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ABSTRACT

The impact of global positioning system (GPS) radio occultation (RO) data on an intense synoptic-scale

storm that occurred over the Southern Ocean in December 2007 is evaluated, and a synoptic explanation of

the assessed impact is offered. The impact is assessed by using the three-dimensional variational data as-

similation scheme (3DVAR) of the Weather Research and Forecasting (WRF) Model Data Assimilation

system (WRFDA), and by comparing two experiments: one with and the other without assimilating the

refractivity data from four different ROmissions. Verifications indicate significant positive impacts of the RO

data in various measures and parameters as well as in the track and intensity of the Antarctic cyclone. The

analysis of the atmospheric processes underlying the impact shows that the assimilation of the RO data yields

substantial improvements in the large-scale circulations that in turn control the development of the Antarctic

storm. For instance, the RO data enhanced the strength of a 500-hPa trough over the Southern Ocean and

prevented the katabatic flow near the coast of East Antarctica from an overintensification. This greatly

influenced two low pressure systems of a comparable intensity, which later merged together and evolved into

the major storm. The dominance of one low over the other in the merger dramatically changed the track,

intensity, and structure of the merged storm. The assimilation of GPS RO data swapped the dominant low,

leading to a remarkable improvement in the subsequent storm’s prediction.

1. Introduction

Recent observation-based studies reveal strongwarming

and rapid ice-mass loss from West Antarctica (Marshall

et al. 2002; Vinnikov and Grody 2003; Turner et al. 2005;

Shepherd et al. 2012; McMillan et al. 2014), which ulti-

mately results in a sea level rise (Oppenheimer 1998;

Pritchard et al. 2012; Bromwich et al. 2013, 2014). Synoptic-

scale cyclones have the potential to deliver large amounts

of precipitation, significant enough to counterbalance the

loss of ice (Carleton andFitch 1993;Nicolas andBromwich

2011a). Thus, the improvement in storm forecasts over the

Southern Ocean is desirable. Because the changes of

storm tracks can affect the cloud cover (Pavolonis and

Key 2003), which would subsequently impact the pre-

cipitation distribution, we focus on improvements of the

cyclone track and intensity.

Many studies find it challenging to accurately predict

synoptic-scale cyclones in the Antarctic region. For in-

stance, operational global analyses from major numerical

weather prediction (NWP) centers tend to show large dif-

ferences over theAntarctic and SouthernOcean (Simmons

and Hollingsworth 2002; Pendlebury et al. 2003). Global

reanalyses also exhibit elevated uncertainties in the high

southern latitudes (Lim and Simmonds 2007; Nicolas and

Bromwich 2011b). The difference among the global anal-

yses may be caused by the uncertainty in both the initial
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and boundary conditions that stems from a scarcity of

useful observations in this region (e.g., Adams 1997;

Wee et al. 2008). Consequently, the structure and de-

velopment mechanism of synoptic-scale cyclones over

the area are poorly understood when compared to other

parts of the globe (Bromwich and Parish 2002; Lazzara

et al. 2012).

Numerical models tend to be better tested and tuned

for data-rich areas. Thus, they do not perform equally

well in the Antarctic region (Powers et al. 2012). Data

assimilation systems also suffer a setback due to the

lacking observations; they are limited in mitigating the

model’s error by means of utilizing the observations.

Although a large amount of satellite radiance data are

available, strong emissions from the snow- and ice-

covered surfaces (English 2008) and persistent cloudi-

ness over the Southern Ocean (King and Turner 1997)

pose practical difficulties in using these data effectively.

It is also well known that satellite radiance data possess

systematic errors, which could come from the observations,

instruments, and/or forward models, and may be mitigated

by assimilation of unbiased observations (Cucurull et al.

2014). A popular approach to deal with this problem is

the so-called variational bias correction (Derber andWu

1998; Dee and Uppala 2009), which deduces the obser-

vational bias by taking the model’s state as the reference.

Once the model develops its own systematic errors, the

process to correct the biases of the satellite data becomes

suboptimal and renders the data less useful.While efforts

to improve the usage of radiance data over the Antarctic

area are continuing [e.g., improved modeling of surface

emissivity (English 2008; Bouchard et al. 2010) and en-

hanced detection of clouds (McNally and Watts 2003)],

new sources of observation are also receiving attention.

One promising data source is the global positioning

system (GPS) radio occultation (RO) technique; this

approach utilizes a GPS receiver on board a low Earth-

orbiting (LEO) satellite that measures the GPS signal’s

phase delay relative to that in the vacuum. The phase

delay relates to the ray’s bending angle under the as-

sumption of spherical symmetry and can be converted to

an atmospheric refractive index via the inverse Abel

transform. Many previous studies have demonstrated

that GPS RO data possess some unique advantages,

including high accuracy, high vertical resolution, and

global coverage (e.g., Rocken et al. 1997; Anthes et al.

2000, 2008; Hajj et al. 2004; Wickert et al. 2004; Kuo

et al. 2004, 2005). Thus, GPS RO data are used by all

major NWP centers to support operational weather pre-

diction, including the European Centre for Medium-

Range Weather Forecasts (ECMWF; Healy and Thépaut
2006), the National Centers for Environmental Pre-

diction (NCEP; Cucurull et al. 2007; Cucurull 2010), the

Met Office (Rennie 2010), Environment Canada

(Aparicio and Deblonde 2008), and Météo France (Poli
et al. 2008). They all found that GPS RO data have

positive impacts on the global weather forecasts, and

some of the studies showed significant improvements in

the Southern Hemisphere.

For instance, Healy and Thépaut (2006) assimilated

GPS RO data with a one-dimensional bending angle

operator using the ECMWF four-dimensional varia-

tional data assimilation (4DVAR) system, and showed

that the GPS data improve the temperature forecast in

the upper troposphere and lower stratosphere out to

5 days. Cucurull et al. (2007) compared the assimilations

with the GPS refractivity versus the bending angle data

and also obtained similar results with slight improve-

ments in anomaly correlation for the temperature field;

humidity biases were also greatly reduced at all lati-

tudes. Rennie (2010) demonstrated that the GPS data

provide the greatest improvements in temperature and

geopotential height fields in the Southern Hemisphere

extratropics by up to 10% at 250 hPa when verified

against radiosondes.

Besides operational applications, a few researchers

have assimilated GPS RO data into Antarctic regional

models. Both Wee and Kuo (2004) and Cucurull et al.

(2006) performed observing system simulation experi-

ments (OSSEs) to assess the impact of GPS RO data on

a cyclogenesis case over the Antarctic region. Wee et al.

(2008) assimilated the GPS RO data from both the

Challenging Minisatellite Payload (CHAMP) and the

Satellite for Scientific Applications-C (SAC-C) missions

into the fifth-generation Pennsylvania State University–

NationalCenter forAtmosphericResearch (PSU–NCAR)

Mesoscale Model (MM5) 4DVAR system. They found

that assimilating the GPS RO data leads to a better char-

acterization of the tropopause and an improved prediction

of the upper-level circulations. This is consistent with the

conclusions referenced above that are based on opera-

tional global models.

The limited number of Antarctic regional assimilation

studies used either synthetic data or only assimilated the

limited number of GPS data available at that time (Wee

and Kuo 2004; Cucurull et al. 2006; Wee et al. 2008). It is

desirable to substantiate the earlier data studies now that

considerably more GPS RO data are available. We assess

the impact of GPS RO data on an intense synoptic-scale

cyclone that occurred over the Southern Ocean in De-

cember 2007 by assimilating all GPS RO data available

from four missions, including CHAMP, SAC-C, the

Gravity Recovery and Climate Experiment (GRACE),

and the ConstellationObserving System forMeteorology,

Ionosphere, and Climate (COSMIC). COSMIC, in par-

ticular, provides a significant amount of data (more than
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2000 soundings per day globally) from a constellation of

six microsatellites.

The outline of the paper is as follows. Section 2 provides

a brief introduction of the storm of interest and the for-

ward operator for theGPSROdata used in our study. The

assimilation system, numerical model settings, and ex-

perimental design are also described. Section 3 presents

the results and assesses the data impact. Discussions on

the atmospheric processes underlying the GPS data im-

pact are given in section 4. Finally, a summary is provided

in section 5.

