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Abstract

In the moist tropical lower troposphere, atmospheric refractivity fields are strongly affected
by water vapor and have complicated, non-spherically symmetric structures. Strong
horizontal gradients of refractivity could make the simulated bending angle by raytracing a
multivalued function of the impact parameter, which is called impact multipath for brevity. In
this study, we first show such occurrences of impact multipath in the tropical lower
troposphere using the National Centers for Environmental Prediction/Global Forecast System
analysis as input to a raytracing operator for COSMIC ROs in March and April 2017. An up
to 600-m lift in altitude for the impact parameter is observed for simulated RO rays in the
presence of a strong horizontal gradient of refractivity over 250-km distances from the
perigee, rendering the simulation bending angles multivalued functions of impact parameter.
A quality control procedure is then developed to effectively identify the large variaitions of
parameter along the simulated rays and impact multipath simulations while keeping the
simulated rays below and above the multivalued rays. Many more RO data in the boundary
layer could be used for data assimilation in numerical weather prediction by not removing the
RO data below the impact multipath levels in the moist tropical lower troposphere.

Keywords: Detecting occurrence of multi-path simulation of bending angle

1. Introduction
The Constellation Observing System for Meteorology, lonosphere, and Climate 2 (COSMIC-
2) soon to be launched is optimized for data coverage over the tropics by having a three-times

smaller inclination (24°) and a twice higher sampling rate (100 Hz) than those of COSMIC
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(72° inclination and 50-Hz sampling rate). It will provide many more radio occultation (RO)
retrievals in the tropical lower troposphere than ever before. The RO variable assimilated into
numerical weather prediction (NWP) data assimilation systems is the bending angle as a
function of the impact parameter (Zou et al., 1999, 2000; Palmer et al., 2000; Liu and Zou,
2003; Zou et al., 2004; Poli and Joiner, 2004; Healy et al., 2007). The bending angle is
derived from time series of excess Doppler shift measurements and by assuming spherical
symmetry, i.e., that the atmospheric refractivity field is a function of the radial distance only
(Melbourne et al., 1994; Jensen et al., 2003; Gorbunov et al., 2004). As a result, the impact
parameter is assumed to remain constant along a ray path. But atmospheric refractivity in the
tropical lower troposphere is strongly affected by water vapor. The refractivity field is thus
not spherically symmetric and has strong horizontal gradients, making the impact parameter
vary along a ray path (Gorbunov et al., 1996; Healy, 2001). Since RO retrievals of bending
angle are the total bending of the rays going from GPS to LEO satellites, an accurate non-
local observation operator is required for generating model simulations in an atmosphere
whose refractivity is not spherically symmetric. This is especially the case for COSMIC-2
related applications involving model simulations such as RO data assimilation and real-time
monitoring.

Applications of non-local observation operators of bending angle to RO data assimilation
have been successful. Zou et al. (1999) and Liu et al. (2001) developed a 2D raytracing
operator of bending angle and demonstrated the positive impact of assimilating a small
number of bending angle profiles (837 RO profiles from GPS/Meteorology) over an 11-day

period i.e. 20-30 June 1995 on the 5-day forecast. Healy (2014) implemented a 2D bending
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angle operator into the European Centre for Medium-Range Weather Forecasts (ECMWF)
assimilation system and demonstrated a better fit of the ECMWF analysis to RO bending
angle retrievals and a positive impact on global forecasts.

