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Abstract: This study aimed to investigate the effect of assimilating either AMSU-A radiance data from
satellites, large-scale flows from the Global Forecast System (GFS), or both together, on improving the
track forecast of tropical cyclone (TC). The scale-selective data assimilation (SSDA) approach was
employed for the assimilation of large-scale GFS flows, while the conventional 3D variational data
assimilation (3DVAR) method was used for that of AMSU-A radiance data. The results show that
assimilating either AMSU-A radiance data or large-scale GFS flows has a significant improvement on
TC track forecast, but the improvement occurs within the first 72 h and after 72 h, respectively. When
assimilating both AMSU-A radiance data and large-scale GFS flows, the forecast can take advantage
of both data and thus lead to the smallest 5-day mean errors of the track forecast. These results are
instructive to future operational TC track forecasting.

Keywords: tropical cyclone (TC); track forecast; radiance data assimilation; scale-selective data
assimilation (SSDA)

1. Introduction

Tropical cyclones (TCs) occurring over warm tropical oceans are one of the most
severely disastrous weather systems. Accurate forecasting of TC tracks, especially landfall
locations, is a prerequisite for the formulation of an effective strategy for preventing and
mitigating TC-induced disasters. Though continuous improvements have been made over
the past several decades [1-6], considerable track forecast errors still exist, especially for
forecasting lead times of longer than 24 h, which are far from meeting the requirements
of disaster prevention and reduction. Therefore, TC track forecasting remains a major
challenge for weather forecasting in the world.

At present, numerical weather forecasting is one of the most widely-used TC forecast-
ing methods, which is a problem of initial condition to a great extent [7]. Thus, in order to
improve the forecasting accuracy, many new technologies or methods are being constantly
put forward by scientists to optimize the initial fields of a model, among which the use
of observations to directly correct the model initial conditions by data assimilation has
been proven to be quite effective. In the early days, due to poor observing techniques,
only a small amount of conventional observations was available. With the development
of satellite remote sensing technology, more and more reliable satellite observations are
available with a larger coverage area and higher spatial resolution for atmospheric infor-
mation; these data have been used in addition to conventional observations to improve
a given model’s performance in TC forecasting effectively through optimizing the model
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initial conditions [8,9]. In particular, the polar-orbiting meteorological satellite-borne Ad-
vanced Microwave Sounding Unit (AMSU) has the unique ability to penetrate through
deep cloud layers, except for precipitation clouds. It can detect vertical profiles of atmo-
spheric temperature and humidity, and its brightness temperature data are very useful for
reconstructing the mesoscale structure of a typhoon [10]. Zhang [11] used the Advanced
Television and Infrared Observation Satellite (TIROS)-N’s Operational Vertical Sounder
(ATOVS) microwave data in a three-dimensional variational data assimilation (3DVAR)
analysis to study typhoon structures as well as their variations in different periods over
the northwest Pacific Ocean; the study showed that ATOVS microwave data assimilation
can correctly describe the characteristics and changes of the 3D structure of typhoons over
the northwest Pacific Ocean, which cannot be obtained using conventional observations.
Since then, ATOVS radiance data have been widely used in the study of TC numerical
forecast/simulation, and radiance data assimilation has become a research hotspot in recent
years. Previous studies [12-16] have shown that assimilating ATOVS radiance data can
improve the initial conditions of a model, including the environmental fields and inner
structure of a TC, and is thus able to effectively improve the short-term forecasting accuracy
of a TC.

In addition, a method referred to as the scale-selective data assimilation (SSDA)
approach was proposed by Peng et al. in 2010 [17], and it has been successfully applied to
TC forecasting/simulation in the past few years [18-20]. In principle, the SSDA approach
takes into account the multi-scale features in both the observations and model output and
only adjusts the model variables on a selective scale through scale separation; technically,
the SSDA approach employs a band-pass digital filter and three-dimensional variational
data assimilation scheme to correct the large-scale bias by incorporating the large-scale
circulations from a global model into a regional model while keeping the regional-scale
details unchanged [17]. Studies have showed that both large- and small-scale flows can
benefit from the SSDA procedure, resulting in significant improvements in the TC track
and intensity forecast/simulation [18-20].

