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ABSTRACT

The fluctuation of radio occultation (RO) signals in the presence of refractivity irregularities in the

moist lower troposphere results in uncertainties of retrieved bending angle and refractivity profiles. In

this study the local spectral width (LSW) of RO signals, transformed to impact parameter representation,

is used for the characterization of the uncertainty (random error) of retrieved bending angle and re-

fractivity profiles. A large LSW has some correlation with the large mean difference (bias) of retrieved

refractivity and bending angle from radiosondes and European Centre for Medium-Range Weather

Forecasts analyses based on data from 2008 to 2014. An LSW-based quality control (QC) procedure is

developed to eliminate low-quality (large random errors and biases) profiles from data assimilation. The

LSW-based QC procedure is tested and evaluated in the assimilation of Constellation Observing System

for Meteorology, Ionosphere and Climate RO data using the NCAR Data Assimilation Research

Testbed and the Weather Research and Forecasting Model. Preliminary results, based on a 2-week data

assimilation cycle, show that the LSW-based QC procedure improves water vapor analyses in the moist

lower troposphere.

1. Introduction

Atmospheric remote sensing using signals from the

global positioning system (GPS) has become an impor-

tant global observing technique for improving opera-

tional numerical weather prediction (NWP) skill (Anthes

2011 With a receiver on board a low-Earth-orbiting sat-

ellite, changes in the phase and amplitude of GPS radio

waves traversing the atmosphere on limb paths can be

measured (Ware et al. 1996; Kursinski et al. 1997). This

measurement technique, known asGPS radio occultation

(RO), provides vertical profiles of bending angle and

refractivity that can be retrieved from the phase and

amplitude measurements of the radio waves propagating

through the atmosphere.

Since the launch of the first GPS RO mission, GPS/

Meteorology (MET), in April 1995, several other GPS

missions have been launched. Of special interest is the

Constellation Observing System for Meteorology, Ion-

osphere andClimate (COSMIC)ROmission, which was

launched in 2006. RO bending angle and refractivity

data have been widely used by operational NWP centers

and the NWP research community. RO data assimila-

tion has long been demonstrated to contribute signifi-

cantly to the improved accuracy of the atmospheric state

above the moist lower troposphere (Zou et al. 2000,

2004; Liu et al. 2001; Healy and Thépaut 2006; Healy

2008; Poli et al. 2010; Rennie 2010; Cucurull and Derber

2008; Cucurull 2010; Huang et al. 2016) as well as to the

improved prediction of the tracks and intensities of

tropical cyclones (Kuo et al. 2008; Liu et al. 2012; Chen

et al. 2015).

In the tropical lower troposphere, refractivity profiles

retrieved from RO raw observations may have biases

as a result of superrefraction (Sokolovskiy 2003; Ao

et al. 2003; Ao 2007; Xie et al. 2010). A low signal-

to-noise ratio, insufficient tracking depth, and non-

spherically symmetric fluctuations of refractivity in theCorresponding author: Ying-Hwa Kuo, kuo@ucar.edu
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moist lower troposphere may also introduce biases in

RO bending angle and refractivity profiles (Sokolovskiy

et al. 2010; Gorbunov et al. 2015). The effect of inversion

errors related to nonspherically symmetric and system-

atic (nonrandom) variations in atmospheric refractivity

could be reduced by using nonlocal operators to model

RO observables (e.g., Zou et al. 1999; Liu and Zou

2003; Poli and Joiner 2004; Syndergaard et al. 2005;

Sokolovskiy et al. 2005a,b). RO signal tracking (in

closed-loop mode) may also result in biases (Beyerle

et al. 2006), but this does not apply to the COSMIC RO

data used in this study, which are tracked in open-

loop mode.

Currently available operational and research data

assimilation systems assume that observations have no

biases. Any substantial biases in observations can lead to

the suboptimal assimilation of observations into NWP

models. Therefore, observations with substantial biases

should be either discarded or corrected prior to assimi-

lation (Dee 2005). In the tropical lower troposphere, a

very tight check for departures of RO observations from

the NWPmodel forecast is usually done so that RO data

with large biases are discarded (e.g., Cucurull and

Derber 2008; Chen et al. 2011; Huang et al. 2016). The

effectiveness of such an approach depends not only on

the data quality but also on the accuracy of NWPmodel

forecasts. Good-quality RO data may be discarded by

this approach when the model forecast has substantial

errors and biases.