In the tropical lower troposphere where NWP background fields have extremely large
horizontal gradients, e.g., associated with small-scale water vapor and convective clouds, the
impact parameter can vary significantly along a ray path (several hundreds of meters). The
simulated bending angle by the raytracing method could then become multivalued functions
of the impact parameter at the end of the simulated ray (S. Sokolovskiy, personal
communication). On the other hand, RO bending angle retrievals are derived by wave-optics
including full spectrum inversion and phase matching under the assumption of spherical
symmetry (Gorbunov, 2002b; Jensen et al., 2003, 2004; Gorbunov and Lauritsen 2004).
Therefore, the so-called multipath, which is usually associated with multiple rays arriving at a
receiver at a given time, is mitigated by RO data processing techniques, and GPS RO bending
angle profiles retrievals are single-valued functions of the impact parameter. The RO bending
angle retrievals have larger uncertainty in the presence of stronger horizontal gradients. One
measure of the uncertainty can be provided by the local spectra width of the bending angle
noise in the wave-optics approach (Liu et al., 2018). Liu et al. (2018) showed that not using
bending angle retrievals being characterized by large local spectral width improved the
forecast performance in a relatively basic NWP model. This study aims at identifying the
cases of large variations in the impact parameter along simulated rays and the multivalued
raytracing simulations and developing a quality control procedure to remove these data from

RO data assimilation.
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The paper is organized as follows. Section 2 describes a 2D raytracing operator and the input
data to the raytracing operator for generating one and a half months of model simulations.
Section 3 illustrates the variations in the impact parameter along a ray path in the presence of
a strong horizontal gradient of refractivity causing a multivalued bending angle profile
simulation. A quality control procedure for identifying the occurrences of impact multipath in
model simulations due to strong horizontal gradients of refractivity is developed and its
impact on the differences in bending angle between model simulations and RO retrievals are

assessed in section 4. Section 5 summarizes the findings and conclusions.

2. A brief description of a raytracing operator and input data for generating
simulations
The 2D raytracing operator used in this study solves the following second-order ordinary

differential equation (Zou et al., 1999; Liu and Zou, 2003):

dz7
dr?

= nVn, (1)

...where 7 is the 3D position vector in Cartesian coordinates [7 = (X1, X2, x3)], and T is a

parameter associated with the length of the ray (s) and the atmospheric index of refractivity
. ds

(n),1e.dt = —

The second-order ray trajectory Equation 1 can be equivalently turned into the following two

coupled first-order equations:

ar _ o

dyf” . )
— =nVn

dt
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To solve Equation 2, an initial condition of (7, ) at the starting position (in this study, the
observed ray perigee) is required.
Denote the position of a point on the ray by a radius vector from the local center of curvature
to the point ('), the radius vectors at the GPS and LEO positions by 7 and 7., respectively,
and the perigee point of the ray that has the shortest distance (7o) from the ray to the earth’s
local curvature center. The impact parameter (a) at a point on the ray is defined as the
distance from this point on the ray to the earth’s local curvature center multiplied by the
index of refractivity, i.e.

a =rn(r)sing, 3)
...where ¢ is the angle between the tangent direction of the ray and the local radius vector.
The impact parameter at the perigee (¢p = 90°) is thus ao = ron(ro). If the atmosphere is
spherically symmetric, the impact parameter satisfies Bouguer's formula:

a = rn(r)sing = const 4)

The spherical symmetry also ensures that the ray path remains in the “occultation plane”, i.e.

the plane that contains the LEO and GPS satellite positions and the origin of the coordinate
system.

A ray integration of Equation 2 starts from the estimated perigees of COSMIC ROs at a
vertical interval of 100 m in the direction of the observed ray propagation. This perigee and
azimuth information is provided by COSMIC along with retrievals of bending angle profiles
as functions of impact parameter and ends at the 20,200-km and 730-km distances above the
earth’s surface for the modeled GPS and LEO satellite positions, respectively. The ray

integration uses a variable step size of 2 km or smaller. Values of the impact parameter along
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the ray path are calculated as the ray integration continues. The bending angle at the impact
height [a(a)] is finally computed as the angle between the tangent vector at the GPS satellite
(£6) and the tangent vector at the LEO satellite £;, of the ray, i.e.

