. As the color in the background suggests, the moist air extends from
the surface up to ~4km throughout the domain, and the dry air intrusion occurs between -150 to -143° longitude, separating
the moist air into a lower branch within 2km and an upper tongue between 3-4 km. This case is chosen intentionally for
its complicated vertical structure to illustrate the capability of limb/nadir sounding tomography, and will be used for our

simulations described in the following subsections.
3.1.1 Single occultation plane

We first demonstrate the water vapor characterization improvement using the proposed tomography algorithm on a single
vertical occultation plane (latitude = 33°). In this case we randomly choose our tangent point location at -143.17° longitude,
with height interval of 0.12km between each ray path within the range of 0-8km. All the ray paths propagate along the same
vertical plane at 33° latitude and the height interval is selected based on the GNSS-RO vertical resolution. The GNSS-RO
partial excess phase observation for each ray path is simulated by Eq. 9 along the propagated ray path within the defined
2D refractivity field N(¢;,0;,2x) in the occultation plane. As discussed in the previous section, the GNSS-RO partial excess

phase observation can be calculated from the segment of the ray path located within the domain, and therefore extending the

10



265

270

275

https://doi.org/10.5194/egusphere-2026-4427
Preprint. Discussion started: 11 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Water Vapor (g/m~3) - Truth

10

Altitude (km)
>

A

L]
-148 -146 -144 -142 -140
Longititude (deg)

0

-150

Figure 3. The propagated ray path (shown in cyan color) using 2D ray tracing on a single vertical plane of the WRF model. The background

color represents the water vapor quantity at each grid.

refractivity beyond the domain is not needed. These simulated observations are then applied to the tomography algorithm and
combined with the corresponding a priori computed by smoothing the true field from WRF as stated in Sec. 2.1.1. Here a
boxcar smoothing with 2km vertical window and 0.2° is applied. The resulting refractivity field can then be used to derive the
water vapor solution by using Eq. 2 and assuming the temperature a priori to be true. The results are shown in Fig. 4

The upper-left panel in Fig. 4 is the water vapor content of WRF model along the occultation plane, which serves as the true
field in this study. The upper-right panel is the linearly smoothed domain on the same plane that simulates the MWR retrieval
and is used as a priori. It can be seen that the intrusion structure has become much less defined because of poor vertical
resolution after smoothing. The water vapor solution obtained by combining the a priori with a single RO measurement using
the tomography approach introduced in the previous section is shown in the lower-left panel. In this panel a localized "hole"
in water vapor appears near 2km between -142 and -144° longitudes relative to the a priori result, bringing the retrieval into
closer agreement with the truth field in that region. This occurs because the ray paths passing through the moisture-gap voxels
experience smaller partial excess phase delays than predicted by the a priori field. The tomography inversion interprets these
reduced delays as evidence of lower refractivity within those voxels, resulting in retrieved weighting values a(z) smaller
than unity and consequently a reduction in the retrieved water vapor in that region. Furthermore, since the weights a(z) are
applicable only within +2deg w.r.t. the tangent point location due to the Hann window, the range of the hole is limited to the
area close to the tangent points. Note that in this panel only the lowest ray path is shown to indicate the location of the RO

tangent point but the results are obtained using all the ray paths as shown in Fig. 3.
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Figure 4. Upper-left: The WRF model in the occultation plane used as truth domain. Upper-right: Smoothed WRF domain representing the
MWR retrieval and used as a priori in the tomography algorithm. Lower-left: Results of the tomography algorithm with a single RO. Only
the lowest ray of the RO is shown. Lower-right: Same as lower-left panel but with 2 ROs. The lowest link for the second RO is shown on the

left in orange.

A second RO at the -146.83° longitude (orange dotted line) in the same occultation plane is added to the first RO with the
resulting retrieval shown in the lower-right panel of Fig. 4. In this case, a vapor gap appears between -145 and -149° longitudes
and 2-3km heights separating the vapor located above and below, with an increase of water vapor value at ~3 km. Statistically,
the water vapor RMSE over the occultation plane is reduced by 22% from 0.477 g/m? of nadir sounding only, to 0.37 g/m?
with two GNSS-RO added. The result better matches the cold front intrusion structure shown in the true vapor profile (upper
left panel) and significantly improves the simulated nadir-only retrieval.