Radiance data assimilation is an effective method to improve the TC forecast accu-
racy of a model through an optimization of the model initial conditions. However, the
effects of radiance data assimilation usually rapidly attenuate with time, or even dimin-
ish after 2-3 days, due to the very fast decaying of the effects of the optimized initial
conditions [21,22]. Thus, radiance data assimilation might do little to improve the TC
forecast accuracy of a model for a longer forecast period. Although the rolling of data
assimilation can make up for the disadvantage and be adopted to improve the accuracy
of model simulation, it cannot be used in real-time numerical forecasts for the lack of
observational data in the future (i.e., forecasting time). The SSDA approach, on the other
hand, shows a large advantage in improving TC forecasts with lead times longer than
48 h [18,19], which is accomplished by assimilating large-scale components from global
model forecasts instead of real observations at a preset time. Therefore, it is interesting to
understand the combining effects of radiance data assimilation and the SSDA approach on
TC forecasts, which is the objective of this study.

In this study, we investigated the impacts of assimilating AMSU-A radiance using
the 3DVAR technique, assimilating large-scale GFS flows by the SSDA approach, and the
combination of both on TC track forecasting through case studies. The rest of this paper
is organized as follows. Section 2 briefly describes the model system and methodology.
Experiment design is detailed in Section 3. Section 4 presents the results and discussion,
followed by a summary in Section 5.
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2. Methodology
2.1. The WRF-ARW Model

The weather model used in this study is the Weather Research and Forecasting (WRF)
model utilizing the Advanced Research WRF dynamical core (WRF-ARW) [23], which was
developed by the National Center for Atmosphere Research (NCAR). There are different
dynamical cores and model physics packages accessible in the WRF framework. The
WRF-ARW is a non-hydrostatic, fully compressible, primitive equation model that uses
a terrain-following hydrostatic pressure coordinate and Arakawa C-grid staggering. In
addition, a data assimilation package (WRFDA) is encompassed as a broader component
of the WRF system. For more details about the model, readers can refer to Wang et al. [24].

2.2. The Data Assimilation System with SSDA Incorporated

In this study, the SSDA approach proposed by Peng et al. [17] is adopted to incorporate
the large-scale circulation from the global model forecasts into the WRF model, driving
the model from both the lateral boundaries and the domain interior. The SSDA employs
a low-pass filter to separate the large- and small-scale components of the forecasts (or
analysis) from both the global and the regional models. After the scale separation, a 3DVAR
technique is used to assimilate the large-scale components of the global model forecasts (or
analysis) into the regional model to adjust corresponding components periodically (i.e., at
the interval of SSDA implementation) as the model integrates forward. The small-scale
components of the circulation in the regional model are unconstrained and allowed to
freely develop in accordance with the dynamics and physics at a higher resolution. Details
about the approach can be referred to in previous studies [17-20].

2.3. Radiative Transfer Model—CRTM

For direct satellite radiance assimilation, a radiative transfer model (RTM), which
calculates radiance or brightness temperatures from the input atmospheric state variables,
should be incorporated into the WRFDA system. In this study, the Community Radiative
Transfer Model (CRTM) [25,26] developed by the Joint Center for Satellite Data Assimilation
(JCSDA) in the US is used. The model has already been integrated into the WRFDA
system as a part of observation operators, having a flexible and consistent user interface
since WRFDA v3.2.1. It includes four major modules, i.e., gaseous absorption model,
surface emissivity and reflectivity model, cloud and aerosol optical model, and radiative
transfer (RT) solution model [26]. The Optical Path Transmittance (OPTRAN) [27,28]
algorithm is used in the gaseous absorption model to calculate the gaseous absorption
for the given pressure, temperature, water vapor, and ozone concentration profiles. The
surface emissivity and reflectivity model, covering land, ocean, ice, and snow surfaces, is
divided into five smaller modules according to the spectral region and surface sub-type.
The cloud and aerosol optical model includes six cloud and eight aerosol types, with the
optical property pre-computed and stored in a lookup table, which is suitable for multiple
cloud/aerosol layers in a vertical column. The advanced doubling-adding method [29] is
used in the RT solution model to solve the RT equation.