2. The storm overview and methodology

a. Case overview

An intense synoptic-scale storm started to develop

over the Southern Ocean during 9–10 December 2007

(Fig. 1). It was initiated from two weak, low pressure

systems downstream of a preexisting, large-amplitude,

upper-level trough. One of the low pressure systems,

with a central pressure of 990 hPa at 1800 UTC

9 December, was formed over the South Pacific Ocean

between New Zealand and Australia; the other, with

a central pressure of 975hPa, formed at the coast of East

Antarctica near Dumont d’Urville (Fig. 1b). The former

moved southeastward, and the latter eastward along the

Antarctic coast (Figs. 1b,c). The former cyclone developed

slowly at first but rapidly deepened after it reached the sea

ice zone (i.e., the green outline in Fig. 1a), where a large

temperature gradient existed. After merging with the lat-

ter low over the Ross Sea, it grew into a major synoptic-

scale storm, and the storm center at upper and lower levels

became vertically aligned as shown in Fig. 1d (1200 UTC

11 December).

The low near the coast of East Antarctica shown in

Fig. 1 frequently forms in conjunction with a large

temperature gradient due to strong and cold katabatic

outflow from the high topography in East Antarctica and

the relatively warm sea level temperature (Bromwich

et al. 2011). The cyclone track inferred from the NCEP

Final (FNL) operational global analysis is shown in

Fig. 1a. After attaining maximum intensity, the storm

turned clockwise and stayed close to West Antarctica for

an extended period. During the entire event, the storm

underwent such a rapid development that the central sea

level pressure dropped more than 70hPa to reach about

923hPa (the maximum intensity) at 1800 UTC 12

December.

b. The numerical model and model configurations

The numerical model used in this study is the Ad-

vanced Research version of the Weather Research and

Forecasting (WRF-ARW)Model (Skamarock et al. 2008;

hereafter referred to as the WRF Model). The WRF

Model is fully compressible and nonhydrostatic, which is

suitable for diverse applications across a wide range of

spatial scales. The prognostic variables are the following:

column mass of dry air, three-dimensional components of

wind, potential temperature, and geopotential. Diagnostic

variables (e.g., temperature, pressure, density) are derived

from the prognostic variables. The WRF Data Assimila-

tion system (WRFDA; Barker et al. 2012) is a data as-

similation system developed for the WRF Model

supporting variational (three- and four-dimensional

frameworks, i.e., 3DVAR and 4DVAR) (Barker et al.

2004; Huang et al. 2009), ensemble Kalman filter

(Anderson 2010), and hybrid (Wang et al. 2008a,b) ap-

proaches. Although the 4DVAR and ensemble-based

data assimilation are more comprehensive than

3DVAR (e.g., with flow-dependent covariances), they

are demanding. Hence, we use the 3DVAR as it serves

adequately for the purpose of our study with a modest

cost. Both of the WRF and WRFDA used in this study

are version 3.3.1 (a detailed description of the WRF

Model and WRFDA can be found online at http://

wrf-model.org).

The Antarctic Mesoscale Prediction System (AMPS;

Powers et al. 2012) is a real-time WRF forecasting system

for Antarctica and the Southern Ocean, which has been

running for more than a decade. TheAMPS is empirically

adapted to attain the optimal performance in that area,

reflecting the research experience gained over this part of

the world with the WRF Model. Thus, we largely follow

the AMPS basic model settings. For instance, the physics

options used in this study are adopted from theAMPS: the

WRF single-moment 5-class scheme (WSM5; Hong et al.

2004; Hong and Lim 2006) for microphysics, the Rapid

Radiative TransferModel forGCMs (RRTMG;Mlawer

et al. 1997) for longwave radiation, the Goddard short-

wave radiation scheme (Chou and Suarez 1994) for short-

wave radiation, the unifiedNoah land surfacemodel (Chen

and Dudhia 2001), the Mellor–Yamada–Janjic (Janjic

2002; Mellor and Yamada 1982) planetary boundary

layer scheme, and the Kain–Fritsch (Kain and Fritsch

1990, 1993) convective parameterization.

Our model domain covers the entire Antarctic conti-

nent and SouthernOcean as shown in Fig. 1a. Themodel

has a horizontal mesh of 4013 401 with a grid spacing of

30 km, and 55 vertical levels with the model top at

10 hPa. The NCEP FNL analysis (18 3 18 resolution) is
used to provide the initial and lateral boundary condi-

tions. For the lower boundary condition, the fractional

sea ice representation from the National Snow and Ice

Data Center (NSIDC) is used, in addition to the 0.58
real-time, global sea surface temperature from the

NCEP.
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c. The GPS RO refractivity

GPS RO offers a hierarchy of data products for data

assimilation along the data processing chain, such as the

ray’s bending angle, refractivity, and derived tempera-

ture, as well as both pressure and moisture (e.g.,

Kuo et al. 2000; Huang et al. 2005; Healy et al. 2007;

Chen et al. 2009; Ma et al. 2009; Cucurull et al. 2013;

Yang et al. 2014, etc.). In general, the data types pro-

duced at a later processing stage (e.g., the temperature)

are easier to interpret as they closely pertain to ordinary

geophysical parameters. However, their error character-

istics are complicated due to continued layers of data

processing. Although less processed data types are de-

sirable in this regard, they require sophisticated obser-

vation operators to properly model them. Readers are

FIG. 1. (a) Storm track inferred fromNCEP analysis (red dotted line), sea level pressure analysis (with contour interval of 10 hPa, white

solid line), and the outline of sea ice coverage (green line) at time of maximum intensity, 1800 UTC 12 Dec 2007. The GPS RO soundings

(240 total) during 0600–1800 UTC 9 Dec 2007 are indicated by orange dots. Labels A to J point out 10 GPS RO soundings used in Fig. 5,

which are within 1000 km of the storm center and a61.5-h time window. (b) Sea level pressure (white solid line) and 500-hPa geopotential

height (orange dashed line) from NCEP analysis at 1800 UTC 9 Dec. (c),(d) As in (b), but at 1800 UTC 10 Dec and 1200 UTC 11 Dec,

respectively. A zoom-in area covers the upper-left quadrant of (a) for (b),(c), and another area over the Ross Sea for (d). The black line in

(d) indicates the orientation of the cross section in Fig. 13.
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referred to Kuo et al. (2000) andWee et al. (2010) for in-

depth discussions on this topic. It is also possible to

employ different observation operators for a single data

type. For instance, the refractivity can be modeled with

or without taking the ray’s horizontal paths into account

(Sokolovskiy et al. 2005a,b; Syndergaard et al. 2005). In

view of the information content versus the practicability

of the observation operator, the local refractivity has

been a popular choice. Thus, we assimilate the local re-

fractivity in this study, which relates to the atmospheric

states (Smith and Weintraub 1953) as follows:

N5 77:6
p

T
1 3:733 105

e

T2
, (1)

where p is the pressure of the atmosphere (hPa), T is the

air temperature (K), and e is the water vapor pressure

(hPa). The GPS RO data used in this study are pro-

duced by the COSMIC Data Analysis and Archive

Center (CDAAC) (the data are available online at http://

cdaac-www.cosmic.ucar.edu/cdaac/products.html). There

are approximately 2000 RO soundings available within

our model domain during the storm’s lifetime: 0600 UTC

9 December–0000 UTC 15 December.

d. Data assimilation experiments

Two experiments, NG and WG, are carried out in this

study. For the NG, conventional observations (e.g., ra-

diosonde soundings, surface observations, and aircraft

data, etc.) and a few satellite retrievals [i.e., Quick Scat-

terometer (QuikSCAT) surface winds and atmospheric

motion vectors] are assimilated. The WG not only in-

cludes these data, but the GPS RO data are also assimi-

lated. Therefore, NG andWGdiffer only in the use of the

GPS RO data, where NG stands for ‘‘no’’ assimilation of

the GPS RO data and WG indicates assimilation ‘‘with’’

the data. The impact of the GPS RO data on the analysis

and forecast for our storm case is analyzed by comparing

the differences between the two experiments.

Although previous studies have demonstrated the

benefit of assimilatingGPSROdata (e.g., Kuo et al. 2000;

Healy 2008; Cucurull 2010; Huang et al. 2010), designing

sensible experiments for a particular data assimilation

system is not straightforward. For example, Kuo et al.

(2000) stressed the importance of precise characterization

of the observation error and a well-established strategy

for data assimilation. Cucurull (2010) claimed that re-

visiting the quality control and observation error for the

RO data in the NCEP operational 3DVAR results in

a noticeable improvement in the Southern Hemisphere

extratropics. During our preliminary tests, we encountered

an issue with a significant fraction of the GPS RO data in

the stratosphere being rejected by the background-based

quality control procedure. The quality control discards the

observations that deviate from the background by more

than 5 times the assumed observation error. The specified

observation error for theGPS refractivity in theWRFDA

varies with height and latitude, and is similar to those

proposed by Chen et al. (2009, 2011). For a GPS RO

sounding located at the equator, the observation error is

2.5% from the surface to the height of 2.5 km, and then it

linearly decreases to 1.3% at 5.5 km. It continues to de-

crease to 0.3% at 12 km. For a sounding located at the

pole, it is 1.5% near the surface and linearly decreases to

0.3% at 12 km. All the observation errors above 12km

are the same constant value of 0.3%. The observational

error of a RO sounding located between the equator and

pole is obtained from linear interpolation.