To reduce the negative effect of the departure check

procedure, a quality control (QC) procedure to elimi-

nate problematic data that uses RO signals only and that

does not depend on the accuracy of model forecasts is

needed. In this study the local spectral width (LSW) of

COSMIC RO signals (transformed to impact parameter

representation) is used to estimate the physical un-

certainty of any individual RO bending angle and re-

fractivity profile associated with significant random

fluctuations of atmospheric refractivity in the tropical

lower troposphere. Also, based on COSMICRO data, it

is shown that large LSWs may be associated with the

large biases of COSMIC RO bending angle and re-

fractivity data. An LSW-dependent QC procedure is

developed to eliminate those RO data with large LSW

values. Then, this new QC procedure is incorporated

into RO data assimilation over a tropical region to ex-

amine its usefulness and effectiveness by comparing the

analysis with that obtained with the model forecast–

based tight departure check procedure.

This paper is organized as follows: A derivation of the

LSW of RO signals is presented in section 2. The sta-

tistical relationship between LSW and differences in

bending angle and refractivity retrieved from COSMIC

RO signals and either radiosonde observations or Eu-

ropean Centre for Medium-Range Weather Forecasts

(ECMWF) analyses is examined in section 3. An LSW-

based QC procedure is introduced and its impact on the

assimilation of COSMICRO refractivity observations is

examined using the Weather Research and Forecasting

(WRF) modeling system in section 4. A summary and

conclusions are provided in section 5.

2. LSW as a measure of the RO bending angle
uncertainty in the tropical lower troposphere

Vertical gradients of refractivity can be quite large in

the tropical lower troposphere, resulting in the multi-

path propagation of RO signals from a transmitter to a

receiver. In the lower troposphere, RO bending angles

are commonly calculated usingwave optics (WO)methods

that transform complex RO signals (phase and amplitude)

from time to an impact parameter representation

(Gorbunov 2002; Jensen et al. 2003, 2004; Gorbunov

and Lauritsen 2004). If the atmosphere is spherically

symmetric, there is only one ray associated with a given

impact parameter. The WO transform effectively dis-

entangles multiple rays that can be viewed as sorting

rays according to their impact parameters.

In the case of multipath propagation in the spherically

symmetric atmosphere, the spectrum of RO signals in

the time representation can be complicated and broad.

However, the spectrum of theWO-transformed signal is

quasi monochromatic, and its local frequency for a given

impact parameter determines the bending angle. In this

case the local spectrum of the WO-transformed signal is

very narrow under low-noise conditions, and the un-

certainty in bending angle is low.

When the atmosphere has nonspherically symmetric

irregularities—for example, strong moist convection in

the tropical lower troposphere—multiple rays may have

the same impact height. The corresponding spectrum

of WO-transformed RO signals will contain multiple

spectral components, leading to an increase in the overall

width of the spectrum (Gorbunov et al. 2006; Sokolovskiy

et al. 2010). Figure 1 shows a two-dimensional sliding

spectrogram of the RO signal transformed to an impact

height representation for a COSMIC occultation that

occurred in the tropics at (4.88N, 60.78W). Because

the bending angle is proportional to the derivative

of the phase and thus to the local frequency of the

WO-transformed signal (Jensen et al. 2004), the spec-

trogram in Fig. 1 is plotted using the coordinates’ impact

height and bending angle instead of frequency. Above

the impact height of ;9km, the local spectrum is very

narrow, and the bending angle can be determined with

little uncertainty. The spectrum starts to become broader
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below the impact height of ;8km and becomes the

broadest below ;4km. Figure 2 shows the local power

spectrum at the impact height of 3.75km. The main fre-

quency component is not pronounced because the local

power spectrum is very broad. Accurately determining

the bending angle is difficult in this case. The LSW

provides a measure of the uncertainty of the RO

bending angle (and thus the refractivity) in the pres-

ence of nonspherically symmetric refractivity irregu-

larities, which are most pronounced and result in the

largest RO inversion errors in the moist (tropical)

lower troposphere.

Gorbunov et al. (2006) introduced an error estimation

based on LSW, aimed at accounting for signal-tracking

errors as part of the measurement errors for German

Challenging Minisatellite Payload (CHAMP) RO data.