2.4. AMSU-A Radiance Data and Its Processing

The radiometer AMSU-A is one of the most important components to the Advanced
Microwave Sounding Unit (AMSU). It is a cross-track, stepped-line scanning, and total
power radiometer with fifteen channels (Table 1) whose primary goal is to measure the
temperature profiles of the atmosphere. It observes the Earth with an instantaneous field-
of-view of 3.3° at the half-power points and a nominal spatial resolution of 48 km at
nadir. Because of the unique ability to penetrate through heavy cloud layers (except for
precipitation clouds) and gather information of the inner structure of a tropical cyclone, the
AMSU-A is especially useful for tropical cyclone studies.
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Table 1. Characteristics of the AMSU-A.

Channel Frequency (GHz) Peak Level Main Observation
1 3.8 Surface Surface Fqndition and the
precipitable water
2 314 Surface As above
3 50.3 Surface Surface emissivity
4 52.8 1000 hPa Atmospheric temperature
5 53.59 + 0.115 700 hPa Atmospheric temperature
6 54.4 400 hPa Atmospheric temperature
7 59.94 270 hPa Atmospheric temperature
AMSU-A 8 55.5 180 hPa Atmospheric temperature
9 Fro=57.29 90 hPa Atmospheric temperature
10 Fro £0217 50 hPa Atmospheric temperature
11 Fro £0.322 £ 0.048 25 hPa Atmospheric temperature
12 Fro £0.322 + 0.022 12 hPa Atmospheric temperature
13 Fro £0.322 £ 0.010 5hPa Atmospheric temperature
14 Fro £ 0.322 £ 0.0045 2 hPa Atmospheric temperature
Surface condition and the
15 89 Surface

precipitable water

It is well-known that some biases related to instrument calibration problems, RTM,
and the predictor and zenith angle bias exist. These biases are equivalent to those of the
air temperature in the short-term model prediction. Thus, it is essential to correct these
biases before radiance data assimilation. The processing includes correcting the relative
biases between measurements at different scan angles (Scan bias) with information on
the scan angle and a correction for the biases correlated with “air-mass” as sensed by
the measurements (air-mass bias). For a detailed description of these correction methods,
please refer to relevant publications [30-32]. In WRFDA, there are two schemes available
for bias correction. One is carried out using a set of co-efficient files pre-calculated with
an off-line statistics package based on the Harris and Kelly [32] method. The other is the
variational bias correction (VarBC) [30] scheme, which is of relative simplicity and was thus
used in this paper.

In addition, because many factors (such as weather conditions, ground conditions,
geographical locations, and so on) can cause large errors in satellite observations [12,15] and
the presence of a single data point with large errors can result in a substantial degradation
of the analyses and subsequent forecasts [30], quality control is vital and necessary prior to
data assimilation. In order to avoid assimilating poor-quality observations, the following
quality checks were carried out in this study: (1) performing a location check, which
includes removing observations outside the domain, removing observations on both ends of
each scan line, rejecting pixels over mixture surface, and rejecting channels with an absolute
value of zenith angle >45°; (2) excluding incomplete observations and observations with
duplicate locations/times by a thinning procedure to ensure the vertical consistency of
upper-air profiles and to keep the radiances relatively uncorrelated; (3) rejecting radiance
brightness temperature data outside the range of 150-350 K; (4) removing observations
contaminated by precipitation. The presence of precipitation is detected by means of the
scattering index (SI) and cloud liquid water (CLW) amount [33,34], respectively. If the SI is
>3 K or the CLW is >0.2 mm, the microwave radiances are assumed to be contaminated by
precipitation and are rejected; and (5) rejecting channels whose innovation (observation
minus background) is 3 times larger than the standard deviation of observation errors, as
well as those whose weighting function peak is above the model top or below the surface
pressure according to the peak energy contribution level of the sounder channel. Thus,
only data on channels 5-9 of AMSU-A are assimilated.