Because of the Hann window defined in Eq. 14 and used in Egs. 15 and 22, the tomographic solution at each column will
depend on its distance to each GNSS-RO tangent point. The further away the column is from the tangent point, the closer the

solution will be to the nadir retrieval. This behavior is illustrated in Fig. 5, which shows six vertical water vapor profiles at
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Figure 5. Six vertical water vapor profiles along the occultation plane between the two tangent points (Lon =-146.7 and Lon = -143.2) shown
in Fig. 4. The true profiles are shown in blue, the tomography solutions are shown in orange, and the a priori (nadir retrieval) are shown in
dotted green. The tomography solutions align with the true profiles in regions close to the RO tangent points at both ends and revert back to

the a priori away from the tangent points.

different longitudes along the occultation plane (latitude = 33°) presented in Fig. 4. The profiles extend from the tangent point
location of the orange occultation on the left to that of the cyan occultation on the right.

In the first panel from the left in Fig. 5, the tomography solution (orange line) closely matches the true profile (blue line),
indicating that the weighting derived from the nearby GNSS-RO observation correctly captures the vertical structure. However,
as the profile location moves farther away from the tangent point (e.g., at longitudes —145.3° and —144.6°), the tomography
solution gradually deviates from the truth profile and overlaps with the nadir retrieval (green dashed line). This indicates that
the voxels at those locations are too far from the GNSS-RO tangent point for the retrieved vertical weighting to have an effect.
As aresult, the solution smoothly reverts back toward the nadir retrieval, consistent with the horizontal tapering imposed by the
Hann window weighting. Closer to the second tangent point on the right (longitudes —143.9° and —143.2°), the tomography
solution once again approaches the true profile as the influence of the second GNSS-RO observation increases.

In the above example, even though the tomography has been applied on the occultation plane, the improvement can also be
observed in the voxels out of the occultation plane. This is demonstrated in Fig. 6 which shows a horizontal cross section of
the 3D domain at 2km height. Comparing the a priori (upper-right) with the truth (upper-left) in Fig. 6 one can observe that the
horizontal water vapor structure of the a priori is generally smoother than the truth, reflecting the smoothing effect of the MWR
retrievals. At some locations such as -150 to -140° longitude and 32° latitude it is positively biased due to the contribution
from the voxels below 2km. By combining the biased a priori with a single RO observation (with a ray path trajectory shown

as the orange solid line at 33° north latitude between -142° and -144° longitudes of the lower-left panel), the water vapor drops
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Figure 6. Same area as Fig. 4 but for a horizontal cross section of the 3D field at altitude = 2km. The solid line represents the RO plane.

Each dashed circle in the lower panels is centered at the RO tangent point and represents the circle of influence introduced by the weights

a(z) and the Hann window.

by ~0.5 g/m3 within a circle of 1° radius centered at the tangent point indicated by the cyan dashed circle. The drop is more
obvious when we add an additional RO as shown in the lower-right panel: the water vapor within the orange dashed circle

dropped substantially and agrees better with the truth field.

3.1.2 Multiple occultations in 3D

In general, ROs do not align in one plane in the way they were analyzed thus far. In this section, we apply a more realistic RO
coverage in 3D with a distribution obtained from a hypothetical constellation of 12 LEO satellites in different orbits tracking all
global GNSS constellations (GPS, Galileo, GLONASS, BeiDou) that does not limited to the single occultation plane condition.
Under this scenario, 34 occultations were collected during a 12-hr period within the 3D domain we have been examining. We
apply the tomographic algorithm introduced in Sec. 2 in three different scenarios where 5, 10 and 20 randomly chosen ROs are
combined with the same a priori as before and compared to the truth given by the WRF model.

The 3D tomography results are shown in Figs. 7 that showing the 33° latitude vertical cross section, and § that showing a

2km altitude horizontal cross section. The cyan solid lines at each panels in Fig. 7 are ray path trajectory at the lowest tangent
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Figure 7. Upper-left: Vertical cross section showing water vapor of the WRF model at 33° latitude plane as truth. Upper-right: The tomog-
raphy solution of water vapor with 5 ROs on the same plane. Each cyan solid curve corresponds to the lowest ray path of each RO projected

on the plane. Lower-left: Same as upper-right panel but with 10 ROs. Lower-right: Same as lower-left panel but with 20 ROs.

point projected onto the 33° latitude plane. Since these are projections from randomly oriented planes in 3D onto the 33° plane,
the concave size of each parabolic curve will vary depending on the angle between the actual RO plane and the 33° plane. The
dashed circles in each panel of Fig. 8 are centered around tangent point locations of the various ROs for each case, showing
their spatial distribution.