For RO instruments without tracking errors, analyses of

the spectrograms show that in most cases, an increase in

LSW in the lower troposphere, and especially in the

tropics, is related to random refractivity irregularities

causing fluctuations of the bending angle. The resulting

error is deemed a measurement error, since these fluc-

tuations cannot be modeled deterministically. Note that

the LSW may also increase for other reasons. For ex-

ample, in the presence of strong inversion layers, the

LSW increases as a result of the significant change in the

bending angle within the window used for the spectral

analysis. In the presence of horizontally inhomogeneous

refractivity structures that are not random, the LSW

may increase if the bending angle becomes a multi-

valued function of the impact parameter in a de-

terministic sense. In those cases the LSW could be

considered as a proxy for not only measurement errors

but also representativeness and modeling (inversion)

errors. A classification of various types of observation

errors can be found online (https://www.ecmwf.int/sites/

default/files/ObsErrors_2015_v2.pdf).

This study focuses on a tropical region with strong

moist convection. The LSW is used to account for the

errors introduced by random refractivity irregularities in

the lower troposphere and is thus treated as a proxy for

the measurement error. We follow Gorbunov et al.

(2006) but use a different definition of the LSW. A raw

bending angle is derived from the RO signal trans-

formed to the impact height representation by phase

matching (Jensen et al. 2004) using 1-m impact height

steps. The raw bending angle profile is smoothed by low-

pass filtering with a window of 0.1 km. The smoothed

bending angle profile is used as amodel to shift themean

frequency of the transformed RO signal to near zero.

The transformed frequency-downshifted RO signal is

subject to spectral analysis in a sliding window of 0.5 km.

An example of the local power spectrum is shown in

Fig. 2. For each interval centered at a given impact

height, we calculate the integral of the spectrum and

FIG. 2. Local power spectrum corresponding to the spectrogram

in Fig. 1 at the impact height of 3.75 km (black curve), the integral

of the spectrum (red curve), and the piecewise linear least squares

fit of the integral of the spectrum (blue line). See text for a detailed

explanation of the fitting function. The units and scales for the

spectrum and the integral are not defined, because they do not

affect the LSW.

FIG. 1. Sliding spectrogram of the RO signal transformed to an

impact parameter representation for the COSMIC RO that

occurred at 0344 UTC 1 Apr 2012 at a location in the tropics

(4.88N, 60.78W). The retrieved bending angle profile is shown

in red.
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apply a piecewise linear least squares fit. The fitting

function consists of two constant pieces corresponding

to the values of the integral at the left and right sides of

the spectrum that are connected by the linear function.

We determine two bending angles, called BA1 andBA2,

as the break points of the fitting function by minimizing

the root-mean-square (RMS) deviation of the whole

function from the integral in the whole spectral interval.

The LSW is defined as the difference between BA2 and

BA1, that is, LSW 5 BA2 2 BA1. Hereafter, we also

express LSW as a fraction of the retrieved bending an-

gle, that is, in percent. The LSW defined in this way is

a function of the impact height at the center of the

sliding window. The magnitude of the LSW at a given

impact height reflects the amount of uncertainty in the

RO-retrieved bending angle resulting from nonspherically

symmetric irregularities of the atmospheric refractivity.

Sirmans and Bumgarner (1975) demonstrated that for a

Gaussian spectrum, the standard deviation of the fre-

quency is approximately proportional to the spectral width

(we note that the bending angle is determined by the

local frequency of the WO-transformed RO signal).

The quantity LSW/2 can thus be considered as a proxy

for the RMS of the random error of the bending angle.

The LSW can also be considered as a proxy for the

refractivity RMS error because refractivity is re-

trieved from the bending angle. However, it is an in-

direct proxy because the Abel inversion is a nonlocal

transform.

As demonstrated by Gorbunov et al. (2015), non-

spherically symmetric refractivity irregularities in the

lower troposphere cause not only random errors but also

systematic errors (i.e., biases) of the bending angle.

Establishing a useful relation between the character-

istics of the fluctuation and the bias of the bending

angle is difficult. In this study we attempt to empirically

use the LSW as the proxy for not only random bending

angle and refractivity errors but also as the proxy for

the biases.

Figure 3 shows the vertical distributions of the

monthly mean LSW divided by the corresponding RO

bending angle for COSMIC ROs during the time period

1–30 April 2012 within the global tropics (308S–308N),

midlatitudes (308–608S and 308–608N), and high latitudes

(608–908S and 608–908N). Reprocessed COSMIC RO

data (2013 version) are used. The height used in Fig. 3 is

related to the impact height (used in the definition of

the LSW) through the Abel transform and represents

the tangent point height for the bending angle or the

height for refractivity. The mean LSW in the tropics is

substantially larger than in the middle and high lati-

tudes and increases monotonically downward at all

latitudes.