In general, only a small number of observations would be assimilated into the model
after the processing of bias correction and quality control. This is beneficial to the mini-
mization procedure in the variational data assimilation system. The number of radiance
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observations for different channels of different instruments used in the experiments in
Sections 3 and 4 is presented in Figure 1.
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Figure 1. The number of radiance observations for different channels of different instruments used in
the experiments in Sections 3 and 4.

3. Experiment Design

Super typhoon Megi (2010) was chosen as a test case for detailed analysis in this study.
Megi (2010) was one of the strongest typhoons in the northwestern Pacific since 1979; it
generated over the northwestern Pacific far to the east of the Philippines at 1200 UTC
13 October 2010 and reached its peak intensity (with a minimum central pressure of 895 hPa
and maximum surface wind speed up to 72 m/s) at 1200 UTC 17 October. After moving
westward into the South China Sea, Megi (2010) suddenly made a sharp northward turn
around 0000 UTC 20 October and finally landed at the coast of southern Fujian Province
in China at about 0455 UTC 23 October. It caused large threats on the safety of life and
property in southeastern China, and its sharp northward turn posed major challenges to
operational forecasters [35], with an over-prediction of westward motion by nearly all of
the official agencies, including the CMA, JTWC, and J]MA, which issued five-day track
forecasts during the period from 0000 UTC 17 October to 0000 UTC 19 October [4].

To perform TC track forecasts for Megi (2010), the WRF model was configured with
27 sigma levels in the vertical direction, with a model top of 50 hPa and two nested
domains with 36 km and 12 km grid spacing, respectively, in a Mercator map projection
(see in Figure 2). The parameterization schemes, which are needed for the boundary layer
turbulence, cumulus convection, microphysics of the phase transform among ice, water
and vapor, and short/long wave radiation, were employed as follows: the Bougeault and
Lacarrere (BouLac) TKE PBL scheme [36], the Kain—Fritsch cumulus scheme [37], the Ferrier
(new Eta) microphysics scheme [38], and the Dudhia shortwave [39] and rapid radiative
transfer model (RRTM) longwave [40] radiation scheme.

The experimental design in this study consisted of four forecasts that are summarized
in Table 2. In all of these experiments, the GFS analysis data at the initial time and the
afterward 384-h GFS forecasts at 6 h intervals with a 1.0° x 1.0° resolution from NCEP
were used for the initial conditions and boundary conditions of the WRF model, and the
model was integrated from 0000 UTC 18 October 2010 to 0000 UTC 23 October 2010. The
differences of these experiments are as follows. The first experiment was a control run
(denoted as CTL) without any data assimilation. In the second experiment (denoted as
RAD-DA), AMSU-A radiance data were assimilated into the WRF model using the 3DVAR
technique to improve the model initial conditions. In the third experiment (denoted as GFS-
DA), the large-scale wind components with wavelengths longer than 2151 m (corresponding
to a cutoff wave number of four) above 850 hPa from the GFS global model forecasts were
assimilated into the WRF model at an interval of 12 h using the SSDA approach. The
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fourth experiment (denoted as COM-DA) employed the data assimilation scheme, which
combined the AMSU-A radiance data assimilation with the SSDA approach; i.e., AMSU-A
radiance data were assimilated into the model using the 3DVAR technique at the initial
time, and then large-scale wind fields with wavelengths longer than 2151 m above 850 hPa
from the GFS global model forecasts were assimilated into the WRF model after 48 h at
an interval of 12 h using the SSDA approach (Figure 3). The JTWC tropical cyclone best
track data and NCEP GFS global analyses were used to validate the results of the WRF
simulation corresponding to the above four experiments.

Figure 2. The model domains of the WRF used for all experiments.

Table 2. Experiments designed in the study.

