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Observations on GRAPES Forecasts
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Abstract: In the present study, a gross quality control (QC) procedure is proposed for the Global Navigation Satellite
System Occultation Sounder (GNOS) Global Positioning System radio occultation (GPS RO) refractivity data to remove
abnormal data before they are assimilated. It consists of a climate extreme check removing data outside the range of the
Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) climate maxima and minima over
approximately five years, and a vertical gradient check that rejects profiles containing super-refractions. These two QC
steps were applied sequentially to identify outliers in GNOS GPS RO refractivity data during boreal winter 2013/2014.
All of the abnormal refractivity profiles and the outliers at each level of the GNOS GPS RO observations were
effectively removed by the proposed QC procedure. The post-QC GNOS GPS RO refractivity observations were then
assimilated in the Global/Regional Analysis and PrEdiction System (GRAPES) using the three-dimensional variational
(3D-Var) system. The impacts of the GNOS refractivity observation on GRAPES analysis and forecasting were
evaluated and analyzed using an observation system experiment run over one whole winter season of 2013/2014. The
experiment results demonstrated a positive impact of GNOS GPS RO data on analysis and forecast quality. The root
mean squared error of GRAPES analysis temperature was reduced by 1% in the Southern Hemisphere (SH) extratropics
and in the tropics, and the anomaly correlation scores of the forecasted 500-hPa geopotential height over the SH
increased significantly during days 1 to 5. Overall, the benefits of using GNOS GPS RO data are significant in the SH
and tropics.
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1 INTRODUCTION

Global Positioning System (GPS) radio
occultation (RO) observations have become one of the
most important components of the global observing
system assimilated in global operational numerical
weather prediction (NWP) systems (Eyre [1]; Cucurull
et al. [2-4]; Buontempo et al. [5]; Anlauf et al. [6];
Rennie [7]; Healy [8]; Cucurull [9]; Poli et al. [10];
Cardinali et al. [11]; Liu et al. [12]) since the
Constellation Observing System for Meteorology,
Ionosphere and Climate (COSMIC) fleet started to
provide GPS RO data (Anthes et al. [13]). A variety of
studies have demonstrated that GPS RO measurements
have a particularly positive impact on analyses and
forecasts of temperature and humidity fields, even
though the number of GPS RO observations is much
lower than the number of satellite radiance
observations assimilated (Healy et al. [14]; Healy and

Thépaut [15]; Aparicio and Deblonde [16]; Poli et al. [10];
Cucurull [9]; Rennie [7]; Boinavita [17]; Liu et al. [12]).
The significant positive impact of GPS RO
observations on NWP is attributed to the all-weather,
globally distributed measurements with high accuracy
and relatively high vertical resolution (Ware et al. [18];
Kursinski et al. [19]). GPS RO observations can provide
complementary information to that obtained from
satellite radiances (Collard and Healy [20]). Another
relevant feature of GPS RO observations is that their
low systematic errors (Eyre [1]) allow them to be used
without any bias correction, and they can be used as
anchor points for the bias correction of radiance
observations (Collard and Healy [20]; Dee [21]; Bauer et
al. [22]; Cucurull et al. [23]).

Aging of the COSMIC fleet over recent years has
considerably reduced the amount of occultation data
available, which can degrade the skill of global NWP
models (Von Engeln et. al. [24]). Fortunately, some new
meteorological satellites, e.g., METOP-A and METOP-
B, which carry the GPS RO instrument Global
Receiver for Atmospheric Sounding (GRAS), were
launched in 2006 and 2012, respectively. At that time,
the GRAS receivers were the only fully operational
GPS RO instruments (Bonavita [17]). They can provide
around 1400 atmosphere profiles per day, mitigating
the loss of data from the COSMIC fleet. Since
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September 23, 2013, atmospheric sounding has been
carried out by the Global Navigation Satellite System
Occultation Sounder (GNOS), a multi-GNSS (Global
Navigation Satellite System) receiver that has the
ability to receive and process both GPS and Chinese
BeiDou navigation System (BDS) signals, on the
Chinese new generation polar orbital satellite FY-3C.
The GNOS produces up to 800 measurements per day.
A previous study showed that GNOS possesses a
sounding capability consistent with that of COSMIC
and GRAS in the vertical range of 0-30 km, although
it needs further improvement at higher altitudes (Liao
et al. [25]). It is expected that the assimilation of GNOS
data can positively impact NWP and improve forecast
skill. In this work, we evaluate the impact of GNOS
data on NWP by assimilating the GNOS GPS RO
refractivity data within GRAPES (Global / Regional
Analysis and PrEdiction System) 3D-Var (three-
dimensional variational system), and analyze its impact
on operational numerical weather forecasts. Only the
GPS RO refractivity data are assimilated.