a=2(te t1). (5)
This study uses National Centers for Environmental Prediction (NCEP) global forecast
system (GFS) analyses and COSMIC observations from 19 March to 30 April 2017 in the
latitudinal band 30°S to 30°N. Model simulations are performed for 6,040 bending angle
profiles.
A special version of NCEP GFS analyses is used as the model atmosphere for bending angle
simulations. The horizontal resolution is 0.25° % 0.25° and there are 31 vertical pressure
levels from the surface to ~1 hPa (~48 km). The vertical resolutions are 25 hPa below the
900-hPa level and 50 hPa between 900 and 100 hPa. The refractivity above the top height of
the GFS analysis is calculated using the Committee on Space Research International
Reference Atmosphere (CIRA) model. The CIRA model is a middle-atmosphere model
presented as tabulations of atmospheric properties (temperature, pressure, and zonal wind) as
functions of latitude, height, and time of year (Rees et al., 1990). The index of atmospheric
refractivity is assumed to be unity above 120 km. Earth is assumed to be spherical with the
local curvature radii from the COSMIC ROs. The refractivity is first calculated from
temperature, pressure, and specific humidity at the GFS and CIRA model grid points. This is
then interpolated to the ray position using spline and linear interpolations in the vertical and

horizontal directions, respectively.
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3. Identification of occurrences of impact multipath simulations

3.1. Along-track variations of impact parameter and bending angle

The non-negligible horizontal gradient of refractivity makes the spherical symmetry
assumption invalid and Equation 4 no longer exact. In other words, the impact parameter (a)
is not constant over the ray path. The rate of change of the impact parameter along the ray

path can be calculated by the following formula (Gorbunov et al., 1996):

a= ), ©
...where 0 is the angle defined by 8 = £(7¢, 7) and (0n/06), is the partial derivative of
refractive index with respect to 6 at the point 7 on the ray. The latter is called the along-track
horizontal gradient of the refractive index. Since our raytracing simulations start at the
perigee (Zou et al., 1999; Liu and Zou, 2003), the variation of the impact parameter at any

point (7) on the integrated ray path can be written as

if0
(Aa)s, = a5, — ap = f:; (ﬁ)r ds, (7)

...where s; represents the grid points for the integration of Equation 2. The differences in
impact parameter values at the GPS and LEO satellite positions s¢ and s;, from the perigee are
denoted by (Aa);, and (Aa)s, , respectively. The spherical asymmetry assumption becomes
invalid if (Aa)s, = 0 for a given ray path.

In the 2D occultation plane, the dependence of the along-track change in bending angle on

the gradients of refractive index within the occultation plane can be expressed in polar

coordinates [ (¥, 8); Eyre, 1994; Healy, 2001]:

6a == (5), 00 +5 (), 7 ®)
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At the perigees where most of the bending occurs, the contribution of the along-track gradient

of the refractive index to the total bending angle is zero by definition because

(67”/ r) = 66 cot L(EO, ro) = 0. It is the vertical gradient of refractive index [(dn/dr)e] that

7o

contributes mostly to the total bending angle.

3.2. A detailed analysis of individual occultation events

Here, how simulations of bending angle are found to be multivalued or equivalently have
impact multipath is explained. For a setting RO, the impact parameter representing the
altitudes of rays decreases as the rays go down toward the earth’s surface under the spherical
symmetry condition. When a strong horizontal gradient of refractivity exists, the impact
parameter varies along some ray paths so that its values at the LEO and/or GPS satellite
positions (i.e., the two ends of the ray integration started at the perigee point) may be larger
than those rays whose perigee points are higher. Occurrences of multivalued bending angle
simulations depend on the specified vertical interval of the simulated rays at the perigee.
Denser intervals of rays would allow identification of more multivalued bending angle
simulations affected by weak and small-vertical-extent horizontal gradients of refractivity.
We choose the 100-m vertical interval for simulated rays at the perigee points in this study.
Note that most operational assimilation systems assimilate RO bending angles at a coarse
vertical resolution (e.g., a 200-m interval). Multivalued bending angle simulations may then
show up only in cases of stronger horizontal gradients of refractivity of larger vertical extent.
A COSMIC RO profile located at (37.9°W, 25.1°S) on 1450 UTC 19 March 2017 (RO1) is

