JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D18113, doi:10.1029/2012JD017687, 2012

Impact of assimilating airborne Doppler radar velocity data
using the ARPS 3DVAR on the analysis and prediction
of Hurricane Ike (2008)

Ningzhu Du,'* Ming Xue,>** Kun Zhao,>* and Jinzhong Min'
Received 24 February 2012; revised 1 August 2012; accepted 3 August 2012; published 25 September 2012.

[11 The ARPS 3DVAR data assimilation system is enhanced and used for the

first time to assimilate airborne Doppler radar wind observations. It is applied to
Hurricane Ike (2008), where radar observations taken along four flight legs through

the hurricane vortex 14 to 18 h before it made landfall are assimilated. An optimal
horizontal de-correlation scale for the background error is determined through sensitivity
experiments. A comparison is made between assimilating retrieved winds and assimilating
radial velocity data directly. The effect of the number of assimilation cycles, each
analyzing data from one flight leg, is also examined. The assimilation of retrieved

wind data and of radial velocity data produces similar results. However, direct assimilation
of radial velocity data is recommended for both theoretical and practical reasons.

In both cases, velocity data assimilation improves the analyzed hurricane structure

and intensity as well as leads to better prediction of the intensity. Improvement to the
track forecasting is also found. The assimilation of radial velocity observations from all
four flight legs through intermittent assimilation cycles produces the best analyses and
forecasts. The first analysis in the first cycle tends to produce the largest analysis
increment. It is through the mutual adjustments among model variables during the forecast
periods that a balanced vortex with lowered central pressure is established. The wind
speeds extracted from the assimilated model state agree very well with independent surface
wind measurements by the stepped-frequency microwave radiometer onboard the aircratft,
and with independent flight-level wind speeds detected by the NOAA P-3 aircraft in-flight

measurements. Twenty-four hour accumulated precipitation is noticeably improved

over the case without radar data assimilation.

Citation: Du, N., M. Xue, K. Zhao, and J. Min (2012), Impact of assimilating airborne Doppler radar velocity data using the
ARPS 3DVAR on the analysis and prediction of Hurricane Ike (2008), J. Geophys. Res., 117, D18113,

doi:10.1029/2012JD017687.

1. Introduction

[2] A hurricane is one of the most intense forms of natural
disaster. Accurate predictions of a hurricane’s track, inten-
sity and structure near its landfall are crucial for the protec-
tion of life and property in coastal regions. Significant
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improvement has been made for hurricane track forecasting
in the past two decades, but the prediction of hurricane
intensity has seen much less improvement [Elsberry, 2005;
Houze et al., 2007; Davis et al., 2008]. As pointed out by
Houze et al. [2007], intensity prediction depends heavily on
the inner-core vortex dynamic and thermodynamic struc-
tures and their evolutions; obtaining accurate analyses of the
inner-core structures is therefore important.

[3] Toward that goal, observational data with high tem-
poral and spatial resolutions in the hurricane inner-core
region are needed. Conventional observations are too sparse,
particularly over the ocean, to measure the hurricane’s inner
core. Most satellite data over the hurricane inner-core area
are contaminated by heavy precipitation. Doppler weather
radar becomes the only available platform that can provide
such observations. However, the measurement parameters
are limited to the radial velocity (Vr) and reflectivity (Z),
which are not model state variables. This makes it necessary
to use advanced data assimilation methods capable of
‘retrieving’ state variables not directly observed.
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[4] Studies have shown that hurricane inner-core structures
can be analyzed from either ground-based or airborne Doppler
radar (ADR) data [e.g., Blackwell, 2000; Marks and Houze,
1984, 1987; Reasor et al., 2000; Gamache, 2005]. Studies
that assimilate Doppler radar data into numerical weather
prediction (NWP) models did not start to appear until recent
years. Xiao et al. [2007] showed that assimilating reflectivity
data from one coastal radar using a 3DVAR system improved
inland forecasting of a landfalling typhoon. Their study used
a 3-hourly assimilation cycle that is considered long com-
pared to the radar volume scan interval. Zhao and Jin [2008]
assimilated coastal WSR-88D radar radial velocity and reflec-
tivity data within the landfall region of Hurricane Isabel
(2003) into the Navy’s Coupled Ocean/Atmosphere Meso-
scale Prediction System (COAMPS), using the COAMPS
3DVAR system. Their results indicated positive impacts of
radar data on the hurricane vortex initialization, and on the
structure, intensity and precipitation forecasts. Xiao et al.
[2009] assimilated reflectivity data and winds pre-retrieved
from radial velocity data of a radar onboard the NOAA P-3
reconnaissance aircraft for Hurricane Jeanne (2004), Katrina
(2005) and Rita (2005) during their rapid intensification
and subsequent weakening phases near landfall. The WRF
[Skamarock et al., 2005] 3DVAR system was used with a
single time analysis. Their study concluded that the assimi-
lation of the ADR data improved the analysis of hurricane
vortex structures and the subsequent intensity forecasts.
Using the same WRF 3DVAR system, Pu et al. [2009] also
assimilated ADR retrieved wind and reflectivity data for
Hurricane Dennis (2005). The findings showed that the
assimilation of reflectivity data had a notable influence on
the thermal and hydrometeor structures of the initial vortex
and on the precipitation structure in the subsequent forecasts,
while the assimilation of radar wind data resulted in significant
improvement in the intensity and precipitation forecasts. The
hurricane intensification, landfall, and weakening during the
simulation period were better captured when both reflectivity
and wind data were assimilated.