The geographic distribution of COSMIC RO bending

angle profiles in the 308S–308N latitudinal band for LSW

values greater than 35%, between 20% and 35%, and

less than 20% at an altitude of 1.5 km from 21 to 25April

2012 are provided in Fig. 4. Most of the high LSWs

occurred over the tropical oceans, indicating that

COSMIC RO data in those regions had high un-

certainties. On the other hand, a majority of the low

LSWs occurred over the subtropics, including conti-

nents where moisture was relatively low, suggesting

that COSMIC data in those regions had low un-

certainties. Many of the ROs with small LSWs oc-

curred over tropical oceans, which supports the use of

measurement-based QC. In the next section, we will

focus on an investigation of RO data with high LSWs

over the tropical oceans.

3. Bias estimate of COSMIC refractivity and
bending angle observations with high LSWs

In this section possible biases of COSMIC RO re-

fractivity and bending angle observations are investigated

by examining themean differences in refractivity between

FIG. 3. Vertical variations in the LSW divided by the corre-

sponding bending angle (%) averaged over all COSMIC ROs

that occurred in April 2012 within the global tropics (red curve;

308S–308N), midlatitudes (green curve; 308–608S and 308–608N),

and high latitudes (black curve; 608–908S and 608–908N).
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COSMIC and radiosonde observations as well as mean

differences in refractivity and bending angle between

COSMIC observations and ECMWF global analyses. Of

particular interest are those cases with high LSWs in the

tropical lower troposphere.

a. Data and methodology

COSMIC refractivity and bending angle observations

from 2008 to 2014, which were processed with the 2013

version of the COSMIC Data Analysis and Archive

Center (CDAAC) inversion software, are used. The

LSW is a new parameter added to the CDAACLevel 1b

data product. COSMIC refractivity, bending angle, and

LSW profiles are sampled at a geometric height above

mean sea level with a vertical resolution of;200m. We

first compare COSMIC refractivity profiles with those

derived from radiosonde observations that are routinely

used by the National Centers for Environmental Pre-

diction for operational analysis. We use only those ra-

diosondes that are located within a spatial distance of

300km and have a time difference of less than 2h from

COSMIC RO profiles. Refractivity profiles calculated

from the radiosonde observations and ECMWF ana-

lyses are interpolated to the vertical levels of the collo-

cated COSMIC profiles for comparison purposes.

COSMIC RO data collocated with ECMWF analyses

data having a vertical gradient of refractivity exceeding

2157 N-unit km21 are discarded. Only a couple of such

RO profiles per day were discarded.

Figure 4 also shows the spatial distribution of avail-

able radiosonde observations. These observations were

mainly distributed over the continents and the western

Pacific Ocean. There were also some radiosonde ob-

servations over the eastern Pacific Ocean and a few over

the Indian and Atlantic Oceans.

We also compare COSMIC refractivity and bending

angle observations with global ECMWF analyses,

which are a useful reference for estimating RO obser-

vation biases, especially over tropical oceans. The re-

fractivity and bending angle profiles computed from

the 6-hourly ECMWF analysis are interpolated to the

spatial locations and times of the COSMIC refractivity

profiles.

b. Systematic differences in RO refractivity with
respect to radiosonde

Figure 5 shows mean differences in refractivity as

a function of LSW in the tropical troposphere within

1.5–3 km (Fig. 5a) and 0–1.5 km (Fig. 5c). Mean differ-

ences in refractivity are calculated within each consecu-

tive 2%LSWbin for all COSMIC–radiosonde collocated

data within the specified altitude ranges. The data counts

involved in the calculations for the mean refractivity

profiles are also shown. Refractivity differences are neg-

ative for all ranges of LSW and their magnitudes increase

rapidly with increasing LSW in both vertical layers.

Specifically, when LSW is less than 20%, the differences

are relatively small (from about 20.2% to 20.9% in the

0–1.5-km layer and from about 20.2% to 20.5% in the

1.5–3-km layer). RO data with small LSWs (,20%)

account for about 55% and 67% of all RO data in the

0–1.5- and 1.5–3-km layers, respectively. When LSW is

greater than 20%, the differences increase quickly.

When LSW is equal to 60%, the differences are quite

large, approximately 26% in the 0–1.5-km layer and

23% in the 1.5–3-km layer. The number of observations

decreases rapidly when LSW is greater than 20%. About

16%of theROdata have anLSWgreater than or equal to

35%below 3km. These results are qualitatively consistent

with those obtained by Gorbunov et al. (2015) from the-

oretical simulations.