selected to show impact multipath occurrences in model simulations (Fig. 1). The simulated
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impact parameter at the LEO satellite position decreases monotonically as the rays go from 5
km down to 3.69 km towards the earth’s surface but increases as the rays’ perigee altitudes
decrease for the next two rays below the ray whose perigee altitude is at 3.69 km (Fig. 1a).
The second ray below the ray at 3.69 km has an impact parameter of 3.86 km at the LEO
satellite position, which is 0.35 km higher than the impact parameter at the perigee point
(3.51 km). In fact, all rays whose perigee point altitudes are below (above) the 3.69-km
altitude have larger (smaller) impact parameters at the LEO positions than at their perigee
points, indicating that the simulated ray paths bend up (down).

The RO bending angle retrieval profile is a single-valued function of the impact parameter
(Fig. 1b). However, the simulated bending angle profile is multi-valued when the impact
parameter experiences large variations along the ray paths (~300-400 m, Fig. 1c) for those 4-
5 rays whose perigee point altitudes are between 3.69 and 3.86 km, for which the simulated
bending angles (~0.06 rad) are about 3-4 times larger than the retrievals (<0.03 rad; Fig. 1b).
The NCEP GFS analysis inputted into the raytracing operator shows that a strong inversion
layer was present at the altitude of the multivalued bending angle simulations (Fig. 1d). The
vertical gradient of the refractivity at the perigee reaches a maximum value of -120 N-units
km™. Results in Figs. 1 and 2 are of similar looking to those from radio-holographic analyses
of some wave optics forward simulations by Gorbunov (2002a) and Gorbunov et al. (2010)
(see Fig. 4 in Gorbunov et al., 2010).

Another example is the COSMIC RO event that was located at (3.0°W, 36.3°S) on 0245 UTC
19 March 2017 (RO2; Fig. 2). The largest difference in impact parameter between the perigee

and the LEO satellite is about 150 m, which is much smaller than those for RO1. Simulations
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of the bending angle for this RO event are multivalued in a much thinner vertical layer than
for RO1 (Fig. 2b). The vertical gradients of refractivity for RO1 (Fig. 1d) and RO2 (Fig. 2d)
have similar magnitudes.

The impact parameters at the LEO satellite positions for rays whose perigees are below 3 km
(the lowest-altitude eight rays) have a systematic upward shift (~0.3 km) than at their
perigees compared with the RO bending angles (Fig. 1b), although the vertical gradients of
the GFS refractivity for these rays at the perigee are small (~40 N-units km™) and invariant
with height (Fig. 1d). The systematic upward shift of the simulated impact parameter from
the perigee to the LEO satellite position is less significant for the RO2 case which has a
shallower layer of multivalued bending angles (Fig. 2b). To summarize, although not having
a multivalued problem, the RO1 and RO2 simulations below the multivalued layers are still
under the influence of the horizontal gradient of refractivity, causing the impact parameter to
vary along the ray paths. This may be true in the real atmosphere when RO bending angle
retrievals are affected by the horizontal gradients of refractivity in the lower tropical
troposphere. The systematic upward shift of the simulated impact parameter at the LEO
position from the perigee point could be real.

To see how the impact parameter varies along the ray paths, Figure 3 shows deviations of the
impact parameter at any point along all simulated ray paths below 5 km from their values at
the perigees for both RO1 and RO2 profiles. The impact parameter increases rapidly ~250-
300 km from the perigee for rays with ag below 3.6 km and 3.3 km for RO1 and RO2,
respectively. For RO1 (Fig. 3a), the impact parameter varies and remains constant when the

rays’ horizontal distances from the perigee are smaller and greater than 300 km, respectively.
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It is reminded that when the horizontal distances of the rays from the perigee are greater than
300 km, their vertical altitudes are more than ~4 km higher than their perigee points (figure
omitted). The variations in the impact parameter along the ray paths for RO2 (Fig. 3b) are
similar to those of RO1 when it comes to propagation from the perigee to the LEO satellite
position. The impact parameter for RO2 does not vary greatly below 5 km when the rays
propagate from the GPS satellite to the perigee (Fig. 3b).