It turns out that the data rejection in the upper part of

our model domain is caused by a large systematic differ-

ence between the observation and the background. The

remaining, unrejected observations manifest the same

bias with respect to the background, leading to spotty and

unrealistic analysis increments when assimilated. Previous

studies report that the benefit of assimilating GPS RO

data is more noticeable in the upper troposphere and

lower stratosphere than at lower levels (e.g.,Wee andKuo

2004; Healy and Thépaut 2006; Rennie 2010). Therefore,

the pronounced disagreement between the observation

and its model counterpart in our tests might be due to

the WRF Model; for example, deficiencies in the model

formulation (Wee et al. 2012) or an imperfect upper

boundary condition treatment resulting in the reflection of

vertically propagating gravity waves (Wee andKuo 2004).

Because a remedy to this problem is beyond the scope of

this study, we decided not to assimilate the data above

50hPa. Since the height of the data cutoff iswell above the

Antarctic tropopause, the influence on the storm will be

insignificant. We also thinned the GPS RO data down to

a level comparable to the vertical resolution of the WRF

Model. The errors of the GPS RO refractivity data for

adjacent levels are correlated as a result of the inverse

Abel transform used to produce the data. Thus, the

thinning not only reduces data redundancy but also agrees

well with the assumption of no vertical correlation for the

observational error used in the WRFDA.

At the outset of the data assimilation, a 6-h WRF

forecast (0006 UTC 9 December), made from the initial

condition generated from the NCEP operational anal-

ysis at 0000 UTC 9 December, is provided as the first

guess. This helps to reduce the initial dynamic imbalance

that could impede the assessment of the data’s impact.

We suppose that all the data used in this study have been

assimilated into the NCEP system. If we used the NCEP

analysis as the first guess, the same data will be used

twice, leading to a possible overfitting of the observa-

tions. The 3DVAR data assimilations are carried out in
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a cycling mode for a 12-h period for both the NG and

WG experiments. Specifically, the data assimilations are

conducted 3 times in total: once at 0600UTC 9December

and repeated 6 and 12h later (i.e., 1200 and 1800 UTC).

The 6-h WRF forecasts initiated with the WRFDA

analysis at each cycle are then used as the first guess for

the next cycle. During the three cycles, data from the four

GPS satellitemissions are available (i.e.,CHAMP, SAC-C,

GRACE, and COSMIC). A total of 88, 81, and 71 GPS

RO soundings are assimilated for each of the three cy-

cles, respectively. After completion of the cycling anal-

ysis, longer-range forecasts (126 h ending at 0000 UTC

15 December) are made for both the NG and WG

experiments.

e. Data for verification

To assess the impact of the GPS RO data assimilation,

the global analyses from the ECMWFandNCEP are used

for verification. The analyses from the ECMWF (nominal

horizontal resolution of 25km and 91 vertical levels) and

the NCEP FNL (18 3 18 horizontal resolution and 27

vertical levels) are interpolated to our model grid for

verification. Because there are not many observations of

good quality available in the Southern Ocean area, the

GPS RO data are also used to verify forecasts. Note that

the GPS RO data used to verify the WG forecasts are not

assimilated. The selected COSMIC GPS RO data are

close to the storm, within a 1000-km radius of the center

and a61.5-h timewindow, in order to compare the storm’s

structure and intensity more closely.

3. Results

The free forecasts made after completing the cycling

data assimilation are evaluated in a number of aspects.

This includes the storm’s track and intensity, domain-

wide statistics, and the statistics over a small area sur-

rounding the storm and moving along the storm’s track.

a. Track and intensity

The track and intensity of predicted storms are com-

pared with those of global analyses in Fig. 2. The com-

parison is made based on the sea level pressure

minimum. Here, only the period of rapid cyclogenesis

after the 30-h forecast time is shown; this period is of

prime interest. Overall, both the NG and WG experi-

ments give fairly realistic tracks in their respective

forecasts. It is remarkable that the clockwise turning of

the track is well reproduced in the forecasts of 4–5 days.

The WRF-predicted tracks deviate somewhat from

those of the global analyses around and after the time of

turning, starting from 3.5 days into the forecasts. In

comparing the WRF forecasts with corresponding

global analyses, we assume that the WRF ‘‘long range’’

forecast error is much larger than the uncertainty in the

global analyses. However, this is the period that the

structure in the surface pressure becomes complicated

making it difficult to pinpoint the storm’s location.

During this period, the storm weakens and orography-

induced, low pressure systems develop when the pri-

mary cyclone approaching the coastal mountains in

West Antarctica. Therefore, the storm’s track after the

turning is subject to greater uncertainty.

Although the NG and WG experiments do not show

a significant difference in the track, the time-averaged

track errors are 316 and 280 km for the NG and theWG,

respectively. Also, the two experiments differ consid-

erably in their intensity (Fig. 2b). Compared to the

FIG. 2. The analyzed and predicted storm (a) tracks and (b) in-

tensities from ECMWF (gray line) and NCEP (black line) analyses,

and theWRF forecasts (NG, blue line;WG, red line). The hollow dots

with dashed lines indicate the coastal lows for NG and WG, re-

spectively. The interval for eachdot is 6h.The larger dots in (a) indicate

the storm’s locations at the mature stage, 1800 UTC 12 Dec.
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global analyses and the WG, the NG shows a storm that

deepens earlier and is a little stronger during the early

development stage. It reaches the maximum intensity at

1200 UTC 12 December, which is about 5 hPa too weak

and 6 h too early. Throughout the dissipation stage, the

storm in the NG stays weaker. On the contrary, the WG

agrees well with the global analyses in the intensity and

timing of the development. As described in section 2a,

the low pressure system moving southeastward merged

with a coastal low over the Ross Sea at 0000 UTC 11

December. In the WRF forecasts, both the NG and the

WG simulated the coastal low and the merging process,

but with 12- and 6-h delays, respectively, relative to the

global analyses. The track and intensity of the coastal

lows are also compared in Fig. 2.

b. Domain-wide comparison

The comparisons between the WRF forecasts and the

global analyses (hereafter referred to as ECMWF and

NCEP, respectively) show improvements in the large-

scale structures when GPS RO data are assimilated. For

example, Fig. 3 compares the bias and standard de-

viation (SD) with respect to the ECMWF in the geo-

potential height, temperature, and water vapor mixing

ratio at the time of the WRFDA analysis (1800

UTC 9 December). In the comparison made over the

whole domain, the WG is significantly smaller than the

NG in the bias error and SD of the geopotential height

and temperature (Figs. 3a–d) when verified against the

ECMWF. The errors are expected to be smaller when

compared to the NCEP than to the ECMWF because

the former provides the first guess, which makes the

verification unsound (figure not shown). A larger dif-

ference between the NG and the WG appears at the

midlevels (700–200 hPa) for the temperature and geo-

potential height. Even after 72 h into the forecast, the

improvement of the WG over the NG persists and in-

creases with time (Fig. 4). The initial difference in the

moisture between the NG and the WG is not evident

(Figs. 3e,f). This might be due to the limited amount of

moisture in the high latitudes, particularly over the

Antarctic continent. However, the forecast of the WG

shows a notable error reduction in the SD (Fig. 4f).

Although the GPS refractivity is related to the mass

variables (i.e., atmospheric pressure, temperature, and

water vapor pressure), the WG also shows an improve-

ment in the wind field through the dynamical constraints

in the WRF 3DVAR (figure not shown).

While Figs. 3 and 4 show the overall statistics for the

whole model domain, Fig. 5 makes use of the individual

GPS RO soundings. The 10 soundings nearest to

the storm, in terms of the spatiotemporal distance

along the predicted storm’s track, are chosen for the

comparisons (as indicated in Fig. 1a). In most cases the

WG agrees much better with the observed refractivity

than the NG. The WG differs from the observed re-

fractivity by no more than 2% except near the surface,

whereas the NG can differ by up to 6% (Fig. 5b). It

should be emphasized that the RO soundings are in-

dependent of the WG because they are available in the

free forecast range and have not been assimilated into

the WRFDA.

c. Comparisons within and around the cyclone

The fraction of the storm area in our model domain is

very small as seen in Fig. 1a. Therefore, the domain-wide

statistics do not reflect the difference around the storm

very well. To highlight the area under direct influence of

the storm, we extract the grid columns over a square box

of 900 km by 900 km, centered on the storm for each of

the four datasets (i.e., NCEP, ECMWF, NG, and WG),

at 6-h intervals. The global analyses are interpolated in

advance to the grid points of the WRF Model. The ex-

tracted square columns are then compared with each

other by superposing one upon another. This focuses on

the storm’s internal structure, such as the storm’s size

and the orientation and strength of accompanying

frontal structures.