As shown in the upper right panel of Fig. 7, the reconstructed structure from 5 ROs remains mostly similar to the a priori
(shown in the upper-right panel of Fig. 4). The retrieval does not detect the rapid changes around the edge of the tongue, a
feature that is captured better in the case shown in the lower-right panel of Fig. 4. This is mainly due to the fact that the RO
planes are not aligned with the 33° latitude plane near their tangent points, unlike the 2D geometry case studied in the previous
subsection. But when more ROs are added to the 3D domain, the intrusion structure starts to emerge. The moisture gap at

2km height can be easily seen when 10 and 20 ROs (lower panels) are available. The impact of the RO locations can also be
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Figure 8. Same as Fig. 7 but on a horizontal plane at 2km. The dashed circles represent the circle of influence for each RO.

observed in the figure: the "bulge" structure between -148 and -146° longitudes between 2 to 4 km is seen in the upper-right
panel due to no occultation present in that region. The structure disappears when more ray paths pass through the same region
when 20 ROs are available (lower-right panel). Similar observations can also be made in the horizontal cross section at 2 km
heights. Due to the lack of RO at the NE corner when only 5 ROs are available (upper-right panel in Fig. 8), the solution yields
high water vapor value inherited from the a priori. But with more ROs cutting through that area, the vapor estimation shows
significant reduction in the NE corner which matches better with the truth shown in the upper-left panel. Similar results can
be observed between -148 and -144° longitudes around 32.5° latitude, where the vapor concentration was reduced and agrees
better with the truth in the 10 and 20 RO cases compared to the 5 RO case where no RO ray path goes through that region.
The improvement with the higher number of ROs in the 3D domain can also be quantified: Without RO, the RMSE of the
nadir-retrieval solution is 0.428 g/ m3. With the presence of 5, 10, and 20 GNSS-RO cases the RMSE are reduced to 0.387
g/m?, 0.354 g/m3, and 0.310 g/m? respectively. This RMSE is computed over the entire simulated domain. The decrease
would be much more significant if the RMSE is restricted to the region inside the "circle of influence" of the ROs.

To validate the robustness of the algorithm, we apply it to a much smoother a priori as shown in Fig. 9. Instead of the boxcar

approach, the a priori in this case is smoothed horizontally first, and vertically next which creates a much smoother field (shown
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Figure 9. Same as Fig. 7 but with coarser smoothing of truth used as a priori. The vapor "hole" structure is revealed with sufficient number

of ROs added in the tomography, even when the nadir retrieval is overly smoothed.

in the upper-left panel), where the vapor "hole" present in the true field is completely absent. The 20 GNSS-RO case shown
in the lower right panel demonstrates that the complicated vertical moisture structure can still be recovered even when the a
priori in this case provides little to no vertical information below 4 km height. While the 5 and 10 RO cases do not restore
the structure on this vertical plane, these cases still provide the vertical information in regions close to the tangent points and
reduce the error relative to the overly smoothed a priori. The RMSE of the overly-smoothed a priori is 1.09 g/m?. With 5,
10 and 20 GNSS-RO added using the tomographic algorithm, the RMSE are reduced to 0.935 g/m?, 0.803 g/m3, and 0.616
g/m?, respectively. The results show that the methodology can effectively combine the nadir and limb sounding observations

and significantly improve the 3D solution, even when nadir retrieval is overly smoothed or biased.
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3.2 COSMIC-2/ATMS observations

To demonstrate the applicability of the tomographic algorithm introduced in this paper with real RO and MWR observations,
it was applied on a COSMIC-2/ATMS collocation case (2020-04-01-06:24c2f4_gps70). While multiple collocated GNSS-RO
can be helpful to resolve the complicated 3D structures, as shown in the simulation results above, such occurrence is relatively
rare with the current distribution of GNSS-RO observations. The case shown here is a single GNSS-RO collocated with MWR,
which would be the most probable occurrence for GNSS-RO/MWR collocation. The geometry for this collocation and the
corresponding ray path orientation is shown in Fig. 10. Located at the north coastline of Venezuela, the GNSS-RO ray paths,
indicated by black solid lines, pass through both land and ocean within O to 8km altitude range. The tangent points (red dots) for
each ray paths are located on the land area around [9.1N, 66.1W], while the MWR/IR footprint is uniformly distributed within
5° of the lowest tangent point location. The collocated Cross-track Infrared and Microwave Sounding Suite (CrIMSS) (Smith,
2019) derived temperature and water vapor dataset was interpolated to the 3D grid surrounding the tangent point location.