[5] Both Xiao et al. [2009] and Pu et al. [2009] analyzed, at
a single time, the ADR wind data pre-retrieved into the hori-
zontal wind components on regular Cartesian coordinates
using a separate 3DVAR procedure [Gamache, 2005]. Using
the ensemble Kalman filter (EnKF) method, Zhang et al.
[2011] assimilated ADR radial velocity data directly for hur-
ricane forecasts using the WRF model at a convection per-
mitting resolution. By assimilating data from over 60 NOAA
P-3 airborne Doppler radar measurement missions from the
2008-2010 Atlantic hurricane seasons, they showed the
promise of ADR radial velocity data for improving hurricane
intensity forecasts. Using the same system, Weng and Zhang
[2012] documented the positive impacts of airborne Doppler
radar winds on the prediction of Hurricane Katrina (2005).

[6] Despite the studies cited above, the assimilation of
airborne Doppler radar data into an NWP model for tropical
cyclone forecasts is still at a stage of infancy. The first two
studies cited used the WRF 3DVAR system with a single
time analysis of pre-retrieved wind data while the latter two
used the more sophisticated EnKF method to assimilate
radial velocity data directly at hourly intervals for a couple of
times. All four studies used the Advanced Research WRF
model. A more recent study by Li et al. [2012] has docu-
mented issues with the WRF 3DVAR analysis of radial
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velocity data using the typical static background error
covariance, which would also prevent the use of short
assimilation cycles. Clearly, research on the airborne radar
data assimilation and investigation of alternative methods,
for different tropical cyclone cases, is still needed to further
improve the assimilation performance and document the
general impacts of the ADR velocity data. In this study,
Hurricane Ike (2008) is used as a testbed for examining the
impacts of ADR velocity data when assimilated using a
3DVAR method.

[7] Recently, Zhao and Xue [2009] applied the 3DVAR and
cloud analysis system of the Advanced Regional Prediction
System (ARPS) [Xue et al., 2003; Gao et al., 2004; Hu et al.,
2006a] to assimilate observations from two coastal ground-
based WSR-88D radars for landfalling Hurricane Ike (2008).
In the study, radial velocity and reflectivity were assimilated
over a 6 h period before Ike’s landfall, at 30 min intervals. All
experiments that assimilated radial velocity and/or reflectiv-
ity data produced better structure, intensity and precipitation
forecasts than those from operational GFS analysis. The
radial velocity data were found to help improve the track
forecast more while reflectivity data helped improve intensity
forecast most. The best results were obtained when both radial
velocity and reflectivity data were assimilated. The ARPS
3DVAR system was developed specifically with assimilation
of high-frequency radar data in mind [e.g., Hu and Xue, 2007]
while the study by Zhao and Xue [2009] was the first suc-
cessful application of the system to a hurricane case. A more
recent study by Zhao et al. [2012b] documents further success
in applying the system to a Pacific typhoon case. This system
has not been applied to airborne Doppler radar data, however.
The EnKF method is theoretically more advanced. However, it
costs much higher computational resources. Therefore, the
performance of the much cheaper 3DVAR method is still
worth being investigated.

[8] In this study the APRS 3DVAR system is enhanced to
be able to assimilate airborne Doppler radar radial velocity
data. Hurricane Ike (2008) is chosen as the test case because of
the availability of the airborne radar data one to two days prior
to its landfall and the same case was used in Zhao and Xue
[2009], which assimilated coastal radar data. Two types of
radar wind data are tested. One is composed of pre-retrieved
wind components produced by the Hurricane Research Divi-
sion (HRD) of AOML (Atlantic Oceanographic & Meteoro-
logical Laboratory) in real time [Gamache et al., 2004;
Gamache, 2005], and the other is the radial velocity data
before any retrieval (referred to as Vr). The former was the
type used in Xiao et al. [2009] and Pu et al. [2009]. The rel-
ative performance of the two types of data will be compared.
We will examine the ability of these data in producing realistic
internal structures of hurricane vortices, the effects of the
3DVAR configurations, including the spatial correlation
scales of the background error covariance and the number of
assimilation cycles. Verifications against independent in situ
and remotely sensed observations in the inner-core region will
be made, and the impacts of the radar data assimilation on the
subsequent forecast of Ike will be examined.

[9] The rest of this paper is organized as follows. In section 2,
a brief review of Hurricane Ike and the ADR observations
are given. The methodology for assimilating the ADR wind
data and the experimental design are described in section 3.
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Figure 1. The hurricane analysis and forecast domain used
and the observed (best track) positions (black solid line) of
Hurricane Ike from 1200 UTC 12 September to 1800 UTC
13 September, 2008. The shaded gray segment of the track
corresponds to the period of 4 data assimilation cycles in this
study. Hurricane center positions are plotted at times best
track data are available. The intervals between best track
data are uneven.