Figure 6 compares the SD from the ECMWF in the

temperature. As shown, the assimilation of GPS RO

data significantly reduces the SD before 0000 UTC 14

December, which is from 3.3K at 600 hPa in the NG

(Fig. 6a) to 2.1K in theWG (Fig. 6b). During this period,

three areas of notably large SD appear in the NG below

500 hPa, whereas the WG yields much smaller SDs

(Fig. 6c). Besides the temperature, the WG also shows

better agreement with the ECMWF than the NG in the

water vapor mixing ratio (Fig. 7) at 1200 UTC 11 De-

cember and 0000UTC 13December. TheWGcontinues

to have a smaller SD in the later forecasts when the

cyclone is dissipating (e.g., 0000 UTC 14 December;

Fig. 7c).

To give a close view of the storm’s structure, the

relative vorticity fields at 500 hPa at the mature stage

(1800 UTC 12 December) are shown in Fig. 8. Both the

NG and the WG show more intense and narrower

spirals in their forecasts than the NCEP (the data

source for the initial condition). The WRF Model dif-

fers from global models in the formulation, the pa-

rameterized physical processes, and even the targeting

aspects. Although theWRF forecasts are thus expected

to be different from the global analyses, the lower

resolution (18 3 18) of the NCEP, available to us and

used in this study, may have further flattened the

storm’s structure in the data. Though the resolution of

the ECMWF would not be a problem, the WRF
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forecasts are, in general, more intense than the

ECMWF in the relative vorticity. In addition to the dif-

ference in the model, the filtering effect of the back-

ground error covariance in the course of data assimilation

might have smeared the spirals in the background field

a bit more. Taking into account the difference in the

absolute magnitude of the relative vorticity, the WG is

closer to the ECMWF than theNG in the pattern and the

FIG. 3. Mean difference among the WRF simulations (NG and WG) and the global analysis (ECMWF) at

1800 UTC 9 Dec 2007 in (a) geopotential height (Z, m), (c) temperature (T, K), and (e) water vapor mixing ratio

(Q, g kg21). (b),(d),(f) As in (a),(c),(e), but for standard deviation, respectively.
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relative variation of intensity along the spirals. For in-

stance, the intensity of relative vorticity at the vortex

center and the hook-shaped structure in the ECMWF

located within the area of 608–708S, 1108–1208W are both

predicted in theWG.As shown in Fig. 2b, theWGdiffers

by 1hPa from the global analyses in the mean sea level

pressure, whereas the NG is 7 hPa weaker than the WG.

This demonstrates that the WRF Model is able to re-

produce the detailed atmospheric circulation around the

storm once the large-scale structures in the model’s initial

condition are improved by the assimilation of GPS RO

data.

FIG. 4. As in Fig. 3, but for the 72-h forecasts valid at 1800 UTC 12 Dec.
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4. Atmospheric processes underlying the assessed
data impact

The atmospheric processes associated with the data

impact are analyzed with the experiments. Figure 9a

shows the 500-hPa background temperature at 0600 UTC

9 December. It is noteworthy that a few of the tempera-

ture troughs of large amplitude and scale that originate

from the cold Antarctic interior extend northward as far

as South America and Australia. The large thermal gra-

dients along the boundaries of the troughs tend to en-

hance baroclinic instability in the region and are thus

favorable for storm developments. The additional assim-

ilation of GPS RO data in the first cycle (0600 UTC

9 December) introduces small differences in the temper-

ature (Fig. 9b). As expected, the influence of GPS RO

data (i.e., the WG minus the NG) is confined in the

vicinity of the observations. As the difference made in the

previous cycle evolves with time in the forecast and new

observations are introduced and assimilated in the con-

tinuing cycles, the change due to the GPS RO data be-

comes complicated in structure and extends across the

whole model domain (Figs. 9c,d). After completion of

three analysis cycles, the assimilation of GPS RO data

results in an organized field of difference: warming over

the Antarctic continent and cooling over the ocean. As-

similation of ROdata changes lower-level temperatures as

well, where the change is similar in pattern but smaller in

magnitude when compared to 500hPa (figure not shown).

The WG 2 NG compares well with the ECMWF 2 NG

(Fig. 9e) in broad features, such as warming over the

Antarctic continent and cooling over the surrounding

ocean areas. This confirms that the assimilation of RO

data greatly improves the temperature.

Global analyses and satellite images indicate that there

are two low pressure systems involved in our storm case

that later merged together and developed into the major

storm. For instance, the ECMWF shows two lows of the

same intensity (971hPa) at 1800 UTC 10 December

(Fig. 10a): one at the coast of East Antarctica near 1558E,
and the other over the ocean near 1708E. The two merge

6h later and deepen by 6hPa (Fig. 10b). Earlier studies

noticed that the coastal area of EastAntarctica, where the

former low is located, is one of the areas of most frequent

cyclogenesis in the SouthernHemisphere (e.g., Simmonds

et al. 2003; Hoskins and Hodges 2005; Uotila et al. 2011).

In this region, the katabatic flow that carries cold, dry

continental air to the coast (Parish and Bromwich 2007) is

known to be an important factor in cyclone developments

(Bromwich et al. 2011). Without the assimilation of RO

data, theNGresults in a stronger-than-actual temperature

gradient normal to the coast due to prevailing cold bias

over the continent and warm bias over the ocean. This, in

turn, exaggerates the katabatic flow; overpredicts the

convergence with the warm, moist air flowing from lower

latitudes; and eventually leads to development of the

premature, overintensified coastal low. This low later

develops into themajor storm, which is different from that

which is observed (Figs. 10c,d). The assimilation of RO

data allows the WG to correct the large-scale bias in

temperature. Consequently, theWG is able to predict the

development of the coastal low realistically (Figs. 10e,f).

The assimilation of RO data also influences the de-

velopment of the other low, which approaches the area

FIG. 5. (a)–( j) Percentage refractivity differences of individual GPS RO soundings from NG (dashed line) and fromWG (solid line). The

direction here is RO minus the WRF forecasts. The GPS RO locations for (a)–( j) are marked in Fig. 1a.
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moving southeastward. As shown in Figs. 9b–d, the RO

data produce a significant cooling over the South Pacific

Ocean around 608S, 1408–1608E. The cooling then in-

tensifies the large-scale trough leading to an increase of

baroclinic instability in the region. This again provides

the ideal conditions for development of the southeastward-

moving, low pressure systemwhose track is downstream of

the trough. Consistent with that which is seen in the

global analyses, this low dominates the coastal low and

develops into the major storm (Figs. 10e,f). This con-

trasts with the NG, where the coastal low becomes the

major storm engulfing the extratropical low. The false

dominance of the coastal low in the merge causes a sizable

error afterward in the NG, where the storm develops

rapidly right after themerge and becomes 5–8hPa stronger

than those in both the WG and the global analyses in the

2-day forecast but significantlyweaker in the 3-day forecast

and later (Fig. 2b). This can be seen in Fig. 11. The storm in

the NG is slightly more intense than that of the WG after

the 48-h forecast (Figs. 11a,b and 2b). In contrast, the

structure and development of the storm is realistically

predicted in the WG, except for a 6-h delay in the pro-

cess. The time evolution of the sea level pressure in the

WG closely follows those of the global analyses, reach-

ing a realistic minimum value (924 hPa) at the correct

time (the 3-day forecast). The differences in the storm’s

development and structure also bring a distinction in the

precipitation, which is most noticeable at the storm’s

maturity (Figs. 11c,d). The maximum precipitation in

the vicinity of the storm accumulated for 24 h prior is

18.5 and 12.3mm for the WG and the NG, respectively.

Noticeable precipitation can be found over West Ant-

arctica when the simulated cyclone is close to the con-

tinent (Figs. 11e,f). The 3-day accumulated precipitation

in the WG is larger than that of the NG, especially near

the coast.Unfortunately, it is impossible to discern which,

the NG or the WG, is more accurate in the precipitation

because of the lack of observations over the Antarctic

region. However, seeing that the assimilation of RO data

improves other parameters (i.e., pressure, temperature,

moisture, and wind), an equivalent improvement in the

precipitation is well expected provided that the WRF

Model’s physics and dynamics are valid.

While the change in the temperature due to the as-

similation of GPSROdata (Fig. 9) is by nomeans sizable

FIG. 6. Time–height cross section of the temperature standard

deviations from ECMWF analysis: (a) NG and (b) WG. The

standard deviations are computed over the grid points inside of

a moving square box (900 km 3 900 km), which is centered on the

storm at each moment along the storm’s track. (c) The difference

between (a) and (b). The interval is 0.3K.