Exp. No. Exp. Name Data Assimilated Assimilation Method Used
1 CTL No No
2 RAD-DA AMSU-A Radiance Data 3 DVAR technique
3 GFS-DA large-scale GFS flows Scale-Selective Data Assimilation
4 COM-DA AMSU-A Radiance Data and 3DVAR technique and
large-scale GFS flows Scale-Selective Data Assimilation

2010/10/18 2010/10/19 2010/10/20 2010/10/21 2010/10/22  2010/10/23
00_00 00_00 00_00 00_00 00_00 00_00

e

AMSU-A radiance SSDA SSDA SSDA SSDA SSDA SSDA
data assimilation

—>—&Em— |

Figure 3. Diagrams schematically illustrating the data assimilation scheme for the COM-DA experiment.
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4. Results and Discussion

The TC track position error (TPE, in km) is defined as the great circle distance between
the “observed” and the forecast TC center (defined as the location of the minimum sea level
pressure), valid at the same time according to the following formulas [41,42]:

TPE = 111.11 cos ~ ![sin @ sin @f + cos @g cos g cos(Ag — Af)],

where ¢g (¢5) and Ag (A f) are the latitude and longitude of the “observed” (forecast) TC
center, respectively.

4.1. Forecasted Tracks from Different Experiments

Figure 4 shows the observed and forecasted track of Megi (2010) as well as the corre-
sponding errors for all experiments. It is clear that all three data assimilation experiments,
including RAD-DA, GFS-DA, and COM-DA, perform better than CTL in terms of track
forecast. The forecasted track from CTL deviates to the east of the best track. It curves
northward earlier and moves much faster than the best track. After optimizing the initial
conditions through assimilating AMSU-A radiance data into the model (RAD-DA), the
forecasted track steers west—southwest towards the “observed” track, and the smallest TPE
is obtained in the first 3 days. However, the TC then moves much faster to the northeast,
similarly to that in CTL. For the GFS-DA experiment, assimilating large-scale flows from
the GFS global model forecasts to adjust corresponding components in the regional model
periodically at preset intervals not only slows the northeastward track down, but also
steers it west-southwest to be closer to the observed track, and thus results in significant
improvements in the track forecast of Megi (2010) compared with that from the CTL ap-
proach. Though RAD-DA slightly outperforms GFS-DA in the first 72 h, the latter performs
much better than the former after 72 h. When assimilating both AMSU-A radiance data
and large-scale GFS flows by combining the approaches used in RAD-DA and GFS-DA, the
forecasted track from COM-DA steers west-southwestward to be closer to the “observed”
one than that from CTL in the first 48 h (which is similar to that from RAD-DA), and then
follows that from GFS-DA, leading to the smallest TPEs nearly in all 5 days of forecasts.
Detail analyses are presented in the following paragraphs.

Latitude

- 900 T T T T
] ®) |
CTL 800
—0—GFS-DA |
RAD-DA 700
—>—COM-DA|
4g=o—oBs || ¢ 600 /
< 500t y 1
18
= 400} / i
300
200} O .
100} o R/ oo
L L L i I v : . 7 e -
110 115 120 . 125 130 135 1%_00 - 19_00 20_00 21_00 22 00 23_00
Longitude Time(date)

Figure 4. Forecasted (a) tracks of typhoon Megi (2010) and (b) corresponding errors (unit: km) for
experiments; CTL (in red), RAD-DA (in green), GFS-DA (in purple), and COM-DA (in blue). The
best-track from the JTWC (OBS, in black) is also given as a reference.