In what weather systems did the RO1 and RO2 events occur? The RO1 event was located at
the tip of a trough located at the geopotential height of 850 hPa which roughly corresponds to
the 3.5-km impact height (Fig. 4a). A narrow belt of maximum refractivity, a few hundreds of
meters width with refractivity values above 300 N-units, is seen along the trough, oriented
from southeast to northwest. The RO1 ray path cut through this belt nearly perpendicularly,
with a maximum refractivity a few hundreds of meters from the RO’s perigee on the LEO
satellite side. The cross-section of refractivity and its dry and water vapor components along
the observed ray propagation direction (Fig. 4b) indicates that a strong vertical gradient of
GFS refractivity co-existed geographically with the streak of maximum horizontal gradient
seen in Fig. 4a. A vertical lifting of large refractivity (i.e., a steep tilting of refractivity to the
north) is found near the perigees on the LEO satellite side, resulting in large vertical gradients
of refractivity (denser curves of refractivity) near the perigees. If we separate the dry and
water vapor contributions to the total refractivity, the strong horizontal gradient of refractivity
north of the perigee comes mainly from the water vapor contribution (solid curve in Fig. 4b)

to the refractivity (shaded in colors in Fig. 4b).

11
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The RO2 event was located on a ridge at ~36.3°S (Fig. 5). The rays went from southeast to
northwest. A trough was located to the west of the ridge, characterized by a curving band of
large refractivity values. Air with higher refractivity values intruded into the area north of the
RO2’s perigee location in a low refractivity region, creating a large along-track gradient of
refractivity. The refractivity remained low south of the perigee location. This is consistent
with the changes in impact parameter along the ray paths shown in Fig. 3b. Results
concerning the vertical cross-section of refractivity and its dry and water vapor components
along the ray propagation direction for RO2 (Fig. 5b) are similar to but with weaker increases
in refractivity near the perigees on the LEO satellite side than those for RO1 (Fig. 4b).

The 3D variations in atmospheric refractivity lead to variations in the vertical gradients of the
refractivity [(ON/dr)e] along the ray paths [see Equation 8] of the RO1 and RO2 events (Fig.
6). Near the perigees where most of the bending occurs, the large variations in along-track
vertical gradients of refractivity are found between the layers where the differences in
bending angle between RO retrievals and simulations are large (Figs. 1b and 2b). Large
variations in along-track vertical gradients of refractivity are also found between the 100-250
km horizontal distances from the perigees, contributing to the differences in bending angle
between retrievals and simulations seen at low levels in Figs. 1b and 2b. Figures 4-6 confirm
that strong horizontal gradients often collocated with increased vertical gradients of
refractivity to break the spherical symmetry assumption and to induce the impact multipath

simulations.

3.3. Statistical results

12
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A statistical analysis of the impact parameter variations along ray paths and bending angle
simulations was done to assess how representative the results shown in section 3.b are. The
COSMIC CDAAC team provided a total of 6,040 RO profiles in the latitudes from 60°S to
60°N from 19 March to 30 April 2018. Bending angle simulations were generated from these
profiles. One thousand eighty of the RO profiles have multivalued bending angle simulations
(Fig. 7a). Most of them are located in the subtropical oceanic area between 30°S and 30°N.
Their impact heights are found between 2.8 and 3.6 km where strong inversions associated
with the top of a stable marine boundary layer often occur (Sokolovskiy, 2003; Ao, 2007 etc).
At higher latitudes (30°-60°S and 30°-60°N), many fewer multivalued simulations are found.
The remaining 4,960 RO profiles whose bending angle simulations are single-valued are
distributed everywhere (Fig. 7b).