FIG. 7. As in Fig. 6, but for the water vapor mixing ratio with

a contour interval of 0.05 g kg21.
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when averaged over the entire model domain (as seen in

Figs. 3 and 4), it is significant enough to alter the storm’s

behavior by actively intervening in the physical and dy-

namic processes through which the two low pressure

systemsmerge and evolve rapidly into a major storm.We

track the origin of air parcels around the storm to provide

a sketch of the temperature change (Fig. 12), that is,

tracking back the airflow and checking if the changes

come from regions that haveGPSRO impact as shown in

Fig. 9. The analysis of backward trajectories makes use of

the WG’s forecasts; 33 parcels on each of the 850, 700,

500, and 300hPa are released from the locations, which

cover the whole storm and are shown in the inset of

Fig. 12a. These parcels (132 in total) are released at

1800 UTC 12 December (the storm’s mature stage) and

traced back for 72h to 1800 UTC 9 December, where

hourly model states are used to compute the Lagrangian

trajectories. As shown in Fig. 12, the air parcels can travel

long distances: more than 4000km in some cases. This

means that not only the local circulations around the

storm but also those in the remote areas can affect the

storm’s development. In other words, GPS RO data can

positively impact the storm’s prediction by improving the

large-scale circulations even if RO does not provide ob-

servations of high density in the immediate vicinity of the

storm. In addition, Fig. 12 shows that the majority of

parcels released on lower levels originate from the South

Pacific Ocean and those released on high levels originate

from the south Indian Ocean. As shown in Fig. 9, the

assimilation of GPS RO data improves the temperature,

moisture, and geopotential height over the regions, where

the air parcels affecting the storm development origi-

nated. Consequently, the assimilation of GPS RO results

in positive impacts on the prediction of the storm.

FIG. 8. Relative vorticity (color shaded) at 500 hPa and the mean sea level pressure (black contour) at 1800 UTC 12

Dec for (a) ECMWF analysis, (b) NCEP analysis, (c) NG, and (d) WG.

4198 MONTHLY WEATHER REV IEW VOLUME 142



FIG. 9. (a) The 500-hPa temperature (color

shaded with a 3-K interval) and mean sea level

pressure (black contourwith an interval of 4 hPa) in

the 6-hWRF forecast valid at 0600UTC 9Dec. The

difference between WG and NG (WG 2 NG) in

500-hPa temperature (color shaded with 0.3-K

interval) at (b) 0600, (c) 1200, and (d) 1800 UTC

9 Dec. Black dots indicate the locations of the GPS

RO soundings for each time. (e) As in (d), but

a smoothed difference between ECMWF analysis

and NG (ECMWF 2 NG).
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FIG. 10. Sea level pressure from ECMWF analysis at (a) 1800 UTC 10 Dec and (b) 0000 UTC 11 Dec, and for NG at (c) 0000 UTC 11 Dec

and (d) 0600 UTC 11 Dec. (e),(f) As in (c),(d), but for WG. The contour interval is 4 hPa.
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FIG. 11. As in Fig. 10, but valid at 1800 UTC 11 Dec for (a) NG and (b) WG. (c),(d) As in (a),(b), but valid at 1800 UTC 12 Dec. The

color shading represents the precipitation accumulated for 24 h prior. (e),(f) The three days accumulated precipitation (i.e., in past 72 h) at

1800 UTC 14 Dec for NG and WG, respectively.
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Moreover, from a zonal cross section (as indicated in

Fig. 1d) passing through the storm center, cold advection

in the low- to midtroposphere and warm advection near

the tropopause provide a favorable environment for

cyclone development due to the large vertical variation

of temperature advection (Fig. 13). The temperature

advections are averaged in the 600-km distance into and

out of the cross section. According to the geopotential

tendency equation, a cold advection decreasing with height

acts to produce height falls, thus amplifying a 500-hPa

trough. Then, the 500-hPa trough deepening can help

the surface low development. Before the merging of the

two low pressure systems, the distributions of tempera-

ture advection are similar for both the NG and the WG

as in Fig. 13a, but the horizontal distributions are slightly

narrower (figures not shown). Note that the lowsmerged

at 1200 UTC 11 December (42-h forecast time). The

vertical variation of thermal advection in the NG is

much weaker at the 60-h forecast, but it remains strong

in the WG (Figs. 13b,c). This is possibly caused by the

initial condition that is colder in the lower troposphere

and warmer near the tropopause in the WG, which in-

fluences the thermal advection (Figs. 9, 12, and 13). The

thermal structure in the WG is much more consistent

with that in the ECMWF (Fig. 13d). The configuration

helps to decrease the geopotential at 500 hPa and sup-

ports the surface cyclone development.

5. Summary

Because Southern Ocean cyclones are one of the

major sources of water mass that can counterbalance the

FIG. 12. Backward trajectories for the 33 particles [as in the inset at the bottom-left corner of (a)] released at 1800 UTC 12 Dec on each

pressure level of (a) 850, (b) 700, (c) 500, and (d) 300 hPa. The color indicates the parcel’s height (km) during the flight. The black ‘‘3’’

indicates the vertical velocity compared with the last hour when larger than 10 cm s21.
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recent ice loss from the Antarctic region, accurate pre-

diction of a storm’s track and intensity is important for

the prediction of precipitation. Accurate prediction of

SouthernOcean cyclones is also important to the logistic

operation of Antarctic research facilities. The shortage

of observations in the Southern Ocean makes GPS RO

data more important in improving weather analysis and

prediction in the region. We investigated the data im-

pact of GPS RO on a rapidly developing synoptic-scale

cyclone over the Southern Ocean, where the central

pressure dropped nearly 70 hPa over a 3-day period in

December 2007. The effects of GPS RO data assimila-

tion on the cyclone development are examined by using

the WRF 3DVAR.

The 5-day forecasts after three analysis cycles show

that the predicted intensity of the cyclone in the WG is

much closer to those in the global analyses (ECMWF

and NCEP). For instance, without the assimilation of

GPSROdata, the predicted storm is 7 hPa weaker at the

mature stage (1800 UTC 12 December) than that in the

WG for which the GPS RO data have been assimilated.

In contrast, the WG is about the same as the global

analyses in terms of the mean sea level pressure. The

assimilation of GPS RO data results in a more accurate

initial condition and improvements in the subsequent

forecasts. All the statistical measures indicate the as-

similation of GPS RO data reduces the forecast errors.

The improvements are visible not only in the tempera-

ture and geopotential height, but also in the moisture

field. This conclusion is also consistent with previous

studies (e.g., Cucurull et al. 2006; Wee et al. 2008).

When GPS RO data are assimilated (WG), the

southeastward-moving, low pressure system develops

into the major storm after merging with another coastal

low, which is backed by the ECMWF analysis, except for

a 6-h delay in timing. On the contrary, the coastal low

develops into the major storm in the NG, resulting in

significant errors in the following forecasts. The assimi-

lation of GPS data is essential in predicting the observed

processes of cyclogenesis.

In general, the change in the temperature due to the

assimilation of GPS RO data is a warming over the

Antarctic continent and a cooling over the ocean. These

temperature changes reduce the intensity of katabatic

flow and the convergence with warm, moist airflow from

lower latitudes along the coast of East Antarctica, and

FIG. 13. (a) Vertical structure of thermal advection passing through the storm center (the center of the x axis), that is 600-km averaged

normal to cross section, at 1200 UTC 11 Dec (42-h forecast) from WG. The orientation of the west–east cross section is indicated as in

Fig. 1d. (b) As in (a), but at 0600 UTC 12 Dec (60-h forecast). (c),(d) As in (b), but from NG and ECMWF, respectively. The contour

interval is 1 3 1024K s21.
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eventually prevent the coastal low from overdeveloping.

On the other hand, the cooling over the Pacific Ocean

recovers the strength of the 500-hPa trough and en-

courages the development of themigrating extratropical

low, which ultimately turns it into the major storm.

The development of a storm involves diverse physical

and dynamical processes and the relative importance of

individual processes varies significantly from one storm to

another. Although this study provides some insights into

the impact of GPS RO data on the development of the

particular storm case, it would be desirable to extend our

approach to many other storms. The results obtained from

this study clearly indicate the positive impact of GPS RO

data on the storm prediction in the Antarctic area. The

impact is anticipated to be greater whenmore RO data are

available from futuremissions (e.g.,COSMIC-II, which has

enhanced capabilities and a higher observation density).

Acknowledgments. This material is based upon work

supported by the National Science Foundation (NSF)

under Cooperative Agreement AGS-1033112 and by

the NSF/Office of Polar Programs under Award ANT-

0839068; by The Ohio State University through Sub-

agreement 60031541 under theNationalAeronautics and

Space Administration (NASA) Award NNX12AP93G;

and by NASA under Awards NNX12AP89G and

NNX08AN57G issued through the NASA/Goddard

Space Flight Center. The authors thank Kevin Manning

for providing the program to process the sea ice data.