Vertical and horizontal cross sections of the interpolated 3D domain are shown in the upper and lower left panels in Fig.
11, respectively. The CrIMSS data shows that the atmosphere is generally moist (>10g/m3) below 3km on the west side of the
domain and much drier between 1 to 3km height on the east side. While the air above 1.5 to 2km are dry on the east side of
the domain, the cold, moist air beneath it collides with the warm air on the west and forms the weather front at around 63W
longitude, presenting a complex vertical structure within the area. The right panels of Fig. 11 show the corresponding vertical
and horizontal cross sections after combining the nadir and RO measurements. The combined tomographic solution reduces
the vapor at ~3km height close to the tangent point latitude (~65° West), the lowest point of the cyan ray path, while increase
the water content around 5km. The reduction extends to 2km height and makes the horizontal structure shown in the lower
right panel close to the tangent point around [9N, 64W] much clearer. As expected, that the changes are mainly located around
the tangent point because of the horizontal Hann window centered at the tangent point location.

The decaying influence of RO away from the tangent point due to the Hann window can be easily seen in the left panel of
Fig. 12 which shows the difference between the retrieved and the a priori water vapor on the 9.28N latitude vertical plane. One
can observe that outside of the window range of 2° radius the difference is zero (green color) at all altitudes, and negative and
positive differences can be found at 3 and 5 km, respectively, near the tangent point location. The corresponding GNSS-RO
refractivity retrieval and the a priori profile at the tangent point location (9.28N, -65.17W) are shown in the middle panel
of Fig. 12, which shows that the RO refractivity profile is lower than the corresponding refractivity computed from the nadir
observations between 1.5 to 4 km. This negative refractivity difference leads to smaller partial excess phase for ray paths located
within this altitude range and contributes to the negative change in tomography retrieval seen in the left panel. Similarly, the
positive bias in RO refractivity around Skm height leads to the positive change in the tomography retrieval shown in left panel.
The green curve in the middle panel shows the tomography results at the tangent point location, which is close to the GNSS-
RO solution capturing the small-scale vertical structure. This detailed refractivity structure is smoothed when the solutions are
away from the tangent point, as shown in the right panel of Fig. 12. The dotted curves in color green and red are the profiles

located at 1° east and west of the tangent point, respectively, and the corresponding a priori are shown as the dashed lines of
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Figure 10. The collocation of GNSS-RO (2020-04-01-06:24c2f4_gps70) and CrIMSS dataset
(SNDR.SNPP.CRIMSS.20200401 TXXXX.m06.g0XX.L2_CLIMCAPS_RET_NSR.std). GNSS-RO tangent point locations for the
RO links are shown as red dots, and their corresponding ray paths are shown in black solid lines. The orange dots shown in the zoom-in

panel are the footprints of the CrIMSS dataset.

the same color. While these two solutions do not show detailed vertical structure as the original RO profile, the large scale
structure, such as the sharp transition at around 2.5 km, is still inherited from the RO observations.

To further understand the negative (at ~3km) and positive (at ~5km) local maxima seen in the left panel of Fig. 12, we
examine horizontal cross sections of the water vapor at 3 and 5 km in the imaged region, which are shown in Fig. 13. By
comparing the difference between left (a priori/MWR-derived field) and right (retrieved field) panels, we see that the water
content was significantly reduced near to the tangent point location at 3 km, leaving a gap around 9° North while the moist
regions on the west side was preserved. By contrast, the vapor amount increased at Skm near the tangent point location,
generating a vertical hollow structure. This type of 3D structure can be resolved only by combining GNSS-RO with existing

nadir observations because of the latter’s coarse vertical resolution.

