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ABSTRACT

In this study, the fifth-generation Pennsylvania State University—National Center for Atmospheric Re-
search Mesoscale Model (MMS5) with three-dimensional variational data assimilation (3DVAR) is utilized
to investigate influences of GPS occultation refractivity on simulations of typhoons past Taiwan. Two recent
cases were simulated, including Typhoon Nari in September 2001 and Typhoon Nakri in July 2002. The GPS
observation data are taken from the Challenging Minisatellite Payload for Geophysical Research and
Application (CHAMP) and Satélite de Aplicaciones Cientificas-C (SAC-C) satellites that provide several
retrieved refractivity profiles in the simulated domain near the initialization time. Through 3DVAR, the
observed refractivity can be quickly ingested into the model initial conditions to recover the information
over the ocean.

The initial moisture increments from ingested GPS refractivity soundings exhibit a maximum magnitude
of about 1.5 g kg~ " associated with temperature increments of generally less than 0.2°C. The differences
between the model local refractivity and the observed refractivity are less than 3% with a maximum
magnitude of about 10 units. Pronounced increments from an occultation point are found within an influ-
ential radius of 500-600 km only. For the simulation without the assimilation of GPS refractivity (the
no-GPS run), the simulated Typhoon Nari coherently moves southwestward toward Taiwan early in the
simulation but then exhibits a westward track along the northwest of Taiwan after landfall. With GPS
refractivity assimilated, the simulated westward track in the no-GPS run is closer to the west coast. During
landfall, the cloud convection associated with the intense vortex core encounters the Central Mountain
Range (CMR) and produces torrential rainfalls along its northwestern slope. Both the GPS run and the
no-GPS run capture the observed feature of very intense rainfall over the southwestern slope base of the
CMR later in the simulation, while the intensity as well as the track is improved in the GPS run. In the other
case (Nakri), the simulated rainfall distributions, in general, are similar for both the GPS run and the
no-GPS run; however, the GPS run exhibits a more pronounced low to the southeast of Taiwan, which
results in more intense rainfall in the northeast of Taiwan as observed. Both GPS runs for Nari and Nakri
show improved skills in 24-h accumulated rainfall prediction, in particular, at later stages, as supported by
higher threat scores and smaller root-mean-square errors against observations over the island. This positive
impact can be attributed largely to the fact that the accumulative effects from assimilation of initial GPS
refractivity soundings are instrumental to model performance.

A cycling 3DVAR scheme is also explored in the simulation for Nari to investigate the impact of
complementary NASA Quick Scatterometer (QuikSCAT) near-surface wind observations on model pre-
diction. When such observed near-surface wind is assimilated into reinitialization at a later integration time,
the track prediction is further improved and thus the prediction for accumulated rainfall is improved as well.
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1. Introduction

Three-dimensional variational data assimilation
(3DVAR) analysis utilizes observations as well as back-
ground analyses near the initial time of model integra-
tion to minimize a cost function with respect to the
analysis. The 3DVAR method does not require inte-
gration of both the forward model and the adjoint
model, as does 4DVAR (Zou et al. 1997), and thus
greatly simplifies the filtering processes with ingestion
of various observations (Courtier et al. 1998; Rabier et
al. 1997; Vandenberghe and Kuo 1999). Another ad-
vantage of 3DV AR, as compared to 4DVAR, is that it
is handy for setting up multiple nested domains suitable
for simulations of phenomena at small scales. With
more and more unconventional data (including mea-
surements from satellite, radar, and other remote sen-
sors) being available, ingestion of these data into NWP
models is believed to be a high priority for improving
NWP. In this study, a fifth-generation Pennsylvania
State University—National Center for Atmospheric Re-
search (Penn State-NCAR) Mesoscale Model (MMS5)
3DVAR scheme is used to incorporate recent GPS
sounding observations and to explore their impacts on
nested simulations of typhoons past Taiwan.