REFERENCES

Adams, N., 1997:Model prediction performance over the Southern

Ocean and coastal region around East Antarctica. Aust. Me-

teor. Mag., 46, 287–296.
Anderson, J. L., 2010: A non-Gaussian ensemble filter update for

data assimilation.Mon. Wea. Rev., 138, 4186–4198, doi:10.1175/

2010MWR3253.1.

Anthes, R. A., C. Rocken, and Y.-H. Kuo, 2000: Applications of

COSMIC to meteorology and climate. Terr. Atmos. Oceanic

Sci., 11, 115–156.

——, and Coauthors, 2008: The COSMIC/FORMOSAT-3 mission:

Early results.Bull. Amer.Meteor. Soc., 89, 313–333, doi:10.1175/
BAMS-89-3-313.

Aparicio, J. M., and G. Deblonde, 2008: Impact of the assimilation

of CHAMP refractivity profiles on Environment Canada

global forecasts. Mon. Wea. Rev., 136, 257–275, doi:10.1175/

2007MWR1951.1.

Barker, D. M., W. Huang, Y.-R. Guo, A. J. Bourgeois, and Q. N.

Xiao, 2004: A three-dimensional variational data assimilation

system forMM5: Implementation and initial results.Mon.Wea.

Rev., 132, 897–914, doi:10.1175/1520-0493(2004)132,0897:

ATVDAS.2.0.CO;2.

——, andCoauthors, 2012: TheWeatherResearch and Forecasting

Model’s Community Variational/Ensemble Data Assimila-

tion System: WRFDA. Bull. Amer. Meteor. Soc., 93, 831–843,

doi:10.1175/BAMS-D-11-00167.1.

Bouchard, A., F. Rabier, V. Guidard, and F. Karbou, 2010: En-

hancements of satellite data assimilation over Antarctica.Mon.

Wea. Rev., 138, 2149–2173, doi:10.1175/2009MWR3071.1.

Bromwich, D.H., and T.R. Parish, Eds., 2002: Scientificmotivation

for the Ross Island Meteorology Experiment (RIME). BPRC

Miscellaneous SeriesM-425, Byrd PolarResearchCenter, The

Ohio State University, Columbus, OH, 14 pp.

——, D. F. Steinhoff, I. Simmond, K. Keay, and R. L. Fogt, 2011:

Climatological aspects of cyclogenesis near Adélie Land Antarc-
tica. Tellus, 63A, 921–938, doi:10.1111/j.1600-0870.2011.00537.x.

——, J. P. Nicolas, A. J. Monaghan, M. A. Lazzara, L. M. Keller,

G. A. Weidner, and A. B. Wilson, 2013: Central West Ant-

arctica among the most rapidly warming regions on Earth.

Nat. Geosci., 6, 139–145, doi:10.1038/ngeo1671.

——, ——, ——, ——, ——, ——, and ——, 2014: Corrigendum:

Central West Antarctica among the most rapidly warming

regions on Earth. Nat. Geosci., 7, 76, doi:10.1038/ngeo2016.

Carleton, A. M., and M. Fitch, 1993: Synoptic aspects of Antarctic

mesocyclones. J. Geophys. Res., 98, 12 997–13 018, doi:10.1029/

92JD02132.

Chen, F., and J. Dudhia, 2001: Coupling an advanced land-surface/

hydrology model with the Penn State/NCAR MM5 modeling

system. Part I: Model implementation and sensitivity. Mon.

Wea. Rev., 129, 569–585, doi:10.1175/1520-0493(2001)129,0569:

CAALSH.2.0.CO;2.

Chen, S.-Y., C.-Y.Huang,Y.-H.Kuo,Y.-R.Guo, and S. Sokolovskiy,

2009: Assimilation of GPS refractivity from FORMOSAT-3/

COSMIC using a nonlocal operator withWRF 3DVAR and its

impact on the prediction of a typhoon event. Terr. Atmos.

Oceanic Sci., 20, 133–154, doi:10.3319/TAO.2007.11.29.01(F3C).

——, ——, ——, and S. Sokolovskiy, 2011: Observational error

estimation of FORMOSAT-3/COSMIC GPS radio occulta-

tion data. Mon. Wea. Rev., 139, 853–865, doi:10.1175/

2010MWR3260.1.

Chou, M.-D., and M. J. Suarez, 1994: An efficient thermal infrared

radiation parameterization for user in general circulation

models. NASA Tech. Memo. 104606, Vol. 3, 85 pp.

Cucurull, L., 2010: Improvement in the use of an operational

constellation of GPS radio occultation receivers in weather

forecasting. Wea. Forecasting, 25, 749–767, doi:10.1175/

2009WAF2222302.1.

——,Y.-H. Kuo, D. Barker, and S. R. H. Rizvi, 2006: Assessing the

impact of simulated COSMIC GPS radio occultation data on

weather analysis over the Antarctic: A case study. Mon. Wea.

Rev., 134, 3283–3296, doi:10.1175/MWR3241.1.

——, J. C. Derber, R. Treadon, andR. J. Purser, 2007: Assimilation

of global positioning system radio occultation observations

into NCEP’s Global Data Assimilation System. Mon. Wea.

Rev., 135, 3174–3193, doi:10.1175/MWR3461.1.

——, ——, and R. J. Purser, 2013: A bending angle forward op-

erator for global positioning system radio occultation mea-

surements. J. Geophys. Res. Atmos., 118, 14–28, doi:10.1029/

2012JD017782.

——, R. A. Anthes, and L.-L. Tsao, 2014: Radio occultation obser-

vations as anchor observations in numerical weather prediction

models and associated reduction of bias corrections in micro-

wave and infrared satellite observations. J. Atmos. Oceanic

Technol., 31, 20–32, doi:10.1175/JTECH-D-13-00059.1.

Dee, D. P., and S. Uppala, 2009: Variational bias correction of

satellite radiance data in the ERA-Interim reanalysis. Quart.

J. Roy. Meteor. Soc., 135, 1830–1841, doi:10.1002/qj.493.

Derber, J. C., andW.-S. Wu, 1998: The use of TOVS cloud-cleared

radiances in the NCEP SSI analysis system. Mon. Wea.

4204 MONTHLY WEATHER REV IEW VOLUME 142

http://dx.doi.org/10.1175/2010MWR3253.1
http://dx.doi.org/10.1175/2010MWR3253.1
http://dx.doi.org/10.1175/BAMS-89-3-313
http://dx.doi.org/10.1175/BAMS-89-3-313
http://dx.doi.org/10.1175/2007MWR1951.1
http://dx.doi.org/10.1175/2007MWR1951.1
http://dx.doi.org/10.1175/1520-0493(2004)132<0897:ATVDAS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2004)132<0897:ATVDAS>2.0.CO;2
http://dx.doi.org/10.1175/BAMS-D-11-00167.1
http://dx.doi.org/10.1175/2009MWR3071.1
http://dx.doi.org/10.1111/j.1600-0870.2011.00537.x
http://dx.doi.org/10.1038/ngeo1671
http://dx.doi.org/10.1038/ngeo2016
http://dx.doi.org/10.1029/92JD02132
http://dx.doi.org/10.1029/92JD02132
http://dx.doi.org/10.1175/1520-0493(2001)129<0569:CAALSH>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2001)129<0569:CAALSH>2.0.CO;2
http://dx.doi.org/10.3319/TAO.2007.11.29.01(F3C)
http://dx.doi.org/10.1175/2010MWR3260.1
http://dx.doi.org/10.1175/2010MWR3260.1
http://dx.doi.org/10.1175/2009WAF2222302.1
http://dx.doi.org/10.1175/2009WAF2222302.1
http://dx.doi.org/10.1175/MWR3241.1
http://dx.doi.org/10.1175/MWR3461.1
http://dx.doi.org/10.1029/2012JD017782
http://dx.doi.org/10.1029/2012JD017782
http://dx.doi.org/10.1175/JTECH-D-13-00059.1
http://dx.doi.org/10.1002/qj.493


Rev., 126, 2287–2299, doi:10.1175/1520-0493(1998)126,2287:

TUOTCC.2.0.CO;2.

English, S. J., 2008: The importance of accurate skin temperature in

assimilating radiances from satellite sounding instruments.

IEEE Trans. Geosci. Remote Sens., 46, 403–408, doi:10.1109/

TGRS.2007.902413.

Hajj, G. A., and Coauthors, 2004: CHAMP and SAC-C atmo-

spheric occultation results and intercomparisons. J. Geophys.

Res., 109, D06109, doi:10.1029/2003JD003909.

Healy, S. B., 2008: Forecast impact experiment with a constellation

of GPS radio occultation receivers. Atmos. Sci. Lett., 9, 111–

118, doi:10.1002/asl.169.