4 Conclusions

In this article we introduced a new algorithm to take full advantage of collocated spaceborne nadir (MWR in this article, but

applicable to IR) and limb (GNSS-RO) soundings to better observe and characterize the lower troposphere. While these two
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Figure 11. The water vapor domain comparison between a priori (nadir observation only, left) and the tomography retrieval (nadir + GNSS-

RO, right). A vertical plane cross-section along the 9.28N latitude is shown in the top right panel. A horizontal plane cross-section at 2km

height is shown in the lower. The solid line and the dashed cyan circle in the lower-right panel show the ray path of the lowest RO link and a

circle of 1° radius centered at the tangent point

types of observations are complementary in many aspects, the algorithm introduced here focuses on the spatial resolution

synergy between the two: nadir sounders provides high horizontal resolution (15 to 20 km) while limb soundings offer high

vertical resolution (~200m). To our knowledge, this is the first attempt to combine the two observations in a model-independent

way to resolve the complex lower troposphere water vapor structures in 3D. While numerical weather prediction models

have assimilated both passive nadir measurements and RO data, the current algorithm provides a more model-independent

solution which can land further insight on optimal methods that could benefit data assimilation techniques. The tomographical

400 framework introduced here combines temperature/water vapor profiles from nadir sounders at each footprint and partial excess
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Figure 12. [Left panel] The water vapor difference between the tomographical retrieval and the a priori from nadir observations along the
9.28N latitude vertical plane. [Middle panel] The 1D refractivity profile from nadir observations at the GNSS-RO tangent point location
(blue), GNSS-RO-only retrieval (orange), and the combined GNSS-RO/MWR tomography retrieval (green). [Right panel] Refractivity pro-
files from nadir observations at 1° east (green dashed) and west (red dashed) of the tangent point, and corresponding tomography solutions

at 1° east (green dotted) and west (red dotted)

phase computed by use of GNSS-RO refractivity product and ray tracing. In this article, the developed algorithm was applied
on numerous simulation scenarios including one or more GNSS-RO collocations, in 2D and 3D geometries. It was also tested
with GNSS-RO/CRIMSS collocation measurements to demonstrate its applicability to real data.

The work presented here ignores systematic biases in RO derived refractivity and in passive sounders. Using the presented
tomography framework in reality would have to account for these biases. The GNSS-RO refractivity observation could be
negatively-biased at lower troposphere, which may cause negatively-biased vapor tomographic retrievals. This can be mitigated
if RO bending measurements are used as the tomography input because these measurements will not experience biases due to
atmospheric ducting. However, extracting bending within the lower troposphere from the raw observations can be challenging
and needs to be further developed. Biases in passive sounders and other challenges caused by cloud and precipitation is a
long-standing challenge that remains an active area of research. The tomography framework described here could further be
improved by a careful consideration of the measurements error covariance as well the model representation error, an issue that

we will leave for a future investigation.
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Figure 13. Same as Fig. 11 but for the horizontal planes at 3km (upper-panel) and Skm (lower-panel). The cyan solid lines are the GNSS-RO

ray path and the dashed circles are the 1° circle centered at the tangent point.

Appendix A: 2D ray tracing

Here we give a brief description of the 2D ray tracing described in Radio Occultation Processing Package (ROPP) (ROPP
document, 2020) (Culverwell et al., 2015). The height of each point on a specific ray path z"” can be described by a differential

equation as:

T os(o) (A1)

where s is the distance along the ray path from the tangent point, and o is the angle between the radial vector and ray path

tangent vector (shown as the orange dashed line in Fig. A1) at each point.
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Figure Al. Illustration of the 2D ray tracing for the variables used in Eq. Al to Eq. A4. Point P is an arbitrary point on the ray path shown

as the green solid line. All the variables are defined in the texts.

The distance from local center of curvature to each point on the ray path can then be easily calculated:
r’"P=2"P+ R, (A2)

where R, is the radius of curvature. In addition, we define the angle ¢ as the horizontal angular position of each point along the

ray path with respect to the tangent point:

de sin(o)

g A3

ds rrP (A3)
The angle o itself can also be derived from a differential equation that is linked to the known refractivity field:

do ) 1 on

o, = —sin (o) [r’“p + <({9r>j (A4)

where (%)6 is the derivative of refractive index with respect to height at a specific point in the ray path with the horizontal

angle e. This can be achieved by interpolating the vertical refractivity gradient calculated from the atmospheric column where
the specific point in the ray path located within the 3D domain. Notice that the horizontal refractivity gradient is not considered,
since its impact to the limb ray path is very limited and neglecting it can largely reduce the computational burden. By simul-
taneously solving these three variables from Eq. A1, A3, and A4 using the Runge-Kutta (RK4) method, the position of each
point in the ray path can be obtained, and the corresponding latitude, longitude and height can be calculated. The described
2D ray tracing process is initialized at the tangent point, where oy, = 7/2 and €, = 0, and propagated on both sides along the

occultation plane until the edge of the 3D domain.
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