Sections 4 and 5 present the results while the summary and
conclusions are provided in section 6.

2. Hurricane Ike (2008) and Airborne Doppler
Radar Data

2.1. A Brief Depiction of Hurricane Ike (2008)

[10] Hurricane Ike started as a tropical disturbance off the
west coast of Africa near the end of August, 2008. It was the
third most destructive Atlantic hurricane on record to make
landfall in the United States, after Hurricanes Andrew (1992)
and Katrina (2005). According to Berg [2009], when Ike
moved west-northwestward over the tropical Atlantic, it
strengthened and became a tropical storm on 1 September. It
further intensified to hurricane strength on 3 September, and
then rapidly reached its peak intensity of Category 4, with
the maximum sustained wind speed reaching 64 m s™' on
4 September. In the next few days, Ike weakened and tempo-
rarily fell below major hurricane status after passing over
Great Inagua in the Bahamas, but then rapidly intensified to
Category 4 strength again over a 6 h period as deep convection
redeveloped in its northern semicircle. After that, it weakened,
after passing near and over Cuba, and moved into the Gulf
of Mexico. Over the Gulf of Mexico, Ike moved slowly
northwestward with maximum sustained winds strengthening
to 43 ms ' on 10 September. It moved west-northwestward
again later on 10 September, accompanied by an eyewall
replacement phenomenon: the contraction of the outer eyewall
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occurred, the inner eyewall dissipated, and finally the con-
tracted outer eyewall became the more dominant feature by
1800 UTC 11 September. Therefore, Ike lost some of its
inner core convection and a large wind field developed on
12 September. These circumstances made it difficult to
intensify rapidly. At 0700 UTC 13 September, Ike turned to
the north-northwest and made landfall, as Category 2 strength,
along the north end of Galveston Island, Texas. It weakened to
a tropical storm by 1800 UTC 13 September.

[11] This study focuses on the time period of near landfall
from 1200 UTC 12 September to 1800 UTC 13 September,
2008 (Figure 1). There are two reasons for this selection: first,
the prediction of hurricanes near landfall is of great impor-
tance and has direct influence on human lives and proper-
ties along coastal regions; second, ADR data are available
between 1200 UTC and 1800 UTC 12 September.

2.2. A Brief Description of Airborne Doppler Radar
Velocity Data

[12] The airborne Doppler radar data used in this study
were gathered by the NOAA 43RF aircraft which partici-
pated in an Environmental Modeling Center (EMC) Tail
Doppler Radar mission. The radar operated at the X-band.
The retrieved velocity data we used are the horizontal wind
components, derived by HRD from radial velocity data using
a 3DVAR technique after automatic quality control includ-
ing sea clutter and noise removal and velocity de-aliasing
[Gamache, 2005]. The 3DVAR retrieval algorithm used is
similar to the one documented in Gao et al. [1999] which is
also the basis of the ARPS 3DVAR [Gao et al., 2004]. Since
the retrieved velocity data are already the horizontal wind
components, they can be assimilated like conventional obser-
vations without any special observation operator. While they
are much easier to use in realtime applications, the pre-retrieval
step does consume valuable time. In the data assimilation
field, it is generally preferable to directly assimilate the original
form of observations whenever possible. The pre-retrieval step
can also introduce error correlation among the retrieved data,
which is difficult to characterize while data assimilation sys-
tems commonly assume the observation errors are uncorre-
lated. Further, the pre-retrieval procedure is often less optimal
than the full data assimilation procedure where information
from all sources is considered together. It is therefore worth-
while to compare the relative performance of directly assimi-
lating Vr data to the assimilation of retrieved wind data; this is
done in this study.

[13] Figure 2 shows the horizontal distributions of the
ADR radial velocity data aggregated from all levels for the
four flight legs. The time periods of those flight legs are 1235
to 1329 UTC, 1358 to 1451 UTC, 1511 to 1558 UTC, and
1621 to 1715 UTC 12 September, 2008, respectively. The
flights passed through the vortex center at 1308, 1420, 1540
and 1640 UTC, respectively. Before assimilating the ADR
radial velocity data, a pre-processing procedure is applied.
The observations are thinned along each radar beam. Because
the model horizontal grid spacing is 4 km and the gate space
is 150 m along the radar beams, radial velocity data of every
30 gates are averaged along each beam to give ‘superobs’ of
about 4.5 km intervals giving a radial resolution similar to
that of model grid. The processed data remain on the radar
beams and are directly analyzed by the 3DVAR as such.
Because the airborne radar is constantly moving, radar
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Figure 2. Horizontal distributions of airborne Doppler radar radial velocity observations aggregated from
all levels for Hurricane Ike at four flight legs: (a) 1235-1329 UTC, (b) 1358-1451 UTC, (c) 1511-1558
UTC, and (d) 1621 to 1715 UTC, 12 September, 2008. The black filled diamond stands for vortex center
recorded at 1308, 1420, 1540 and 1640 UTC, and the thick black line in each panel indicates the flight track.

locations coded with individual beams are used in the radial
velocity observation operator that interpolates the model
velocity to the superob locations then projects it to the radial
direction. In comparison, for ground-based radar data, the
ARPS 3DVAR system uses radial velocity data that have
been mapped to the model grid points in the pre-processing
step [Brewster et al., 2005; Hu et al., 2006b].