GPS sounding observations are limb measurements
from global occultation of small low-earth-orbit (LEO)
satellites. As these LEO satellites rise and set relative
to the GPS satellites, the delayed phase of the GPS-
relayed dual-frequency signals can be detected for
analysis. This radio occultation technique (GPS/MET)
has an advantage on the measurability of all weather
conditions with rather even global coverage over land
and ocean. Through existing retrieval algorithms, the
received signals then can be converted to bending
angles or refractivities with assumptions of different de-
grees of freedom. Such LEO satellites include the
Global Positioning System/Meteorological Applica-
tions MicroLab I, which was launched in 1995 by the
University Corporation for Atmospheric Research
(UCAR), and the present Challenging Minisatellite
Payload for Geophysical Research and Application
(CHAMP, Germany) and Satélite de Aplicaciones
Cientificas-C (SAC-C, Argentina). The two operating
satellites, CHAMP and SAC-C, may collectively re-
ceive about 350 occultation events daily. The soon-to-
be-launched third Republic of China Remote Sensing
Satellite (ROCSAT-3) is a new joint project between
the United States and Taiwan as part of the Constella-
tion Observing Systems for Meteorology, lonosphere
and Climate (COSMIC) program, will launch six LEO
satellites in late 2005 that can take about 2500-3000
daily measurements for real-time applications. The de-
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tails of COSMIC and the data quality of the different
occultation observations have been discussed in Anthes
et al. (2000). Ware et al. (1996) reported that dry tem-
perature retrieved from occultation observations of
GPS/MET has nearly the same accuracy as that of raw-
insonde soundings nearby. Thus, the GPS data, to some
extent, may compensate for unavailable conventional
soundings in data-sparse oceanic and polar regions. The
assimilation of the GPS/MET data and their impact on
weather prediction have been explored in numerical
modeling studies (Kuo et al. 1997; Zou et al. 1999, 2000;
Liu and Zou 2003), none of which is, however, related
to simulations of typhoons.

The data from GPS occultation observations have
various forms for assimilation, from original excess
phases to retrieved moisture and/or temperature pro-
files. GPS refractivity is an intermediate product from
an Abel transform of bending angles defined for each
incident ray through its perigee point. The Abel trans-
form requires an assumption on spherical symmetry
that is less applicable to the lower atmosphere where
more weather activities and stronger horizontal density
gradients tend to exist. As a result, the Abel-retrieved
refractivity is often referred to as nonlocal refractivity,
due to the retrieval along the ray with spherical sym-
metry. With this a priori assumption, the application of
refractivity thus is more limited than bending angles.

Use of the ray-tracing method to solve for bending
angles, however, takes expensive computation time and
assimilation into the model is at a cost that is at least
one to two orders of magnitude larger than the assimi-
lation of refractivity (Zou et al. 1999, 2000; Kuo et al.
2000). Despite the relative simplicity of the assimilation
of refractivity, Kuo et al. (1997) showed some positive
impact of the GPS-retrieved refractivity on the predic-
tion of an extratropical cyclone based on observing sys-
tem simulation experiments (OSSEs) in which the GPS
observations are generated by the applied model itself.
Also based on an OSSE, Zou et al. (1995) adopted a
4DVAR approach with the adjoint adiabatic MMS5 to
assimilate GPS refractivity. Their results also showed
promising improvement as the GPS refractivity data
were assimilated. On the other hand, Liu and Zou
(2003) found improvement in global prediction when
837 bending-angle soundings from GPS/MET were as-
similated into the National Centers for Environmental
Prediction (NCEP) Global Spectral Model. Thus, as-
similations of GPS occultation data in various forms,
despite different advantages, have their own values on
NWP as discussed by Kuo et al. (2000).

As model grid resolution is getting higher (e.g., in
mesoscale models) to account for strong horizontal gra-
dients, the nonlinear operator for bending angle will be
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more susceptible to small variations in ray-tracing tra-
jectory that may result in slow convergence of the func-
tional minimization. Direct assimilation of bending
angles in mesoscale models also needs to simulate ray
tracing within limited horizontal extents and the asso-
ciated lateral boundary conditions may not be well
posed. At present, the assimilation of GPS occultation
refractivity remains plausible and feasible in fact for
high-resolution mesoscale modeling with compromises
between accuracy and efficiency.