This paper is organized as follows. In section 1,
the key characteristics of GNOS are briefly described.
In section 2, a gross quality control scheme is
introduced and the quality of GNOS data before
assimilation is carefully evaluated using ECMWF
reanalysis fields. In section 3, we detail the
implementation of the GNSS RO refractivity
assimilation method in GRAPES 3D-Var and the effect
of the background check quality control on GNOS
GPS RO refractivity. In section 4, the impacts of
GNOS GPS RO refractivity assimilation on GRAPES
analyses are illustrated. In section 5, the impact of
GNOS GPS RO refractivity assimilation on forecasts is
analyzed. We conclude with a summary and discussion
in section 6.

2 BRIEF DESCRIPTIONS OF GNOS GPS RO
OBSERVATIONS

GNOS is a multi-GNSS receiver that has the
ability to track up to eight GPS satellites and four
BDS satellites for precise orbit determination (Bi et

al. [26]; Yang et al. [27]; Bai et al. [28]). In addition, it has
velocity and anti-velocity antennas to simultaneously
track up to six and four occultation events from GPS
and BDS, respectively. These features enable GNOS to
provide up to 800 atmosphere sounding profiles per
day. More information on the GNOS instrument
specifications can be found in Bai et al. [28].

GNOS is mounted on the Chinese FY-3C
meteorological satellite, the first operational satellite in
the FY-3 series (Yang et al. [27]), which was launched
on September 23, 2013. According to the
meteorological satellite program of China, GNOS will
continue to be carried on FY-3C and follow-up
platforms. GNOS on FY-3 series is expected to
provide more and more RO measurements consistently
until at least 2030.

Liao et al. [25] evaluated GNOS refractivity data
quality based on the bias and standard deviation when
compared against ECMWF re-analyses fields. The
results of their study showed that GNOS possesses a
sounding capability consistent with COSMIC and
GRAS in the vertical range of 0-30 km.

The 3-month GNOS GPS RO refractivity data in
boreal winter (December-February, DJF) of 2013/2014
were employed to develop and test the proposed gross
QC procedure. They were also used to evaluate the
impact on NWP forecasts. A total of 33,018 GPS RO
profiles were received by GNOS in winter 2013/2014.
Fig. 1 displays gridded binned averages of the lowest
tangent point height on a rectilinear grid using the
33,018 GNOS RO profiles in winter 2013 / 2014, and
the variation of the RO count with latitude. The GNOS
GPS RO observations are distributed throughout the
entire globe (Fig. 1a). More than 70% of the GNOS
GPS RO events over the globe occurred in the middle
latitudes (70°S to 20°S; 20°N to 70°N), and less than
16% occurred in the low latitudes (20° S to 20° N).
Furthermore, nearly 78.4% of the ROs penetrated into
the atmosphere below 2 km (Table 1). The lowest
penetrating heights in the RO data over the tropical
ocean and high mountains are typically higher than
those over the subtropical ocean.

Figure 1. (a) Gridded binned averages of the lowest tangent point height on a rectilinear grid using the 33, 018 GNOS RO
profiles in winter 2013/2014. The latitude and longitude grid spacing is 5 degrees. (b) Histogram of the number of RO events in
different 18-degree latitudinal bands.
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3 GROSS QUALITY CONTROL OF GNOS
REFRACTIVITY DATA

QC often has a large influence on the impact of
observations on numerical weather forecasts (Rohn et
al. [29]; Zou et al. [30]; Zou and Zeng [31]). Therefore, QC
should be carefully carried out on GNOS GPS RO
refractivity data before they are assimilated within
NWP systems.

The GNOS GPS RO refractivity data quality was
first assessed by comparing the data with ERA-Interim
reanalysis fields. Fig. 2(a) demonstrates that the
fractional refractivity of GNOS GPS ROs (i. e., the
difference between the GNOS observed and ERA-
Interim reanalysis simulated refractivity data) is often
larger than 100%, which may imply that these GNOS
GPS RO refractivity data are erroneous. These
abnormal data were found to be related to GNOS GPS
L2 signal tracking problems and the subsequent
extrapolation of the L2 signal (Liao et al. [32]). From
the left-hand panels of Fig. 3, which show scatter plots
of refractivity against those calculated from ERA-
Interim reanalysis, the abnormal observations can be
clearly seen at the three different pressure levels (850
hPa, 500 hPa, and 200 hPa ). These abnormal data
must be distinguished and rejected to avoid them being
assimilated into NWP. Therefore, gross quality control

should be used immediately just after the RO events
occur. However, the ERA-Interim reanalysis data are
not ready at the observation time, meaning they cannot
be used in the QC procedure.