[14] In our experiments, radial velocity data collected
within each flight leg are considered to be valid and analyzed
by the 3DVAR at the time when the flight passed the hurri-
cane center. Figure 3 shows, as an example, the vertical dis-
tribution of the number of radial velocity data of the first
flight leg, from 1235 to 1329 UTC (Figure 2a). The vertical
distributions for the other three times are similar. As can

be seen, most data are found between 1 to 10 km, and the
majority is between 1 and 4 km.

3. Assimilation Methodology and Experiment
Design

3.1. ARPS Model Domain and Configurations

[15] The numerical model used in this study is ARPS, a
multipurpose, three-dimensional, non-hydrostatic, and com-
pressible NWP model developed by the Center for Analysis
and Prediction of Storms (CAPS), the University of Okla-
homa [Xue et al., 2000, 2001, 2003]. As in Zhao and Xue
[2009], the general physics configurations for all experi-
ments in this study include the Lin six-class microphysics
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Figure 3. Vertical profile of the number of airborne Doppler radar radial velocity observations at 1308 UTC

12 September, 2008.

scheme [Lin et al., 1983], Goddard longwave and shortwave
radiation schemes, a 2-layer soil model, and the 1.5-order
TKE-based subgrid-scale turbulence mixing PBL parame-
terization. The numerics used include fourth-order advection
in both horizontal and vertical, a rigid top boundary condi-
tion combined with a wave absorbing layer, and fourth-order
computational mixing. A more detailed description of these
options can be found in Xue et al. [2000; 2001]. The lateral
boundary conditions (LBCs) are provided from 6-hourly
NCEP GFS analyses combined with 3 h GFS forecasts at
0.5° resolution.

[16] A model domain with a 4 km horizontal grid spacing
is used for this study (Figure 1). The grid dimensions are
803 x 883 x 53 in the east—west, north—south, and vertical
directions, respectively. The grid is stretched in the vertical,
with a minimum vertical grid spacing of 50 m near the
surface and an average vertical resolution of 0.5 km. Grid
stretching is calculated according to a hyperbolic tangent
function of height [Xue et al., 1995]. The physical domain
centered at 32.50°N, 93°W is 3200 km x 3520 km x 25 km,
covering the entire circulation of Ike as well as its surround-
ing environment for the analysis and forecast period. The
initial background in all experiments is from the 0.5° NCEP
GFS operational analysis at 1200 UTC 12 September, 2008.

3.2. The ARPS 3DVAR Analysis System

[17] The ARPS 3DVAR utilizes an incremental form of the
cost function that includes the background, observation and
equation constraint terms. The three wind components, u, v,
and w are used directly as the control variables [Gao ef al.,

2004] and they are directly updated by the 3DVAR when
analyzing radial velocity data. Because the airborne data
remain on the radar beams, the radial velocity observation
operator includes first an interpolation of model wind com-
ponents to the observation location then the projection of
the velocity to the radial direction. The latter is the same as
that used for ground-based radar data in the ARPS 3DVAR,
except that the radar location changes with each beam. When
assimilating the retrieved velocity data, which are the two
horizontal wind components already, they are treated like
convectional data in the ARPS 3DVAR.

[18] The analysis increments are obtained by minimizing
the 3DVAR cost function. The background error covariance
assumes Gaussian spatial correlation but neglects cross-
correlations between variables. The Gaussian spatial covari-
ance is modeled by a recursive filter. The observation errors
are assumed to be uncorrelated resulting in a diagonal matrix
for the observation error covariance. Following Xiao et al.
[2009] and Pu et al. [2009], the observational error for
retrieved horizontal wind data and ADR radial velocity data is
empirically set as 2.0 m s~ '. A weak anelastic mass continuity
constraint is imposed on the wind field to link up the wind
components and ensure mass continuity [Gao et al., 2004].
The ARPS 3DVAR allows for the use of different spatial error
de-correlation scales for different types of observations and
the correlation scales are usually chosen based on the density
of observational network. In this study, we perform a set of
experiments to determine the optimal horizontal correlation
scale for our data set and application.
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Table 1. List of Experiments®
Horizontal
Radar De-correlation Assimilation 24 h Mean 24 h Mean 24 h Mean
Group Experiment Data Scale (km) Cycles Track Error (km) minSLP Error (hPa) MSW Error (m s~ ')
Control CTRL None N.A. N.A. 26.0 15.1 8.3
Group 1 VrC4S10 Vr 10 4 233 11.5 8.4
VrC4S40 Vr 40 4 17.8 9.2 8.2
VrC4S60 Vr 60 4 20.9 8.8 7.6
VrC4S80 Vr 80 4 26.1 9.8 8.1
VrC4S100 Vr 100 4 24.8 8.6 8.1
VrC4S120 Vr 120 4 259 7.4 8.6
VrC4S140 Vr 140 4 43.8 8.8 10.5
Group 2 ReC4S40 Retrieved 40 4 18.7 8.7 8.2
Group 3 VrC1840 Vr 40 1 25.2 12.8 8.3
VrC2840 Vr 40 2 222 10.3 8.6
VrC3S40 Vr 40 3 18.9 9.9 8.2

Group 1 for examining different horizontal de-correlation scales, Group 2 for comparing assimilations of Vr and retrieved wind data, and Group 3 for
investigating the impacts of assimilation cycles. The last three columns list the mean track, minimum sea level pressure, and maximum surface wind speed
errors, respectively, of the 24 h forecasts counting from 1800 UTC 12 September, 2008.