Figure 6 shows the vertical distributions of the mean

fractional refractivity differences between COSMIC

RO and radiosonde data when LSW is less than 20%,

between 20% and 35%, and greater than 35% below

5 km in the tropics (308S–308N). Mean differences

are the largest below 2 km and decrease with altitude.

Mean fractional refractivity differences are relatively

large (about23% at 1.5 km) when LSW is greater than

35%.Above 3kmmean fractional refractivity differences

FIG. 4. Spatial distribution of COSMIC ROs that penetrated down to 1.5 km from 21 to 25 Apr 2012 with LSW values . 35% (red

circles), between 20% and 35% (blue circles), and,20% (green circles). Also shown are the locations of the radiosonde profiles used for

the comparison between COSMICRO and radiosonde refractivity (black dots). The radiosonde observations in the black outlined region

are used in the WRF Model water vapor analysis shown in Fig. 11.
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reduce to less than 21.5%. Refractivity data with in-

termediate LSWs have smaller differences (about21.5%

at 1.5km). Refractivity data with small LSWs (,20%)

have small mean fractional differences (about 20.65%

around 1.5 km and 20.25% at 2 km), suggesting that

COSMIC RO data with LSWs less than 20% are of

good quality. In conclusion, COSMIC refractivity

observations with large LSWs (e.g., .35%) have

large negative systematic differences below 3 km

compared with collocated radiosonde observations.

Note that mean differences above 3 km for the

20%–35% LSW range increase slightly above 3 km.

This may be partly due to the limited number of RO

observations that were collocated with radiosonde

observations.

c. Systematic differences in RO refractivity with
respect to the ECMWF analysis

The global ECMWF analysis used in this study has a

horizontal resolution of ;25km with 92 vertical levels

FIG. 5. (a),(c) Mean differences (black curves) and standard deviations (red curves) of refractivity between col-

located RO and radiosonde observations (collocation criteria: maximum 300-km spatial and 2-h temporal separa-

tions) in the 1.5–3- and 0–1.5-km layers, respectively. (b),(d) Number of observations in each LSW bin (bin

size 5 2%) for the 1.5–3- and 0–1.5-km layers, respectively. The domain is the global tropics (308S–308N), and the

time period covered is January 2008–April 2014.
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and a model top at ;0.01 hPa. Figure 7 shows the vari-

ations in refractivity and bending angle differences av-

eraged in consecutive 2% LSW bins as a function of

LSW for data over the global tropical troposphere

within the 1.5–3- and 0–1.5-km layers. The data counts,

which are also shown in the figure, are larger by ap-

proximately an order of magnitude than those ROs

collocated with radiosonde observations (see Fig. 5).

The variation in systematic fractional refractivity dif-

ferences between COSMIC refractivity observations

and the ECMWF analysis with respect to LSW (Fig. 7)

shows a trend similar to that of the mean fractional re-

fractivity differences between COSMIC observations

and radiosonde observations (see Fig. 5). The fractional

refractivity differences in both comparisons are negative

and increase substantially in magnitude with respect to

the LSWwithin both 0–1.5- and 1.5–3-km vertical layers.

When LSW is less than 20%, the mean differences

are about 21% in the 0–1.5-km layer and 20.5% in the

1.5–3-km layer. When LSW increases to 60%, the mean

fractional refractivity differences reach 23.1% in the

0–1.5-km layer and21.7% in the 1.5–3-km layer. These

maximum negative biases (Fig. 7) are about half of those

obtained from RO–radiosonde comparisons (Fig. 5).

Possible reasons for the smaller biases include the dif-

ferent spatial coverages of the radiosonde and the

ECMWF analysis and possible biases in the ECMWF

analysis, especially over the interior of the oceans. In

fact, RO biases are expected to be the largest over the

interior of tropical oceans, where the LSW is the largest

compared to over land (Fig. 4).

Mean bending angle differences (Figs. 7b,d) show

similar biases with respect to the ECMWF analysis; that

is, negative biases increase substantially in magnitude

with respect to LSW. For example, when LSW increases

to 35% and 60%, biases reach up to 210% and 220%,

respectively, in the 0–1.5-km layer.

Figure 8 shows vertical distributions of fractional re-

fractivity and bending angle differences averaged over

all COSMIC RO observations with LSW less than 20%,

between 20% and 35%, and greater than 35% with re-

spect to the ECMWF analysis below 5km. Refractivity

differences are the largest at the lowest altitudes and

decrease rapidly with increasing altitude. For ROs with

large LSWs (.35%), mean fractional refractivity dif-

ferences are about 22.0% and 24.5% at 1.2 and

0.5 km, respectively. Mean refractivity differences for

intermediate and small LSWs are about 21.2% and

21.0% around 1.2km. Differences above 3km are less

than 21% in all cases.