To distinguish and reject outliers, a new gross
quality control scheme, which includes a climate
extreme check (CEC) and a vertical gradient check
(VGC), is proposed for GNOS GPS RO refractivity
data. In the first step, i. e., CEC, the whole profile is
rejected if at any level the GNOS GPS RO refractivity
data are larger (smaller) than the climate maximum
(minimum) value from COSMIC (Fig. 4). In the VGC
procedure, the data below the level with vertical
gradient greater than zero are rejected. Fig. 4 shows
vertical profiles of the climate maximum and minimum
refractivity of COSMIC during 2013-2017 in different
30-degree latitudinal bands, which are used in the CEC.

After the gross quality control procedures, i. e.,
CEC and VGC, abnormal GNOS GPS RO refractivity
data are distinguished and rejected. Fig. 2b shows that
below 10 hPa the fractional refractivity after QC is
less than 60% for all GNOS GPS RO profiles. The
right-hand panels of Fig. 3 demonstrate that the scatter
in the GNOS GPS RO refractivity data and the ERA-
Interim reanalysis data are reasonable, which implies
that the gross quality control scheme can effectively
distinguish and remove abnormal data.

Table 1. Data ratio (%) of the lowest tangent point heights.

Hb (km)

Ratio (%)

Hb<1.0

60.7

1.0≤Hb<2.0

17.7

2.0≤Hb<3.0
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4.0≤Hb<5.0

2.2

5.0≤Hb<6.0

1.4

6.0≤Hb<7.0

0.8

Hb>8.0

1.9

Total

100

Figure 2. Normalized refractivity (% ) of GNOS GPS RO observations (a) before and (b) after quality control against ERA-
Interim estimates in DJF of 2013-2014.
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The variational assimilation method requires that
the probability distribution function (PDF) of
observational data is Gaussian (Lorenc [33]). Fig. 5
shows PDFs of GNOS GPS RO fractional refractivity
at the 850-hPa, 500-hPa, and 200-hPa pressure levels
before and after gross quality control. Before gross
quality control, the PDFs of fractional refractivity at
all three pressure levels have two peaks, i. e., a main
peak and a smaller peak of abnormal data. After gross
quality control, the PDFs of fractional refractivity have
near-Gaussian distributions. These results imply that
gross quality control is an effective method for

recognizing and removing abnormal GNOS GPS RO
data.

Table 2 shows that over 35% of the refractivity
data, a larger proportion than in the other domains, is
rejected in the low-latitude bands (30°S to 0, and 0 to
30° N) where the numbers of GNOS GPS RO
observations are the lowest (Fig. 1b). These results
suggest that the abnormal observations may be related
to humidity (Liao et al. [32]). Over the whole globe,
21.2% of refractivity data was determined to be
erroneous in the gross quality control, which is a
considerable proportion. Liao et al. [32] found that these

Figure 3. Scatter plots of GNOS refractivity against values calculated from ERA-Interim reanalysis at the (a, b) 850-hPa, (c, d)
500-hPa, and (e, f) 200-hPa pressure levels. Left-hand panels show results before QC, and right-hand panels show results after
QC.
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Figure 4. Vertical profiles of the climate maximum (solid
lines) and minimum (dashed lines) refractivity (units: N unit)
in COSMIC data for 2013-2017 in different 30-degree
latitudinal bands.

large biases are related to L2 signal degradation, and
proposed a new extrapolation procedure to improve
the L2 extrapolation of GNOS which eliminates about
90% of the large departure profiles. For more
information please refer to Liao et al. [32].

The mean and standard deviation of fractional
refractivity before and after gross quality control were
calculated for the different latitude bands of both
hemispheres. Near the 100-hPa pressure level, the
standard deviations of fractional refractivity before
gross quality control are larger than 25% for all
latitude bands (Fig. 6). Before gross quality control,
not only the standard deviation of fractional
refractivity, but also the positive mean for all pressure
levels and domains are very large. After gross quality
control, the means of fractional refractivity in different
domains are reduced significantly, becoming almost
zero below 10 hPa. The standard deviation values are
also significantly decreased, and are comparable with
those of COSMIC and GRAS. These standard
deviations of fractional refractivity after gross quality
control were set as the GNOS refractivity
observational errors in GRAPES 3D-Var.