3.3. Design of Experiments

[19] As mentioned above, in the ARPS 3DVAR, the selec-
tion of a spatial de-correlation scale of the Gaussian back-
ground error covariance is empirically guided by the density of
observational data [Hu et al., 2006b; Schenkman et al., 2011].
As pointed out in Kalnay [2002], the spatial background error
covariance acts to spread observation information in space in
data sparse areas and to smooth observation information in
data dense areas. When the spatial coverage of an observation
network is relatively uniform, the optimal choice of the scale
is usually several times the mean spacing of observations.
In this way, detailed structures in the observation data are
not smoothed too much while a reasonable amount of spatial
spreading is achieved to fill data holes and to allow for can-
cellation of errors in nearby observations. In fact, in the ARPS
3DVAR, multiple passes are often used as a practical measure
to analyze observations from networks of very different mean
spacings. A more detailed discussion on these aspects of the

ARPS 3DVAR can be found in Schenkman et al. [2011,
section 3b].

[20] In the case of ADR data, the situation is more compli-
cated: the radar observations have high spatial density where
there is data coverage but the spatial coverage of data is
incomplete or spatially inhomogeneous (Figure 2). A spatial
correlation scale comparable to the data resolution allows for
the retention of convective-scale structures but may not be able
to represent the vortex scale structures well. For hurricane
initialization, proper analysis of the vortex scale structures is
of first order importance. To determine the optimal spatial
correlation scale, a set of experiments is first performed where
the horizontal de-correlation scale (HDS) is varied from 10 to
140 km (see Group 1 in Table 1). This set of experiments
assimilates Vr data from all 4 flight legs in 4 assimilation
cycles, with analyses occurring at 1308, 1420, 1540, and
1640 UTC 12 September, 2008, respectively, corresponding
to AC4 in Figure 4. In all experiments presented in this paper,
the vertical de-correlation scale used is 4 grid levels.

ARPS forecast with GFS IC and LBC

CTRL > >
ARPS 3DVAR assimilation of ARPS forecast with GFS LBC
ADR wind data
AC1 T > >
AC2 T > >

\ 4

AC3 I I I

\ 4

[
»

Act r T 11

1200 UTC 1308 UTC 1420 UTC 1540 UTC 1640 UTC

1800 UTC 12 September, 2008

N
»

1800 UTC 13 September, 2008

Figure 4. Flowchart of CTRL and data assimilation experiments. The upward arrows indicate the times
when the radar data are assimilated. A 25 h 20 min forecast follows the last analysis at 1640 UTC in the
data assimilation experiments. AC1, AC2, AC3 and AC4 stand for the use of 1, 2, 3 and 4 assimilation

cycles, respectively.
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Figure 5. Surface (25 m AGL) wind vectors and wind speed (shaded contours at 5 m s~ intervals),
and SLP (thick contours at 2 hPa intervals) for Hurricane Tke at 1308 UTC 12 September, 2008 after the
first 3DVAR analysis, for experiments (a) CTRL, (b) VrC4S10, (c) VrC4S40, (d) VrC4S60, (e) VrC4S80,

(f) VrC4S100, (g) VrC4S120, and (h) VrC4S140.

[21] The second group has only one new experiment,
ReC4S40, which is the same as VrC4S40 in the first group,
except for the use of retrieved winds instead of Vr data. The
40 km HDS used is found to be optimal by the first group
of experiments. ReC4S40 and VrC4S40 are compared to
determine the relative performance of assimilating the two
types of data.

[22] The third group of experiments tries to investigate the
roles and effects of assimilation cycles. The assimilation
setups of these experiments (Group 3 in Table 1) are the same
as those of VrC4S40 except for the number of assimilation
cycles (AC) performed. As shown in Figure 4, the experi-
ments labeled C1 through C4 contain 1 to 4 assimilation
cycles and the final analysis of all experiments is valid at
1640 UTC 12 September, the central time of the last flight
leg. In addition, a pure forecast control experiment (CTRL) is
performed, which starts from 0.5° NCEP GFS operational
analysis at 1200 UTC 12 September 2008 without assimi-
lating any radar observation. The forecasts in all experiments
continue until 1800 UTC 13 September (Figure 4).

4. Impact of Data Assimilation Configurations
on the Analysis and Forecast of Ike

[23] The impacts of assimilating ADR wind data on the
analysis and prediction of Hurricane Ike (2008) are presented
in this section. Three subsections examine, respectively, the
optimal HDS for the background error covariance, the per-
formance of assimilating retrieved wind versus that of assim-
ilating Vr data, and the impact of the number of assimilation
cycles.