Figure 8 shows profiles of the differences in impact parameter between the perigee and both
the LEO and the GPS satellite positions in terms of the impact height at the LEO and GPS
satellite positions. The multivalued bending angle simulations (Fig. 8a) have a much larger
spread between 2.8 and 4 km than do the single-valued bending angle simulations (Fig. 8b).
The largest positive values can reach 400—-600 m around the 3.5-km impact height. The
negative values are smaller in magnitude (~200 m). These differences in individual profiles
are larger than the 100-m vertical interval for the ray paths at the starting point (perigee) of
the ray integrations. The mean (Aa),, (green curve in Fig. 8a) has a small positive bias (~25
m) below 3.2 km because the abnormally large impact parameter differences causing
multivalued bending angle simulations occur at different impact heights and the positive and

negative differences cancel out. The differences in impact parameter between the perigee and
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either the LEO or the GPS satellite positions without the multivalued problem have no bias
and much smaller standard deviations (Fig. 8b) than the profiles with the multivalued
problem (Fig. 8a).

Figures 9 and 10 statistically confirm the lack of impact multipath in COSMIC bending angle
retrievals, the large deviations of model simulations from the retrievals, and the large vertical
gradients of refractivity when simulations have impact multipath. The spaghetti maps of the
vertical distributions of all RO profiles with multivalued bending angle simulations at some
impact heights (cyan profiles in Fig. 9a) are significantly different from RO retrievals (Fig.
9b) below 4 km. The simulated bending angles for many profiles increase sharply in the
impact height range of 2.8-3.5 km, reaching extremely large values of 0.04—0.08 rad (Fig.
9a). The corresponding bending angle retrievals vary smoothly with respect to the impact
height and have a small spread (< 0.04 rad, Fig. 9b). Such differences between simulations
and RO retrievals in the bending angle samples are systematic and are thus also seen in the
mean profiles (green curves) between Figs. 9a and b.

In fact, the presence of impact multipath also has impact on 1D simulations. The spaghetti
map of the vertical profiles of bending angle from 1D simulations (Fig. 10a) is more similar
to the 2D simulations (Fig. 9a) than to RO retrievals (Fig. 9b). The 1D simulated bending
angles also profiles that increase sharply in the impact height range of 2.8-3.5 km, much less
smooth than RO bending angle retrieval profiles (Fig. 9b). It is also confirmed that multi- and
large-valued bending angle simulations are associated with extremely large vertical gradients

of refractivity (Fig. 10b).
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4. A quality control (QC) procedure for detecting impact multipath simulations

About 18% of the bending angle simulations by the 2D raytracing operator from the NCEP
GFS analysis are multivalued at the ends of the ray paths. QC of the simulations is needed to
detect these data points so that they can be removed from the RO bending angle assimilation.
The first QC step (QC1) eliminates the simulations affected by strong along-track horizontal
gradients. The second QC step (QC2) further eliminates the simulations with differences in
the impact parameter between the perigee and either the LEO or the GPS satellites [(Aa)s, or

(Aa),,] greater than 200 m. This value is chosen because (Aa)s, is generally less than 200 m

for all single-valued ROs (see Fig. 8b), and 200 m is two times the vertical interval of the
simulations. The third QC step (QC3) further eliminates all simulations below the
multivalued layer. Figure 11 illustrates the implementation of these three QC steps for the
same two RO profiles discussed in section 3.2. For RO1, the QC1 step removed four rays
whose simulated bending angles are multi-valued, and the QC2 step removed all rays having

impact heights lower than those removed by the QC1 step since (Aa)sL is greater than 200 m

(Fig. 11a). For RO2 (Fig. 11b), the QCI step removed only one ray whose impact height at
the perigee is 3.2 km. Data points removed by the QC3 step are seen below the height level
of the data point removed by the QC1 step.