Figure 5. Probability distribution functions of GNOS fractional refractivity at the (a, b) 850-hPa, (c, d) 500-hPa, and (e, f) 200-
hPa pressure levels. Left-hand panels show results before QC, and right-hand panels show results after QC.
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Figure 6. Vertical profiles of the mean (solid curves) and standard deviation (dashed curves) of the difference between the
GNOS-observed and ERA-Interim reanalysis simulated refractivity data before (black curves) and after (blue curves) gross
quality control in the (a, b) high-latitude and (c, d) mid-latitude extratropics, and (e, f) the tropics of the Southern Hemisphere
(left-hand panels) and Northern Hemisphere (right-hand panels).

Table 2. The number of GNOS GPS RO observations before and after gross QC in different latitudinal bands and over the
whole globe.

Domain

(90°S-60°S)

(60°S-30°S)

(30°S-0)

(0-30°N)

(30°N-60°N)

(60°N-90°N)

Globe

Before QC

135,347

215,873

167,760

170,557

213,607

142,696

1,045,840

After QC

119,069

171,059

107,431

106,727

185,673

134,009

823,968

Rejected

16,278

44,814

60,329

63,830

27,933

8,686

221,872

Ratio of outliers (%)

12.0

20.7

35.9

37.4

13.1

6.1

21.2

(a)
1

3
5
7

10

500
700

1,000

P
re

ss
ur

e
(h

P
a)

30
50
70

100

200
300

0 20 40 60 80 100 120
(NGNOS-NERA)/NERA (%)

(b)
1

3
5
7

10

500
700

1,000

P
re

ss
ur

e
(h

P
a)

30
50
70

100

200
300

0 20 40 60 80 100 120
(NGNOS-NERA)/NERA (%)

Bias_BQC
Bias_AQC
Std_BQC
Std_AQC

Bias_BQC
Bias_AQC
Std_BQC
Std_AQC

(c)
1

3
5
7

10

500
700

1,000

P
re

ss
ur

e
(h

P
a)

30
50
70

100

200
300

0 20 40 60 80 100 120
(NGNOS-NERA)/NERA (%)

(d)
1

3
5
7

10

500
700

1,000

P
re

ss
ur

e
(h

P
a)

30
50
70

100

200
300

0 20 40 60 80 100 120
(NGNOS-NERA)/NERA (%)

Bias_BQC
Bias_AQC
Std_BQC
Std_AQC

Bias_BQC
Bias_AQC
Std_BQC
Std_AQC

(e)
1

3
5
7

10

500
700

1,000

P
re

ss
ur

e
(h

P
a)

30
50
70

100

200
300

0 20 40 60 80 100 120
(NGNOS-NERA)/NERA (%)

(f)
1

3
5
7

10

500
700

1,000

P
re

ss
ur

e
(h

P
a)

30
50
70

100

200
300

0 20 40 60 80 100 120
(NGNOS-NERA)/NERA (%)

Bias_BQC
Bias_AQC
Std_BQC
Std_AQC

Bias_BQC
Bias_AQC
Std_BQC
Std_AQC

395



Journal of Tropical Meteorology Vol.26

4 IMPLEMENTATION OF GNOS GPS RO
REFRACTIVITY ASSIMILATION

GRAPES is the Chinese new generation
operational NWP system (Xue [34]; Xue et al. [35]). The
global GRAPES version with 3D-Var on terrain-
following height vertical coordinates, which is the
same as the GRAPES forecast model (Xue et al. [36]),
has been applied to routine operation in the National
Meteorological Center of the China Meteorological
Administration (CMA).

GNSS RO refractivity data have routinely been
assimilated in the GRAPES 3D-Var system since 2014.
A preliminary assessment of the GNSS RO refractivity
data demonstrated that the data have a significant
positive effect on analyses and forecasts in all regions,
especially in the Southern Hemisphere extratropics and
the global stratosphere. GNSS RO data have become
one of the most important types of observation in
GRAPES (Liu and Xue [12]).

Besides the gross quality control outlined in
section 2, the preprocessing procedure for RO data

involves thinning of refractivity data in the vertical
direction, since the vertical resolution of the
occultation data is much higher than that of the model.
The observations nearest the model levels are selected
for assimilation.