In this study, the newly developed assimilation mod-
ule for GPS refractivity in an MMS5 3DV AR analysis is
utilized to incorporate these data available from
CHAMP and SAC-C satellites. Two recent typhoon
cases, Nari in 2001 and Nakri in 2002, were chosen for
study to explore the impact of assimilated GPS refrac-
tivity on model simulation. These two cases contain the
maximum available soundings (four—five) for typhoons
past Taiwan since the operation of both the CHAMP
and SAC-C satellites. With the advent of COSMIC
data, the number of available soundings will increase to
about 30 in the outermost domain of a regional model
near a specific initial time. Since GPS sounding is valu-
able due to retrieved moisture information, greater em-
phasis will be given to model performance for rainfall
prediction associated with the typhoons. Numerical as-
pects, including model setups, will be introduced in sec-
tion 2. The model results and performance assessments
for the two selected cases will be presented in section 3.
In this section, cycling 3DVAR is also conducted to
explore the impact of complementary National Aero-
nautics and Space Administration (NASA) Quick Scat-
terometer (QuikSCAT) near-surface wind information
on simulations of Typhoon Nari. Finally, conclusions
are given in section 4.

2. Numerical aspects

a. MM5 3DVAR

The MMS5 3DV AR method is based on minimization
of a cost function defined as

1
J=5lx= x,)"B (X = X;) + [Yops — h(0)]'O 7!

[yobs - h(")]}? (1)

where

x, analysis variable vector (n-dimensional);

x,,, background variable vector (n-dimensional);
Yobss Observation vector (m-dimensional);

B, background error covariance matrix (n X n);

O, observation error covariance matrix (m X m), and
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h, nonlinear operator to transform the analysis vari-
able vector to the observation vector.

At the extreme, the derivative of J/ would vanish; that is,

V/=0=B""(x —x;) — H'O !(yops — Hx), (2)

and the estimate of x can thus be obtained as
X, =X, + (B"'+ H'O '"H) " 'H'O (y,1s — Hx,),
3)

where H = oh/ox is the tangent linear approximation of
the nonlinear operator h. The transformation operation
may be nonlinear and an incremental formulation
based on the above linearity is used in MM5 3DVAR
analysis to obtain the solution. The details of the mini-
mization procedure for the solution may be found in
Barker et al. (2003) and Vandenberghe and Kuo
(1999).

The forward operator of local refractivity is related
to pressure, temperature, moisture, and other existent
compounds in the atmosphere. Bevis et al. (1994) in-
vestigated the relative errors associated with the con-
stants in existent GPS radio refractivity formulas and
gave a common form as

P

N:(n—l)X106=77.6T

+3.73 X 105%, )
where n is the index of refractivity, P the atmospheric
pressure, and P,, the water vapor pressure related to
the specific humidity of the moisture. This forward op-
erator simply dictates the relation of refractivity (N) to
temperature (7)) and moisture (q), the latter two as
model variables that can be directly predicted by the
model. The first term in (4) for dry-temperature effects
is much larger than the second term for moisture ef-
fects. Since relative temperature changes in the tropo-
sphere normally are much smaller than relative mois-
ture changes, the second term actually contributes to
most of the refractivity increments. If any ancillary data
(e.g., pressure or temperature) are available, then it can
be used to solve (4) for the moisture. This equation is
simple and its associated linear tangent and adjoint op-
erators are much easier to implement as compared to
ray-tracing operators (e.g., Zou et al. 1999). The GPS
refractivity data are taken from the COSMIC Center at
NCAR, which processes data observed by the CHAMP
and SAC-C satellites. Currently, the GPS sounding pro-
files that can be retrieved by existing algorithms are
down to 1-km height only.

The radio occultation observational covariance ma-
trix used in the experiments is diagonal and thus all
vertical correlations between the retrieved refractivity































