Mean bending angle differences show similar vertical

distributions (Fig. 8) to mean refractivity differences

(Fig. 6). For ROs with the largest LSWs (.35%), dif-

ferences reach up to 215% at 1 km.

In summary, compared with collocated radiosonde

observations and the ECMWF analysis, COSMIC

FIG. 6. Vertical distributions of the (a) means (solid curves) and standard deviations (dashed curves) of the dif-

ferences in refractivity between collocatedRO and radiosonde observations, and (b) data counts when LSW is.35%

(red curves), between 20% and 35% (black curves), and ,20% (green curves). The domain is the global tropics

(308S–308N), and the time period covered is January 2008–April 2014.
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refractivity observations with large LSWs possess sub-

stantial systematic fractional negative biases in the

lower troposphere over the tropics. COSMIC bending

angle observations with large LSWs possess similar

substantial negative biases, compared to the ECMWF

analysis.

4. An LSW-dependent QC and its impacts on
RO data assimilation

a. An LSW-dependent QC procedure for RO data
assimilation

Here, we propose a QC procedure to discard those

COSMIC RO observations with large LSWs so that

the associated large negative RO biases in the tropi-

cal lower troposphere can be reduced. One way to

determine whether the negative biases of RO data are

too large to assimilate is to compare these biases to

the observational error specified in the assimilation

system. If the bias is much smaller than the observa-

tional error, then the impact of the bias on the anal-

ysis would be small. If the bias is close to or larger

than the specified observational error, then the im-

pact of the bias on the analysis will be substantial, and

the assimilation of RO data becomes suboptimal

(Dee 2005).

Theoretical, empirical, and statistical estimates of

RO refractivity observational errors are used in current

operational and research assimilation systems. The er-

rors vary from 1% to 2% in the tropical lower tropo-

sphere (e.g., Kuo et al. 2004; Cucurull 2010; Chen et al.

2011; Wee and Kuo 2016). Statistically determined RO

refractivity observational errors are ;2% below 1.5 km

and 1.8% between 1.5 and 3km (Kuo et al. 2004; Chen

et al. 2011; Wee and Kuo 2016). Based on these results

and the estimated relationship between the LSWs

and the COSMIC refractivity observation biases shown

above, we choose a tentative LSW threshold of 35%

FIG. 7. Mean differences (black curves) and standard deviations (red curves) of (a),(d) refractivity and (b),(e) bending angle between

RO observations and the ECMWF analysis. (c),(f) Number of RO observations in each LSWbin (bin size5 2%). The results for the (top)

1.5–3- and (bottom) 0–1.5-km layers. The domain is the global tropics (308S–308N), and the time period covered is January 2008–

April 2014.
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for discarding COSMIC RO observations; that is, RO

profiles are truncated below the height where the

LSW first becomes larger than the threshold (de-

scending in height). This threshold may be further

fine-tuned through assimilation experiments. Unlike

the standard forecast-based outlier QC, this approach

allows for the use of all RO data with low LSWs in RO

data assimilation.

b. Setup of RO refractivity assimilation

COSMIC refractivity data assimilation numerical ex-

periments are carried out using the Data Assimilation

Research Testbed of the National Center for Atmo-

spheric Research (Anderson et al. 2009) and the WRF

Model. The WRF Model is widely used for tropical

forecasts and in particular tropical cyclone forecasts.

RO data assimilation experiments are performed over

the equatorial western Pacific Ocean (188S–288N, 90E8–
1808), which is outlined in black in Fig. 4, during the

2-week period of 16–30 April 2012. Besides COSMIC

ROs, other observations assimilated are conventional

observations, such as radiosonde wind and tempera-

ture, cloud-track wind, aircraft-measured temperature

and wind, and land- and ship-based surface pressure.

Those RO refractivity observations collocated with the

ECMWF analysis that have large vertical gradients in

refractivity (i.e., ,2157 N-unit km21) are not used to

avoid potential contamination by superrefraction. RO

refractivity observations with a vertical resolution of

200m are assimilated using a local refractivity opera-

tor. The statistical observational errors estimated by

Kuo et al. (2004) are used for the RO observations. All

observations are assimilated in a 6-h window centered

on 0000, 0600, 1200, and 1800 coordinated universal

time (UTC). To see more clearly how the modified RO

QC affects RO data assimilation, satellite radiance

data are withheld in the assimilation experiments.