4.1. Effects of Horizontal De-correlation Scale (HDS)

[24] We first discuss the results of the first group of
experiments designed to determine the optimal HDS of the
background error covariance model. Figure 5 shows the sea
level pressure (SLP) and the wind vectors and speed at the
first model level above ground (25 m AGL), within the
hurricane vortex region after the first 3DVAR analysis at
1308 UTC 12 September (Figures 5b—5h) together with the
corresponding CTRL forecast (Figure S5a). This CTRL
forecast is also the background used by the analyses. For this
analysis time, the flight track is in the north—south direction,
therefore available Vr data are concentrated south and north
of the vortex center (Figure 2a).

[25] As documented in Berg [2009], at 1200 UTC 12
September, the closest time to the first analysis when best
track data are available, the minimum central sea level pres-
sure (minSLP) and the maximum surface wind speed (MSW)
are 954 hPa and 46.3 m s, respectively. In all data assimi-
lation experiments, MSW is increased from the ~33.5ms™'
in the background (Figure 5a) to above 40 m s~ after analysis
(Figures 5b—5h). The increase is the largest in VrC4S40
(46 ms ™, Figure 5¢) and the smallest in VrC4S140 (403 ms ™',
Figure 5h). In general, the wind increment expands in area
coverage and the maximum increment decreases as the HDS
increases. If one were to assimilate the radial velocity data
only once, one might expect that a larger HDS would work
better because the data are expected to have a larger impact
on the vortex strength. When additional observations are
available that provide coverage in other parts of the vortex,
one may want to limit the spatial influence of data to smaller
regions to retain more asymmetric structures contained in the
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Figure 6. H*WIND isotach analysis (kt) (a) at 1330 UTC, (b) at 1630 UTC, (c) 1930 UTC 12 September,
and (d) at 0730 UTC 13 September, 2008 for Hurricane Ike (from the NOAA/AOML/HRD Web site).

data. Overall, among these experiments in the first Group as
listed in Table 1, the MSW in VrC4S40 is closest to the
observed MSW at 1308 UTC 12 September, after the first
analysis cycle. Because the cross-correlations between vari-
ables are not included in the background error covariance in
the ARPS 3DVAR, the minSLP is not changed by the analy-
sis. The change to the pressure field will be achieved through

adjustments during the model integration, which occur when
assimilation cycles are employed. In other words, Vr data can
modify the pressure field indirectly through model adjust-
ments during the assimilation cycles.

[26] Figure 6a shows a HRD H*WIND analysis valid at
1330 UTC 12 September, the nearest time to 1308 UTC
when such an analysis is available. The H¥*WIND analysis
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Figure 7. As Figure 5, for experiments (a) CTRL, (b) VrC4S10, (c) VrC4S40, (d) VrC4S60, (e)
VrC4S80, (f) VrC4S100, (g) VrC4S120, and (h) VrC4S140, but at 1420 UTC, 12 September, 2008 before

the second analysis.

combines data from reconnaissance aircraft, dropsondes,
satellite-derived winds, in situ observations, and stepped-
frequency microwave radiometer retrievals, and produces a
gridded storm-centered 10 m, 1 min, marine exposure sus-
tained wind field [Powell et al., 1998; Uhlhorn and Black,
2003]. The H*WIND analysis shows that the surface maxi-
mum wind is located northeast of the vortex center, rather than
the north and south found in the analyses (Figures 5b—5h).
These displaced maxima are simply artifacts of the Vr data
coverage (Figure 2a). The forecast background places the
surface maximum wind speed east of the vortex center, which
is not correct either (Figure 5a); the maximum wind speed is
also too low.

[27] Figure 7 shows the fields as in Figure 5 but for
forecasts starting from the analyses shown in Figure 5, and
valid at 1420 UTC 12 September right before the second
analysis. The forecast MSW in CTRL (Figure 7a) is again
east of the vortex center, not matching the H*WIND anal-
ysis (Figure 6a). In all data assimilation experiments, the
MSW north of the vortex center (Figures Sb—5h) has moved
westward and lost its clear identity (Figures 7b—7h), whereas
the MSW south of the vortex center (Figures 5b—5h) has
propagated around the center and established itself northeast
of the center while maintaining the maximum speed above
45ms! (Figures 7b—7h). This structure is much closer to
that seen in the H¥*WIND analysis (Figure 6a).

[28] In response to the wind analysis, the minSLP in the
model decreases from 975.8 hPa (Figure 5a) at the first
analysis time to below 971.4 hPa (Figures 7b—7h) before the
second analysis in all data assimilation experiments. The
decrease is the largest in VrC4S140 (963.2 hPa, Figure 7h),
and the smallest in VrC4S10 (971.4 hPa, Figure 7b). In con-
trast, the minSLP in CTRL remains about the same (~975 hPa)
in the 1 h 12 min forecast period (Figure 5a and Figure 7a).

These results indicate the ability of Vr assimilation to improve
the vortex structure and pressure forecast even though the Vr
data coverage is rather asymmetric and incomplete. Figure 8
shows the MSW and minSLP during the assimilation cycles
for the first group of experiments. It can be seen that the
analysis of Vr data increases MSW by at least 7 m s~ ' at each
cycle in all experiments, and MSW tends to increase further
during the forecast following the first analysis, but decreases in
other cycles. Overall, MSW shows an increasing trend through
the cycles. minSLP is not directly affected by the analysis but
generally decreases through the cycles by responding to the
improved wind circulations.