The background check is applied to the GNSS
RO data to remove outliers in the GRAPES 3D-Var
system. The criterion used in the background check is

||No - Nb > 4δo (1)

where the subscripts o and b represent the observation
and background, N is the refractivity in N-units, and δo
is the standard deviation of observational error. This
check was chosen for the GNOS GPS RO data as
same as other GPS RO observations (Liu and Xue [12]).
After the background check, the probability
distribution functions of refractivity OMB (the
difference between observed refractivity and simulated
refractivity by the GRAPES background) at model
levels 14, 25 and 40 are closer to a Gaussian
distribution (Fig. 7).

Figure 7. (a, c, e) Scatter plots of GNOS-observed refractivity and refractivity calculated from the GRAPES background fields,
and (d, e , f) probability distribution functions of GNOS refractivity values minus the GRAPES background simulated values
(OMB) after the background check for GRAPES model levels (a, b) 14, (c, d) 25, and (e, f) 40, which correspond to
approximately 850 hPa, 500 hPa and 200 hPa, respectively.
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The observation operator of GNSS RO refractivity
in the GRAPES assimilation system is still the local
refractivity operator expressed as

N = 77.6
P

T
+ 3.73 × 105 ×

Pe

T 2
, (2)

where N is the refractivity in N-units, P is the
atmosphere pressure in hPa, T is the atmosphere
temperature in Kelvin, and Pe is the water vapor
pressure in hPa. Further details about the assimilation
of GNSS RO refractivity data in the GRAPES
assimilation system can be found in Liu and Xue [12].

5 EXPERIMENTS SETUP AND IMPACT ON
ANALYSIS

To assess the impact of GNOS RO refractivity
data on GRAPES analysis and forecast, two
experiments with and without assimilation of GNOS
RO refractivity data were set up and run for one
winter period (1 December, 2013 to 28 February,
2014). They are called as the control experiment
(CTRL) and GNOS data assimilation experiment
(GNOS), respectively. CTRL includes all operationally
available conventional observations, Atmospheric
Motion Vectors (AMVs) from geostationary and polar

orbiting satellites, radiance data from AMSU-A on
NOAA-15, NOAA-17 /19, Metop-A and Metop-B, and
all the GPS RO refractivity data available operationally
(e.g., those from COSMIC and GRAS) except for the
GNOS refractivity data. GNOS assimilates all of the
observations in CTRL plus GNOS GPS RO
observations over the globe during the whole
experiment period. GRAPES forecast system version
2.1.1.1 was employed for these experiments. The
horizontal resolution of both the outer-loop and inner-
loop was 0.5 degrees in both experiments, and the time
window length of 3D-Var was 6 hours. The model top
was 36.4 km, with 60 layers. The time integration step
was 600 seconds and the horizontal resolution was 0.5
degrees.

A first look at the impact of GNOS RO data on
the GRAPES analysis can be obtained by comparing
the departure of the observation from the background
and analysis (OMB and OMA, respectively). Fig. 8
shows the profiles of the mean and standard deviation
of (O−B)/O and (O−A)/O for GNOS GPS refractivity
in GNOS in the tropics, NH extratropics, and SH
extratropics. The mean profiles of (O−A)/O are much
closer to zero than those of (O−B)/O, and the standard

Figure 8. Plots of mean (solid lines) and standard deviation (dashed lines) profiles of (O−B)/O (black lines) and (O−A)/O (blue
lines) for GNOS refractivity in (a) the tropics, the (b) NH and (c) SH extratropics.
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deviation profiles of (O−A)/O are significantly reduced
in all domains compared with those for (O − B)/O.
These results imply that the specified observational
error is reasonable, and the assimilation of GNOS GPS
RO refractivity data has a clear positive effect on the
analysis.

National Centers for Environmental Prediction
(NCEP) final (FNL) analysis data are considered more
precise than GRAPES analysis data because much
more satellite remote sensing data is assimilated in
FNL. We therefore used FNL data as the reference
state of the atmosphere to evaluate the impact of
GNOS GPS RO observation assimilation. Fig. 9 shows
the normalized average of the root-mean-squared-error
(RMSE) reduction rate of the GRAPES temperature
analyses after GNOS GPS data assimilation during the
DJF period. These results illustrate that analysis errors
in the temperature fields are significantly reduced by
more than 1%, except at the 20-hPa and 1000-hPa
levels in the SH. The analysis error of temperature at
the 300-hPa pressure level in the SH is decreased by
more than 1.5%. Note that the number of GNOS GPS
RO values assimilated was 1,065,155 during the whole
experiment, which is only about 10.7% of the other
GPS RO data and approximately 0.6% of all
assimilated observations.