Radiosonde observations of water vapor, which are

not used in the assimilation, serve as independent

verification data.

Two data assimilation experiments are performed.

The only difference between the two is the RO QC

scheme. In the first data assimilation experiment, a

standard QC procedure (STQC) is applied to RO

data. RO refractivity observations are discarded if

their departures from WRF 6-h forecasts are larger

than one or three times the RO observational errors

below or above 4 km, respectively. This STQC is

similar to those used in research and operational as-

similation systems (e.g., Chen et al. 2011; Huang et al.

2016; Cucurull and Derber 2008). The second data

assimilation experiment (LSWQC) is the same as the

STQC experiment except for replacing the standard

QC procedure with the LSW-dependent QC below

4 km.

The assimilation experiments employ an ensemble

assimilation technique (Anderson et al. 2009; Liu et al.

2012) with 64 ensemble members. The WRF Model

configuration has a horizontal resolution of 16km and

45 levels from the surface to ;30hPa. The physical

schemes include the Noah land surface model, the

Goddard microphysics scheme, the Kain–Fritsch cu-

mulus scheme with a new shallow convection parame-

terization, the Yonsei University boundary layer scheme,

the Rapid Radiative Transfer Model longwave radiation

scheme, and the Goddard shortwave radiation scheme

FIG. 8. Vertical distributions of the means (solid curves) and standard deviations (dashed curves) of the differences in (a) refractivity

and (b) bending angle between ROs and the ECMWF analysis. (c) Data counts when the LSW is.35% (red curves), between 20% and

35% (black curves), and,20% (green curves). The domain is the global tropics (308S–308N), and the time period covered is January 2008–

April 2014.
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(Skamarock et al. 2008). The initial and boundary con-

ditions are from ECMWF global analyses.

c. Numerical results

Differences between the two different QC strategies

are illustrated in Fig. 9, which shows the spatial locations

of COSMIC ROs during 16–30 April 2012 at 3 km for

ROs that passed STQC and LSWQC, STQC only, and

LSWQC only. There are ROs that would have been

eliminated by the LSWQC procedure but are retained

by the STQC procedure (red circles in Fig. 9). There are

also many ROs with low LSWs that would pass the

LSWQC procedure but not the STQC procedure (green

circles in Fig. 9). The different COSMIC ROs assimi-

lated in the two data assimilation experiments will cause

differences in the analyses.

Figure 10a shows the temporal distribution of the

number of COSMIC RO refractivity data points at

3 km used in the two experiments for the 2-week as-

similation period. About 40% more RO data points

pass the LSWQC procedure and are assimilated into

the LSWQC experiment.

The temporal evolution of the biases between

RO refractivity (denoted as O in the figure) and the

WRF 6-h forecast or background (denoted as B in the

figure)—that is, O–B—and between O and the analy-

sis (denoted as A in the figure)—that is, O–A—for

the STQC and LSWQC experiments are also shown in

Fig. 10. In the STQC experiment, the O–B bias is

small due to a tight O–B outlier check. As a result,

the O–A bias from the STQC experiment changes lit-

tle. In the LSWQC experiment, the O–B and O–A

differences have mostly positive biases. The biases

are substantially lower for O–A. The refractivity

analysis increment is mostly positive and has a large

magnitude (up to 2%) in the LSWQC experiment

(Fig. 10d). The analysis increment in the STQC ex-

periment is substantially smaller (,0.5%). This sug-

gests that refractivity of the RO data used in the

LSWQC experiment are much higher than those in the

STQC experiment.

Figure 11 shows the biases and RMS errors of the

water vapor analysis based on radiosonde observations

made over the 2-week assimilation period of the STQC

and LSWQC experiments and within the assimila-

tion region (the area outlined in black in Fig. 4). As

mentioned before, these radiosonde water vapor ob-

servations were not assimilated in the STQC and

LSWQC experiments. The water vapor analysis of the

STQC experiment is consistently drier than that of the

LSWQC experiment throughout the entire tropo-

sphere with a maximum of about 20.72 g kg21 at

800 hPa. The LSWQC reduces the dry bias by ;10%.

The LSWQC also slightly reduces the RMS errors of

the water vapor analysis in the lower troposphere.

These results confirm that the larger refractivity anal-

ysis increment associated with RO data in the LSWQC

experiment, as shown in Fig. 10, is reasonable. The

negative water vapor biases in the STQC and LSWQC

analyses are likely due to deficiencies in the WRF

Model physics.