[20] Figure 9 presents the wind vector analysis increments
at the 3.5 km height for experiments VrC4S40 and VrC4S100
at the first and second analysis cycles. This level is where
the largest number of observations is available (Figure 3).
When the Vr data are analyzed for the first time, the wind
vector increments for all experiments in Group 1 show a clear
cyclonic circulation pattern (Figures 9a and 9c). The incre-
ments of those experiments with HDS less than 100 km in
Group 1 are similar to those of VrC4S40, while those with
HDS larger than 100 km are similar to those of VrC4S100
(not shown). In contrast to VrC4S40 (Figure 9a), the wind
vector increments in VrC4S100 (Figure 9c) cover the entire
vortex due to the larger spatial influence of data located south
and north of the vortex center. The increments east and west of
the vortex center are established largely due to the mass con-
tinuity constraint in the ARPS 3DV AR, in connection with the
large areas of increased wind speed to the south and north. In
comparison, the increments in VrC4S40 are mainly limited to
the north and south of the vortex center, where observations
are available. The patterns of wind vector increments of the
second analysis are very different (Figure 9b and Figure 9d).
The increments in Figure 9b indicate that the vortex circulation
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Figure 8. The analyzed and forecast maximum surface wind speed (dark) and minimum sea level pres-
sure (gray, forecast only) during the assimilation cycles for the experiments labeled.

is still strengthened by Vr data assimilation in VrC4S40, but
is weakened in VrC4S100 (Figure 9d). This suggests that the
vortex was over-strengthened in VrC4S100, so the analysis
tries to weaken it. For VrC4S40, the last two assimilation
cycles continue to enhance the vortex as the first two cycles
do. In VrC4S100, the four assimilation cycles cause an oscil-
latory effect: the first and third (not shown) cycles enhance the
vortex while the other two weaken the vortex, suggesting that
the 100 km DHS is too large.

[30] The 24 h mean forecast track and intensity errors (in
both minSLP and MSW) for CTRL and Group | experiments
with HDS less than 100 km are shown in Table 1. It is seen
that VrC4S40 with 40 km HDS gives the smallest mean track
error of 17.8 km, while its minSLP error is the second smallest
(8.8 hPa). Table 1 shows that the relative sizes of MSW error
are not always consistent with those of minSLP error; we
choose to trust minSLP more because the analysis of high-

resolution velocity data can easily introduce highly localized
maximum wind speed that does not necessarily represent well
the overall vortex intensity. Still, the overall trend of wind
assimilation impact is still seen in terms of the MSW error.
[31] Based on the above results, we choose 40 km as the
optimal HDS for use in the rest of the experiments. We do
note here that this optimal HDS of 40 km may be case and
grid resolution dependent. In general, they are dependent on
the observation density and spatial distribution, as well as the
error characteristics of the analysis background which should
be related to the hurricane structures. Experimentations may
be needed to determine the optimal scale for individual cases.

4.2. Assimilating Vr Versus Retrieved Velocity Data

[32] In this section, we compare the results of assimilating
retrieved wind data versus assimilating Vr data directly.
The 40 km optimal HDS is also used in the experiment
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Figure 9. Analyzed increments of wind vectors at 3.5 km height for experiments (a and b) VrC4S40 and
(c and d) VrC4S100 from the first (Figures 9a and 9c) and second (Figures 9b and 9d) analysis.

assimilating retrieved winds (ReC4S40, see Group 2 in
Table 1). Figure 10 shows the SLP, 25 m AGL wind vectors
and speed at 1640 UTC 12 September from CTRL (Figure 10a),
ReC48S40 (Figure 10b), and VrC4S40 (Figure 101), after the
final analysis of retrieved winds in ReC4S40 and Vr data in
VrC4S40. The H*WIND analysis (Figure 6b) at 1630 UTC
12 September, the closest time to 1640 UTC, shows that the
surface maximum wind is located east-northeast of the vor-
tex center. When retrieved wind or Vr data are analyzed, the
cyclonic circulation of Ike is strengthened, in particular in
the east and northwest regions of the vortex where radar
data are available (cf. Figure 2d). ReC4S40 and VrC4S40
increase (decrease) the MSW (minSLP) to about 54 m s~
(956.7 hPa) and 58 m s~ ' (957.2 hPa), respectively, com-
pared to the 46 m s~ (971 hPa) found in CTRL. The some-
what smaller MSW increase in ReC4S40 is presumably due
to the smaller peak velocity values found in retrieved wind

data due to smoothing. Overall the improvements to MSW
and minSLP in ReC4S40 and VrC4S40 are similar.