——, and J.-N. Thépaut, 2006: Assimilation experiments with

CHAMPGPS radio occultationmeasurements.Quart. J. Roy.

Meteor. Soc., 132, 605–623, doi:10.1256/qj.04.182.
——, J. R. Eyre,M.Hamrud, and J.-N. Thépaut, 2007: Assimilating

GPS radio occultation measurements with two-dimensional

bending angle observation operators. Quart. J. Roy. Meteor.

Soc., 133, 1213–1227, doi:10.1002/qj.63.
Hong, S.-Y., and J.-O. J. Lim, 2006: The WRF single-moment

6-class microphysics scheme (WSM6). J. Korean Meteor. Soc.,

42, 129–151.

——, J. Dudhia, and S.-H. Chen, 2004: A revised approach to ice

microphysical processes for the bulk parameterization of

clouds and precipitation. Mon. Wea. Rev., 132, 103–120,

doi:10.1175/1520-0493(2004)132,0103:ARATIM.2.0.CO;2.

Hoskins, B. J., and K. I. Hodges, 2005: A new perspective on

Southern Hemisphere storm tracks. J. Climate, 18, 4108–4129,

doi:10.1175/JCLI3570.1.

Huang, C.-Y., Y.-H. Kuo, S.-H. Chen, and F. Vandenberghe, 2005:

Improvements in typhoon forecasts with assimilated GPS

occultation refractivity. Wea. Forecasting, 20, 931–953,

doi:10.1175/WAF874.1.

——, and Coauthors, 2010: Impact of GPS radio occultation data

assimilation on regional weather predictions. GPS Solut., 14,

35–49, doi:10.1007/s10291-009-0144-1.

Huang, X.-Y., and Coauthors, 2009: Four-dimensional variational

data assimilation forWRF: formulation and preliminary results.

Mon. Wea. Rev., 137, 299–314, doi:10.1175/2008MWR2577.1.

Janjic, Z. I., 2002: Nonsingular implementation of the Mellor-

Yamada level 2.5 scheme in the NCEP Meso Model. NCEP

Office Note 437, 61 pp.

Kain, J. S., and J. M. Fritsch, 1990: A one-dimensional entraining/

detraining plume model and its application in convective pa-

rameterization. J. Atmos. Sci., 47, 2784–2802, doi:10.1175/

1520-0469(1990)047,2784:AODEPM.2.0.CO;2.

——, and ——, 1993: Convective parameterization for mesoscale

models: The Kain–Fritsch scheme. The Representation of

Cumulus Convection in Numerical Models, Meteor. Monogr.,

No. 24, Amer. Meteor. Soc., 165–170.

King, J. C., and J. Turner, 1997: Antarctic Meteorology and Cli-

matology. Cambridge University Press, 409 pp.

Kuo, Y.-H., S. V. Sokolovskiy, R. A. Anthes, and F. Vandenberghe,

2000: Assimilation of GPS radio occultation data for numerical

weather prediction. Terr. Atmos. Oceanic Sci., 11, 157–186.

——, T.-K. Wee, S. Sokolovskiy, C. Rocken,W. Schreiner, D. Hunt,

and R. A. Anthes, 2004: Inversion and error estimation of GPS

radio occultation data. J. Meteor. Soc. Japan, 82, 507–531,

doi:10.2151/jmsj.2004.507.

——, W. S. Schreiner, J. Wang, D. L. Rossiter, and Y. Zhang,

2005: Comparison of GPS radio occultation soundings with

radiosondes. Geophys. Res. Lett., 32, L05817, doi:10.1029/

2004GL021443.

Lazzara, M. A., G. A. Weidner, L. M. Keller, J. E. Thom, and J. J.

Cassano, 2012: Antarctic Automatic Weather Station Pro-

gram: 30 years of polar observation. Bull. Amer. Meteor. Soc.,

93, 1519–1537, doi:10.1175/BAMS-D-11-00015.1.

Lim, E.-P., and I. Simmonds, 2007: Southern Hemisphere winter

extratropical cyclone characteristics and vertical organization

observed with the ERA-40 data in 1979–2001. J. Climate, 20,

2675–2690, doi:10.1175/JCLI4135.1.

Ma, Z.-Z., Y.-H. Kuo, B. Wang, W.-S. Wu, and S. Sokolovskiy,

2009: Comparison of local and nonlocal observation operators

for the assimilation of GPS RO data with the NCEP GSI

system: An OSSE study. Mon. Wea. Rev., 137, 3575–3587,

doi:10.1175/2009MWR2809.1.

Marshall, G. J., V. Lagun, and T. A. Lachlan-Cope, 2002: Changes

in Antarctic Peninsula tropospheric temperatures from 1956

to 1999: A synthesis of observations and reanalysis data. Int.

J. Climatol., 22, 291–310, doi:10.1002/joc.758.

McMillan,M.,A. Shepherd,A. Sunda,K.Briggs,A.Muir,A.Ridout,

A. Hogg, and D. Wingham, 2014: Increased ice losses from

Antarctica detected byCryoSat-2.Geophys. Res. Lett., 41, 3899–

3905, doi:10.1002/2014GL060111.

McNally, A. P., and P. D.Watts, 2003: A cloud detection algorithm

for high spectral resolution infrared sounders. Quart. J. Roy.

Meteor. Soc., 129, 3411–3423, doi:10.1256/qj.02.208.
Mellor, G. L., and T. Yamada, 1982: Development of a turbulence

closure model for geophysical fluid problems. Rev. Geophys.,

20, 851–875, doi:10.1029/RG020i004p00851.

Mlawer, E. J., S. J. Taubman, P. D. Brown, M. J. Iacono, and S. A.

Clough, 1997: Radiative transfer for inhomogeneous atmo-

spheres: RRTM, a validated correlated-k model for the

longwave. J. Geophys. Res., 102, 16 663–16 682, doi:10.1029/

97JD00237.

Nicolas, J. P., and D. H. Bromwich, 2011a: Climate of West Ant-

arctica and influence of marine air intrusions. J. Climate, 24,

49–67, doi:10.1175/2010JCLI3522.1.

——, and ——, 2011b: Precipitation changes in high southern lat-

itudes from global reanalyses: A cautionary tale. Surv. Geo-

phys., 32, 475–494, doi:10.1007/s10712-011-9114-6.

Oppenheimer, M., 1998: Global warming and the stability of the west

Antarctic ice sheet. Nature, 393, 325–332, doi:10.1038/30661.

Parish, T. R., and D. H. Bromwich, 2007: Re-examination of the

near-surface air flow over the Antarctic continent and impli-

cations on atmospheric circulations at high southern latitudes.

Mon. Wea. Rev., 135, 1961–1973, doi:10.1175/MWR3374.1.

Pavolonis, M. J., and J. R. Key, 2003: Antarctic cloud radiative

forcing at the surface estimated from the AVHRR Polar

Pathfinder and ISCCP D1 datasets, 1985–1993. J. Appl. Me-

teor., 42, 827–840, doi:10.1175/1520-0450(2003)042,0827:

ACRFAT.2.0.CO;2.

Pendlebury, S. F., N. D. Adams, T. L. Hart, and J. Turner, 2003:

Numerical weather prediction model performance over the

high southern latitudes. Mon. Wea. Rev., 131, 335–353,

doi:10.1175/1520-0493(2003)131,0335:NWPMPO.2.0.CO;2.

Poli, P., S. B. Healy, F. Rabier, and J. Pailleux, 2008: Preliminary

assessment of the scalability of GPS radio occultations impact

in numerical weather prediction. Geophys. Res. Lett., 35,

L23811, doi:10.1029/2008GL035873.

Powers, J. G., K. W. Manning, D. H. Bromwich, J. J. Cassano, and

A. M. Cayette, 2012: A decade of Antarctic science support

through AMPS. Bull. Amer. Meteor. Soc., 93, 1699–1712,

doi:10.1175/BAMS-D-11-00186.1.