4.2. Analysis and Discussion

Because the same observations have been assimilated into the WRF model in RAD-
DA and COM-DA, the initial conditions after the assimilation should be the same and
thus only those for RAD-DA are shown here. Figure 5 presents the initial temperature
and its increment against CTL at different vertical layers in RAD-DA. Compared with
CTL (not shown), the temperature structure at these levels does not appear to change
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after assimilating the radiance data. However, the increment field (contour line) indicates
that the temperature increases (decreases) at the lower and middle (upper) layers of the
atmosphere over the western and northwestern areas of the TC center. This may cause
temperature stratification that is more unstable in these regions. According to the study
by Chen et al. [43], which shows that a TC has the trend to move towards the region with
high unstable stratification regarding to temperature and/or humidity, such an adjustment
of temperature field after the assimilation of AMSU-A radiance is beneficial for the TC to
move towards the west first and then turn to the north. The initial geopotential heights at
500 hPa in Figure 6 indicate that, after the assimilation of AMSU-A radiance, the subtropical
high to the north of the TC center in RAD-DA is much stronger than that in CTL. Besides,
the mean wind increments at 500-700 hPa for RAD-DA against CTL (Figure 6b) show
that there is an anomalously anticyclonic flow, with its southeast branch locating at the
TC center forecasted by RAD-DA. All these adjustments of the initial conditions after
the assimilation of AMSU-A radiance would inevitably lead to changes of the large-scale
environmental fields and the steering flows, which would favor the west-southwestward
movement of the TC.

200hPa 500hPa

30N 30N

15N
10N

10N

5N

105E  110E  115E 1256 130E  135E 106 110E  115E  120E  125E  130E  135E

700hPa 850hPa
30N

25N

20N

15N

10N

5N

105E 110E 115E 120E 125E 130E 135E 105E 110E 115E 120E 125E 130E 135E

Figure 5. Initial temperature (shaded, unit: K) and temperature increment (RAD-DA minus CTL,
contour, unit: K) at 200 hPa, 500 hPa, 700 hPa, and 850 hPa for the RAD-DA experiment.
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Figure 6. Initial geopotential heights (shaded, unit: gpm) at 500 hPa for the (a) CTL and (b) RAD-DA
experiments, superimposed by the mean wind increments (RAD-DA minus CTL, arrows, unit: m/s)
at 500-700 hPa.

In the GFS-DA experiment, the large-scale wind fields forecasted by the GFS global
model system were assimilated into the model at an interval of 12 h, starting at the 12th
hour of the model integration to adjust the large-scale wind components. As such, the
biases of large-scale wind fields for GFS-DA were reduced substantially compared with
CTL (Figure 7). Figure 8 displays the root-mean-square errors (RMSEs) of large-scale u and
v components for all experiments against the corresponding components of GFS analysis.
Compared with CTL, the RMSEs of the large-scale wind components for RAD-DA only
slightly decrease at lower layers, while the RMSEs for GFS-DA and COM-DA significantly
decrease at nearly all vertical levels, with those for COM-DA being the smallest.

()

//////quﬁ
| 1/ /7 0] Y

NS
\\‘

80E O90E 100E 110E 120E 130E 140E 150E 160E 80E 90E 100E 110E 120E 130E 140E 150E 160E

Longitude _30mis Longitude _30ms

Figure 7. Biases of large-scale wind fields at 200 hPa for experiments (a) CTL and (b) GFS-DA against
those in GFS analysis valid at 1200 UTC 19 Oct 2010 (right after the SSDA implementation; unit:
m s—1). TC locations are indicated in red circles.
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Figure 8. Vertical profile of 5-day mean RMSEs of large-scale (a) u and (b) v components for each
experiment against the corresponding components in the GFS analysis, averaged over all grids in the
inner domain. (unit: m s—1).

The geopotential heights at 500 hPa valid at 0000 UTC every day for all experiments
are displayed in Figure 9. It is evident that the subtropical high to the north of the TC
center in the three data assimilation experiments is much stronger than that in CTL before
the TC track turns north, which is beneficial for the TC to move westward. Furthermore,
because AMSU-A radiance data have been used to optimize the model initial conditions
by the 3DVAR technique, the subtropical high in RAD-DA is stronger than that in GFS-
DA, resulting in a better performance of RAD-DA in the forecast of the westward TC
track before the big curvature as compared with that of CTL or GFS-DA. After 0000 UTC
20 October, however, the subtropical high in RAD-DA rapidly weakens and steers the TC to
quickly move northeastward similar to that in CTL. The subtropical high slowly weakens
in the GFS-DA experiment, with a spatial pattern that facilitates the TC to move northward
instead of northeastward, resulting in a better performance of GFS-DA in the forecast of the
northward TC track after the big curvature as compared with that of CTL or RAD-DA. For
the COM-DA experiment, because both the initialization using the AMSU-A radiance data
as that in RAD-DA and the large-scale flow adjustment using the SSDA technique as that
in GFS-DA are carried out, the subtropical high keeps both the feature found in RAD-DA
before the big curvature and that found in GFS-DA after the big curvature, leading to the
best performance of the track forecast among all experiments with respect to the entire life
cycle of Megi (2010).