6 IMPACT ON FORECASTS

The impact of the additional information provided
by the GNOS GPS RO data on forecasts is illustrated
in Fig. 10, which shows zonal means of the standard
deviation of the difference in the temperature fields
between experiments GNOS and CTRL for the winter
period at different forecast times (T + 0h, T + 24h, T +
48h, and T+72h).

As expected, the impact on the temperature
analysis (Fig. 10a) is mainly seen in the stratosphere
(above 250 hPa). However, a similar impact is found
in the SH troposphere. The impact of assimilating
GNOS GPS RO data is larger in the SH troposphere
than in the NH troposphere because the number of
conventional observation profiles from aircraft reports
and radiosondes in the SH troposphere is only
approximately five percent of the number available in
the NH.

The impact on the analysis in the SH is
considerable in the middle to higher troposphere.
These impacts are enhanced in the subsequent
forecasts (Fig. 10b-d), expanding and strengthening
throughout the SH troposphere and lower stratosphere.
In the SH, the GNOS GPS RO data complement the
conventional observation network and other GPS RO
observation networks, both in the troposphere and the
stratosphere.

In the tropics, the impact on the analysis is larger
above 150 hPa, roughly the height of the tropopause.
The analysis perturbations appear to downwards and
towards higher latitudes, so after 3 days most of the
NH is affected.

Figure 11 shows time series of the anomaly
correlation coefficient (ACC) of geopotential height on
250 hPa and 500 hPa over the SH and NH out to 240
h (10 days) from 1 December 2013 to 28 February
2014 in both CTRL and GNOS. In the NH, ACC
increases slightly with forecast time at 250 hPa and
500 hPa, but turns negative at 500 hPa on day 9. The
increase in AAC is much larger in the SH, and
becomes significant at 500 hPa on day 9.

7 SUMMARY AND DISCUSSION

In this study, a gross quality control procedure
has been proposed and applied to GNOS GPS RO
refractivity data. It consists of a climate extreme check
and a vertical gradient check. The procedure can
effectively identify outliers in GNOS GPS refractivity
data. After QC, which removes 21% of GNOS GPS
RO refractivity data as outlier, the data is closer to the
ERA-Interim reanalyses than the original data,
resulting in improved spatial consistency, a more
symmetric probability distribution, and significantly
reduced error variance and bias.

The quality-controlled GNOS GPS RO refractivity
data are assimilated in GRAPES 3D-Var. Results of an

Figure 9. Normalized average of the root-mean-squared-
error reduction of the GRAPES temperature analyses in the
tropics (red line), SH (blue line) and NH (black line), after
GNOS GPS RO data assimilation during winter 2013 /2014.
The reference temperature fields are from NCEP FNL.
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Figure 10. Zonal means of the standard deviation of the difference in the temperature field between CTRL and GNOS for DJF
2013/2014 at forecast times (a) T+0h, (b) T+24h, (c) T+48h, and (d) T+72h.

Figure 11. Time series of averaged anomaly correlation scores (ACC) of geopotential height in CTRL (black lines) and GNOS
(red lines) over the (a, c) SH and (b, d) NH at (a, b) 250 hPa and (c, d) 500 hPa during the forecast period from 1200 UTC on 1
December 2013 to 1200 UTC on 28 February 2014. The bottom panel of each subplot shows the difference in ACC between
GNOS and CTRL, with positive values indicating improvement. The bars illustrate the 95% confidence intervals; values located
outside the bars are statistically significant.
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experiment run over one whole winter season show a
positive impact of GNOS GPS RO data on both the
analysis and forecast, especially in the SH. The RMSE
of analysis temperature is reduced by more than 1% in
the SH and tropics, and the anomaly correlation scores
of the 250 - and 500-hPa geopotential height forecasts
over the SH increase significantly from days 1 to 5.
Supported by these encouraging results, GNOS GPS
RO data have been assimilated in GRAPES 3D-Var
since June 1, 2016 at the National Meteorological
Center of the China Meteorological Administration.

Currently, only the GPS RO refractivity of GNOS
is assessed and assimilated in GRAPES 3D-Var, even
though GNOS also provides BDS RO data. In the near
future, GNOS BDS RO refractivity data will be
evaluated and assimilated in GRAPES.

Acknowledgements: The authors are thankful to the National
Satellite Meteorological Center of CMA for providing GNOS
RO data.
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