The overall effect of the QC1, QC2, and QC3 steps on simulated RO profiles can be seen
from spaghetti maps of the differences in impact parameter, (Aa),, and (Aa);,., in terms of
the impact height at either the LEO or the GPS satellite positions (Fig. 12). Compared with
Fig. 8a without any QC, the QC1 step effectively removed those large and upward tilting

parts of the multivalued simulations (Fig. 12a). There are still several data points that have
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differences greater than 200 m, which are all removed by the QC2 step (Fig. 12b). Figures

12a and 12b show positive (Aa)sl or (Aa)SGbiases. The positive bias in Fig. 12b is slightly

smaller than that in Fig. 12a. By removing all data points below the impact multipath rays,
the (Aa)s, or (Aa);, bias reduces to almost zero (Fig. 12¢), and the standard deviations are
comparable in magnitude with those from profiles without multivalued problems (Fig. 8b).
Figure 13 shows the total data counts removed by the QC1, QC2, and QC3 steps. The data
removed by the QC1 step represent rays with impact heights between 2.3 and 3.8 km. The
maximum percentage of data points removed by the QC1 step is ~28% around the 3-km
impact height (Fig. 13) and is confined in the 3.8-2.3-km layer. The QC2 step removes an
additional percentage of data points (< 9%) within a similar range of impact heights as those
removed by the QC1 step. As expected, a significant amount of data is removed by the QC3
step, e.g., more than half of the rays with impact heights below 3.2 km. The three QC steps
are implemented sequentially. Depending on the application, users may choose to implement
the QC1 step only if the sole concern is an impact multipath problem with the simulations.
Based on the fact that there is residual bias after the QC1 and QC2 (Fig. 12b), including the
QC3 step may be a conservative but safer choice.

The vertical variations in the means and standard deviations of the fractional differences in
the bending angle simulations generated by the 1D local and 2D raytracing simulations (Fig.
14) are significantly larger if impact multipath profiles are included (red dashed curves)
below the impact height of about 3.8 km. The 1D simulations have a positive bias around 5-
10% below the 3-km impact height, which reduces to nearly zero after removing those ROs

with impact multipath simulations detected by the proposed quality control procedure. In
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other words, the quality control procedure identifying ROs with impact multipath simulations
is also valuable to RO data assimilation using the 1D observation operator. The 2D forward
operator will be required for the QC when assimilating with the 1D operator. Although both
the means and standard deviations of the differences between RO retrievals and model
simulations (1D or 2D) are reduced after eliminating the impact multipath profiles, both the

1D and 2D simulations still have large positive biases (~16% below the 3-km impact height).

5. Summary and conclusions

Bending angle simulations were generated from a 2D global raytracing operator with the
NCEP/GFS high-resolution analysis as input for all COSMIC ROs in the tropical lower
troposphere within (60°S, 60°N) from 19 March to 30 April 2017. Many (~18%) of the
bending angle simulations at the ends of ray path integrations are found to be multivalued in
terms of the impact parameter at either the GPS or the LEO satellite positions. Most of these
multivalued simulations are located in the low latitudes (30°S-30°N) around the 3.2-km
impact height, resulting from strong along-track gradients of refractivity causing large
variations (~100-600 m) in the impact parameter along the simulated ray paths. A three-step
quality control procedure was developed for identifying multivalued simulations as well as
those below and above the multivalued layers for which the spherical symmetry assumption
fails. Simulations from both the 1D and 2D operators have much improved accuracy after
applying the quality control.

The results obtained in this study may be specific to the raytracing operator and the NCEP

GFS analysis. The gradient of refractivity in the tropical lower troposphere of other NWP
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models at higher resolutions may be stronger. Future work will assess and report on the
impacts of incorporating the three quality control steps on RO data assimilation and NWP

forecasts in the tropical troposphere.
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