We further examine the impact of the LSWQC

on the analysis and forecast by verifying them against

the ECMWF analysis. Figure 12 shows the geographic

distributions of the mean differences (biases) be-

tween the total column precipitable water analysis

FIG. 9. Locations of the COSMICRO refractivity observations at 3 km that are assimilated

in the STQC experiment only (red circles), in the LSWQC experiment only (green circles),

and in both STQC and LSWQC experiments (black circles). The time period covered is

16–30 Apr 2012.
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and the ECMWF analysis averaged over the 2-week

period. The STQC analysis shows an extensive neg-

ative bias over the interior of the domain. The

bias between the LSWQC and ECMWF analyses is

smaller over much of the assimilation domain, par-

ticularly the eastern part. There are also some areas

where the LSWQC results in degradation. The impact

of the LSWQC becomes smaller on the 6-h forecast

(Fig. 13).

All of these results show that the LSWQC improves the

analysis and forecast of water vapor in the lower tropo-

sphere. The impact of the LSW-based QC on the tem-

perature analysis is negligible (figures omitted) because

the water vapor distribution determines the variation in

atmospheric refractivity in the tropical lower troposphere.

5. Summary and conclusions

In this study we first described the LSW of COSMIC

RO bending angles that are retrieved with wave optics.

We then examined statistical relationships of LSWs

to differences in refractivity between COSMIC ob-

servations and either radiosonde observations or

ECMWF analyses over the 7-yr period of 2008–14.

COSMIC refractivity observations have systematic

negative biases with magnitudes that increase sub-

stantially as LSW increases. For example, in the lowest

1.5 km of the tropical troposphere, the negative bias in-

creased from less than 20.5% when LSW was 2% to

between 21% and 22% when LSW was equal to 35%

and to between23%and26%whenLSWreached 60%.

This suggests that COSMICRO refractivity observations

FIG. 10. The temporal evolution of (a) the number of RO refractivity data assimi-

lated in the two experiments, and mean differences (biases) between COSMIC RO

refractivity data O and the WRF 6-h forecast (background B), i.e., O–B, and between

O and the analysis, i.e., O–A, for the (b) STQC and (c) LSWQC assimilations.

(d) Analysis increments in the two assimilation experiments. The time period covered

is 16–30 Apr 2012.
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with large LSWs may be associated with a possible large

negative bias in the tropical lower troposphere.

Based on the abovementioned findings, we proposed

an RO QC procedure to discard COSMIC refractivity

data when LSW exceeds 35% for RO data assimilation.

The RO data assimilation experiments using a regional

WRFModel over a 2-week period demonstrated that the

LSW-based QC improved the quality of the water vapor

analysis and the 6-h forecast of the WRF Model in the

tropical lower troposphere over the analysis obtained

using the standard forecast-based departure check. As-

similation of better-quality RO data that were discarded

by the standard check had a positive impact.

The abovementioned results suggest that the LSW-

based QC might be a worthy alternative to the standard

departure check in assimilation, especially if models

have significant biases.

COSMIC RO refractivity data accounted for only

;8% of the total number of all other observation types

assimilated in this study. Many of the RO data did

not penetrate deep into the tropical lower troposphere.

More improvement from LSWQC on assimilation is

expected once COSMIC-2 RO data are assimilated. In

addition, the fixed boundary of the regional WRF

weather model can limit the impact of the LSWQC on

assimilation and the analysis within the assimilation

domain. The impact of the LSWQC on assimilation is

expected to be greater when a global model is used.

Results from this study have some other limita-

tions. For example, the assimilation experiments

FIG. 11. Vertical distributions (g kg21) of the (left) biases and (right) RMS errors of the (top) specific humidity

Q analysis and (bottom) 6-h forecast from the RO data assimilation experiments using STQC (red curves) and

LSWQC (black curves) compared with radiosonde observations. The domain is the region outlined in black in

Fig. 4. The time period covered is 16–30 Apr 2012.
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were done only for a 2-week period and without

the use of radiance data. Also, the STQC experiment

did not implement all possible quality controls of

RO data.

The LSW is a new variable available in the latest

versions of the CDAAC Level 1b data product. It is

named ‘‘Bend_ang_stdv’’ in the atmPrf files. Another

possible application of the LSW is to use it to adjust RO

observation errors in RO data assimilation. This ap-

proach is being investigated, and the results will be re-

ported in a follow-on paper.
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FIG. 12. Spatial distributions of the mean differences in total
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LSWQC experiment and the ECMWF analysis. (c) Differences
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covered is 16–30 Apr 2012.
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