As a TC is mainly guided by the large-scale environmental steering flows [44—48], here
we calculate the steering flows through averaging the wind vectors in the vertical levels
between 700 hPa and 500 hPa along a 5°-7° radial band from the TC center. Figure 10
shows the u and v components of the environmental steering flows valid at different
forecast time for all experiments. The steering flows forecasted by CTL and RAD-DA
obviously deviate those from GFS analysis after 72 h, which corresponds to the large TPEs
in the last 48 h for the two experiments. Enhanced southwestward (negative u and v
components) steering flows in the early stage and enhanced northeastward (positive u and
v components) steering flows in the later are obtained in the RAD-DA experiment with the
assimilation of AMSU-A radiance data. Such an adjustment of steering flows in RAD-DA
drives an enhanced southwestward (northeastward) movement of the TC in the early (later)
stage, resulting in the smallest TPE in the first 72 h and a larger TPE later. For GFS-DA, the
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strength of both southerly (positive v component) and westerly (positive u component) of
the steering flows in the later stage are significantly reduced as compared with those in CTL
and RAD-DA due to the assimilation of large-scale wind components from the GFS global
model forecasts, which slows down the northward movement of Typhoon Megi (2010) and
steers it west toward the best track. It is worth noting that the adjustment of the steering
flows in GFS-DA is relatively small at the beginning; however, it obviously increases after
72 h, which is why larger improvement in the track forecast from GFS-DA is seen after
72 h. It is apparent that the steering flows in COM-DA remain the same as those found in
RAD-DA during the first 48 h and become more similar to those found in GFS-DA.

GFS-DA RAD-DA COM-DA

-

5930

5920

5910

5900

5890

5880

D,

/| /|

Wt N

Figure 9. Geopotential heights (unit: gpm) at 500 hPa, valid at 0000 UTC of 18-23 Oct 2010 for
experiments CTL, RAD-DA, GFS-DA, and COM-DA.
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Figure 10. Values of the (a) u and (b) v components of the steering flows at different forecast times
for each experiment (unit: m s 1). The steering flows from the GFS analysis (OBS, in black) are also

given as references.

For a further assessment on the effect of assimilating both AMSU-A radiance data
and large-scale GFS flows, we carried out the same experiments (TCL, GFS-DA, RAD-DA,
and COM-DA) as above with a different initialization time for Megi (2010) as well as for
another strong typhoon Nesat (2011), which has completely different track, as depicted in
Table 3. The experiments for Megi (2010) and for Nesat (2011) were initialized every 6 h
from 0000 UTC 17 Sep 2010 to 1800 UTC 18 Sep 2010 and from 0000 UTC 24 Sep 2011 to
1800 UTC 25 Sep 2011 to create 5-day forecasts, respectively. Thus, there are eight runs for
each experiment for both Megi (2010) and Netsat (2011).

Table 3. Experiments included for further assessments in the study.