Pritchard, H. D., S. R. M. Ligtenberg, H. A. Fricker, D. G. Vaughan,

M.R. van denBroeke, and L. Padman, 2012: Antarctic ice-sheet

NOVEMBER 2014 CHEN ET AL . 4205

http://dx.doi.org/10.1175/1520-0493(1998)126<2287:TUOTCC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1998)126<2287:TUOTCC>2.0.CO;2
http://dx.doi.org/10.1109/TGRS.2007.902413
http://dx.doi.org/10.1109/TGRS.2007.902413
http://dx.doi.org/10.1029/2003JD003909
http://dx.doi.org/10.1002/asl.169
http://dx.doi.org/10.1256/qj.04.182
http://dx.doi.org/10.1002/qj.63
http://dx.doi.org/10.1175/1520-0493(2004)132<0103:ARATIM>2.0.CO;2
http://dx.doi.org/10.1175/JCLI3570.1
http://dx.doi.org/10.1175/WAF874.1
http://dx.doi.org/10.1007/s10291-009-0144-1
http://dx.doi.org/10.1175/2008MWR2577.1
http://dx.doi.org/10.1175/1520-0469(1990)047<2784:AODEPM>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1990)047<2784:AODEPM>2.0.CO;2
http://dx.doi.org/10.2151/jmsj.2004.507
http://dx.doi.org/10.1029/2004GL021443
http://dx.doi.org/10.1029/2004GL021443
http://dx.doi.org/10.1175/BAMS-D-11-00015.1
http://dx.doi.org/10.1175/JCLI4135.1
http://dx.doi.org/10.1175/2009MWR2809.1
http://dx.doi.org/10.1002/joc.758
http://dx.doi.org/10.1002/2014GL060111
http://dx.doi.org/10.1256/qj.02.208
http://dx.doi.org/10.1029/RG020i004p00851
http://dx.doi.org/10.1029/97JD00237
http://dx.doi.org/10.1029/97JD00237
http://dx.doi.org/10.1175/2010JCLI3522.1
http://dx.doi.org/10.1007/s10712-011-9114-6
http://dx.doi.org/10.1038/30661
http://dx.doi.org/10.1175/MWR3374.1
http://dx.doi.org/10.1175/1520-0450(2003)042<0827:ACRFAT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(2003)042<0827:ACRFAT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2003)131<0335:NWPMPO>2.0.CO;2
http://dx.doi.org/10.1029/2008GL035873
http://dx.doi.org/10.1175/BAMS-D-11-00186.1


loss driven by basal melting of ice shelves.Nature, 484, 502–505,

doi:10.1038/nature10968.

Rennie, M. P., 2010: The impact of GPS radio occultation assimi-

lation at the Met Office.Quart. J. Roy. Meteor. Soc., 136, 116–
131, doi:10.1002/qj.521.

Rocken, C., and Coauthors, 1997: Analysis and validation of GPS/

MET data in the neutral atmosphere. J. Geophys. Res., 102,

29 849–29 866, doi:10.1029/97JD02400.

Shepherd, A., and Coauthors, 2012: A reconciled estimate of ice-

sheet mass balance. Science, 338, 1183–1189, doi:10.1126/

science.1228102.

Simmonds, I., K. Keay, and E.-P. Lim, 2003: Synoptic activity in the

seas around Antarctica. Mon. Wea. Rev., 131, 272–288,

doi:10.1175/1520-0493(2003)131,0272:SAITSA.2.0.CO;2.

Simmons, A. J., and A. Hollingsworth, 2002: Some aspects of the im-

provement in skill of numerical weather prediction.Quart. J. Roy.

Meteor. Soc., 128, 647–677, doi:10.1256/003590002321042135.

Skamarock, W. C., and Coauthors, 2008: A description of the

Advanced Research WRF version 3. NCAR Tech. Note

NCAR/TN-4751STR, 113 pp. [Available online at http://

www.mmm.ucar.edu/wrf/users/docs/arw_v3_bw.pdf.]

Smith, E. K., and S.Weintraub, 1953: The constants in the equation

for the atmospheric refractive index at radio frequencies.

Proc. IRE, 41, 1035–1037, doi:10.1109/JRPROC.1953.274297.

Sokolovskiy, S., Y.-H. Kuo, and W. Wang, 2005a: Assessing the

accuracy of a linearized observation operator for assimilation

of radio occultation data: Case simulations with a high-

resolution weather model. Mon. Wea. Rev., 133, 2200–2212,

doi:10.1175/MWR2948.1.

——, ——, and ——, 2005b: Evaluation of a linear phase obser-

vation operator withCHAMP radio occultation data and high-

resolution regional analysis. Mon. Wea. Rev., 133, 3053–3059,

doi:10.1175/MWR3006.1.

Syndergaard, S., E. R. Kursinski, B. M. Herman, E. M. Lane, and

D. E. Flittner, 2005: A refractive index mapping operator for

assimilation of occultation data. Mon. Wea. Rev., 133, 2650–

2668, doi:10.1175/MWR3001.1.

Turner, J., and Coauthors, 2005: Antarctic climate change during the

last 50 years. Int. J. Climatol., 25, 279–294, doi:10.1002/joc.1130.

Uotila, P., T. Vihma, A. Pezza, I. Simmonds, K. Keay, andA. Lynch,

2011: Relationships between Antarctic cyclones and surface

conditions as derived from high-resolution numerical weather

prediction data. J. Geophys. Res., 116, D07109, doi:10.1029/

2010JD015358.

Vinnikov, K. Y., and N. C. Grody, 2003: Global warming trend of

mean tropospheric temperature observed by satellites. Sci-

ence, 302, 269–272, doi:10.1126/science.1087910.

Wang, X., D. M. Barker, C. Snyder, and T. M. Hamill, 2008a: A

hybrid ETKF–3DVAR data assimilation scheme for theWRF

Model. Part I: Observing system simulation experiment.Mon.

Wea. Rev., 136, 5116–5131, doi:10.1175/2008MWR2444.1.

——, ——, ——, and ——, 2008b: A hybrid ETKF–3DVAR data

assimilation scheme for the WRF Model. Part II: Real ob-

servation experiments. Mon. Wea. Rev., 136, 5132–5147,

doi:10.1175/2008MWR2445.1.

Wee, T.-K., andY.-H. Kuo, 2004: Impact of a digital filter as a weak

constraint in MM5 4DVAR: An observing system simulation

experiment. Mon. Wea. Rev., 132, 543–559, doi:10.1175/

1520-0493(2004)132,0543:IOADFA.2.0.CO;2.

——,——,D.H. Bromwich, andA. J.Monaghan, 2008:Assimilation

of GPS radio occultation refractivity data from CHAMP and

SAC-C missions over high southern latitudes with MM5

4DVAR. Mon. Wea. Rev., 136, 2923–2944, doi:10.1175/

2007MWR1925.1.

——, ——, and D.-K. Lee, 2010: Development of a curved ray

tracing method for modeling of phase paths from GPS radio

occultation: A two-dimensional study. J. Geophys. Res., 115,
D24119, doi:10.1029/2010JD014419.

——, ——, ——, Z. Liu, W. Wang, and S.-Y. Chen, 2012: Two

overlooked biases of the advanced research WRF (ARW)

Model in geopotential height and temperature. Mon. Wea.

Rev., 140, 3907–3918, doi:10.1175/MWR-D-12-00045.1.

Wickert, J., T. Schmidt, G. Beyerle, R. König, C. Reigber, and

N. Jakowski, 2004: The radio occultation experiment aboard

CHAMP:Operational data analysis and validation of vertical

atmospheric profiles. J. Meteor. Soc. Japan, 82, 381–395,

doi:10.2151/jmsj.2004.381.

Yang, S.-C., S.-H. Chen, S.-Y. Chen, C.-Y. Huang, and C.-S.

Chen, 2014: Evaluating the impact of the COSMIC RO

bending angle data on predicting the heavy precipitation

episode on 16 June 2008 during SoWMEX- IOP8.Mon. Wea.

Rev., in press.

4206 MONTHLY WEATHER REV IEW VOLUME 142

http://dx.doi.org/10.1038/nature10968
http://dx.doi.org/10.1002/qj.521
http://dx.doi.org/10.1029/97JD02400
http://dx.doi.org/10.1126/science.1228102
http://dx.doi.org/10.1126/science.1228102
http://dx.doi.org/10.1175/1520-0493(2003)131<0272:SAITSA>2.0.CO;2
http://dx.doi.org/10.1256/003590002321042135
http://www.mmm.ucar.edu/wrf/users/docs/arw_v3_bw.pdf
http://www.mmm.ucar.edu/wrf/users/docs/arw_v3_bw.pdf
http://dx.doi.org/10.1109/JRPROC.1953.274297
http://dx.doi.org/10.1175/MWR2948.1
http://dx.doi.org/10.1175/MWR3006.1
http://dx.doi.org/10.1175/MWR3001.1
http://dx.doi.org/10.1002/joc.1130
http://dx.doi.org/10.1029/2010JD015358
http://dx.doi.org/10.1029/2010JD015358
http://dx.doi.org/10.1126/science.1087910
http://dx.doi.org/10.1175/2008MWR2444.1
http://dx.doi.org/10.1175/2008MWR2445.1
http://dx.doi.org/10.1175/1520-0493(2004)132<0543:IOADFA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2004)132<0543:IOADFA>2.0.CO;2
http://dx.doi.org/10.1175/2007MWR1925.1
http://dx.doi.org/10.1175/2007MWR1925.1
http://dx.doi.org/10.1029/2010JD014419
http://dx.doi.org/10.1175/MWR-D-12-00045.1
http://dx.doi.org/10.2151/jmsj.2004.381