Exp. Name Megi Nesat
CTL 8 runs of 5-day forecast 8 runs of 5-day forecast
RAD-DA initialized every 6 hours from  initialized every 6 hours from
GFS-DA 0000 UTC 17 Sep 2010 to 1800 0000 UTC 24 Sep 2011to 1800
COM-DA UTC 18 Sep 2010 UTC 25 Sep 2011

Table 4 presents the mean track forecast errors of Megi (2010) and Nesat (2011) for
different forecast periods for each experiment. Generally, the 5-day mean TPEs from GFS-
DA, RAD-DA, and COM-DA are reduced compared with CTL, and COM-DA has the
smallest 5-day mean TPEs of 120.4 km and 268.3 km for Megi (2010) and Nesat (2011),
respectively. As for different forecast periods, the TPEs from RAD-DA are smaller (larger)
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than those from GFS-DA before (after) the first 72 h, and COM-DA performs the best for
the forecast periods of 12 h, 36 h, 48 h, 60 h, 72 h, 84 h, and 96 h for Megi (2010) and 12 h,
24 h, 36 h, 48 h, and 60 h for Netsat (2011). Therefore, while assimilating AMSU-A radiance
data and large-scale GFS flows can achieve the largest improvement of track forecast for
forecast periods within 72 h, it could be case dependent for those beyond 72 h.

Table 4. Mean track forecast errors of Typhoon Megi (2010) and Nesat (2011) at different forecast
periods for the CTL, GFS-DA, RAD-DA, and COM-DA runs (unit: km).

Forecast Period (h) TPEs of Megi (2010) TPEs of Nesat (2011)
and (No. of Cases) CTL GFS-DA RAD-DA COM_DA CTL GFS-DA RAD-DA COM_DA
12(8) 73.4 73.4 58.4 58.4 114.8 111.8 89.3 89.3
24(8) 67.9 69.6 74.1 74.1 134.2 149.1 93.1 93.1
36(8) 82.7 76.3 74.3 74.3 215.7 184.7 142.5 142.5
48(8) 1275 115.6 98.9 98.9 285.6 215.5 188.4 188.4
60(8) 150.0 130.6 127.2 122.5 353.0 251.8 248.7 229.8
72(8) 147.4 152.9 187.1 126.1 434.6 259.3 311.0 269.4
84(8) 197.6 166.7 292.8 142.3 526.2 307.0 390.2 327.8
96(8) 296.5 163.1 426.7 138.0 617.5 348.1 472.6 375.4
108(8) 378.9 151.0 535.6 166.1 748.8 430.4 595.6 453.5
120(8) 449.9 174.5 652.8 203.5 923.2 480.7 770.4 513.5
Mean errors 197.2 127.3 252.8 120.4 435.4 273.8 330.2 268.3

5. Summaries

Reducing track forecast errors still remains one of top priorities in TC forecasting for
forecasters for the sake of improving evacuation planning and disaster mitigation. In order
to evaluate the effect of radiance data assimilation by the 3DVAR technique, large-scale GFS
flows data assimilation by the SSDA approach and combining the use of both in TC track
forecasting, a set of experiments using different data assimilation schemes was performed
on Typhoon Megi (2010). The results indicate that AMSU-A radiance data assimilation for
the model initialization was effective and better than the SSDA approach in improving the
track forecast in the first 3 days. However, the improvements from AMSU-A radiance data
assimilation vanish after 3 days because of the rapid decay of the effect of the optimized
initial conditions with forecasting time. Assimilating large-scale wind components from
GFS global model forecast into the regional model periodically at a preset time by the SSDA
approach directly improves the large-scale environmental fields through correcting the
large-scale bias of the regional model forecasts and is more effective than the AMSU-A
radiance data assimilation in improving TC track forecasts for forecasting periods longer
than 72 h. Assimilating both AMSU-A radiance data and large-scale GFS flows inherits the
advantages of the both, not only optimizing the model initial conditions but also correcting
the large-scale bias of the regional model forecasts, thus leading to the smallest 5-day
mean TPEs; however, the improvement could be case dependent for the forecast periods
beyond 72 h.

The effect of combining the use of radiance data assimilation and the SSDA approach,
however, is still subject to a statistical assessment through a number of TC cases before it
can be applied in operational TC track forecasts. Moreover, the setting of some parameters
in the SSDA approach, such as the cut-off wave numbers for large scale component and the
time interval of SSDA cycle, is also adjustable for different regions. These will be part of
our work in the future.
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