[33] Figure 11 shows the SLP, the 25 m AGL wind vectors
and speed at 1930 UTC 12 September from CTRL, ReC4S540,
and VrC4S40, corresponding to 2 h 50 min forecast time for
ReC4S40 and VrC4S40, and 7 h 30 min forecast time for
CTRL. With a period of model adjustment, the forecast wind
fields are less sensitive to the spatial distribution of wind
observations. The available H*WIND analysis at 1930 UTC
is shown in Figure 6¢c. All three experiments produce the
MSW northeast of the vortex center, consistent with that in
H*WIND analysis (Figure 6¢) and forecast similar MSW
values which are 41.5 (Figure 11a), 44.1 (Figure 11b), and
41.7 m s~ ' in CTRL, ReC4S40 and VrC4S40 (Figure 11c),
respectively. However, it is apparent that the areas with surface
wind speed greater than 40 m s~ ' are similar in ReC4S40
(Figure 11b) and VrC4S40 (Figure 11c), and are much broader

11 of 20



D18113

DU ET AL.: AIRBORNE RADAR DATA FOR HURRICANE IKE

D18113

MSW=54.2 m/s minSLP=956.7 hPa 00

MSW=56.0 m/s minSLP=962.3 hPa

MSW=58.5 m/s minSLP=958.6hPa

MSW=57.8 m/s minSLP=957.2 hPa

71
94.0W 93.0W 92.0W 94.0W

93.0W

7 T T v N 7 U T T A
92.0W 91.0W 94.0W 93.0W 92.0W 91.0W

Figure 10. As Figure 5, but for experiments (a) CTRL, (b) ReC4S40, (c) VrC1S40, (d) VrC2S40, (e)
VrC3S40, and (f) VrC4S40, after the final analysis at 1640 UTC, 12 September, 2008.

than that in CTRL (Figure 11a). The forecast vortex circulation
is strengthened by assimilating ADR wind data (Figure 12a).
Also, the forecast minSLP is 958.5 hPa in ReC4S40 and
959.2 hPa in VrC4S540. Compared to the 971.2 hPa in CTRL,
they are closer to the 954 hPa in the best track data at
1800 UTC, which is the closest time to 1930 UTC when best
track data are available.

[34] Figure 12 compares the forecast tracks and minSLP
from CTRL, ReC4S40, and VrC4S40 with the National

MSW=44.1 m/s minSLP=958.5 hPa

Hurricane Center (NHC) best track data. It can be seen that the
minSLP is more than 15 hPa lower in the radar data assimi-
lation experiments than in CTRL at 1800 UTC 12 September,
corresponding to 80 min forecast time for ReC4S40 and
VrC4540, and 6 h forecast time for CTRL, and the pressure
remains lower through most of the ensuring 24 h forecast.
Table 1 shows that the 24 h mean track errors are 17.8, 18.7,
and 26.0 km, for VrC4S40, ReC4S40, and CTRL, respectively,
while the mean minSLP errors are 9.2, 8.7, and 15.1 hPa for

MSW=41.7 m/s minSLP=959.2 hPa

94.0W 93.0W | 920W | 9L0W 94.0W

30w

Toow | 9low 94.0W 93.0W ‘92.0W | 9L.0W

Figure 11. As Figure 5, but for forecasts from experiments (a) CTRL, (b) ReC4S40, and (c) VrC4S40 at

1930 UTC 12 September, 2008.
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Figure 12. The forecasted (a) minSLPs and (b) tracks from experiments CTRL, ReC4S540, and VrC4S40,
during the 24 h forecast period from 1800 UTC, 12 September through 1800 UTC, 13 September, 2008.

the three. The comparisons of predicted MSW from the
experiments are not shown because of relatively small sys-
tematic differences among the experiments, which are also
indicated by the 24 h mean MSW errors in Table 1. Overall,
the assimilation of the two types of data result in similar
improvements, and the differences are not large enough to
say one is better than the other. We also have done experiments
assimilating the retrieved winds 1, 2 and 3 times, corres-
ponding to those in Group 3. In all cases, the differences
between assimilating Vr data directly and assimilating the
retrieved wind data are generally small. These results indicate
that Vr data should be assimilated directly with the current
3DVAR procedure. Apart from the additional computational
cost for performing pre-retrieval, direct assimilation of Vr
data is preferred because they are closer to the original form of
measurements. For retrieved data, there is more chance that
their errors are correlated and their error characteristics tend
to be harder to estimate. Most data assimilation systems,
including the ARPS 3DVAR, assume that the observation
errors are uncorrelated.

4.3.

[35] In general, the coverage of ADR data in one flight leg is
rather limited (Figure 2). More data sets from different flight
legs provide coverage in different parts of the hurricane vortex
and reduce the asymmetry of data coverage within the vortex
over the period. This inspires us to examine the impact of
different number of assimilation cycles on the hurricane pre-
diction. As shown in Figure 4, the experiments labeled C1
through C4 contain 1 through 4 assimilation cycles and the
final analysis of all experiments is at 1640 UTC 12 September,
around the central time of the last flight leg. These config-
urations are chosen so that the true initial time of the forecast,
defined as the last time when observations are assimilated
into the model, is the same. The CTRL experiment has its
initial time at 1200 UTC, effectively 4 h 40 min earlier. This
is because no GFS analysis is available at the final analysis
time. Another reference forecast was generated starting from
the GFS analysis at 1800 UTC; forecast results were found
to be similar to those of CTRL (not shown).

[36] The analyzed SLP, 25 m AGL wind vectors and
speeds at 1640 UTC 12 September from the experiments in

Impact of Assimilation Cycles

Group 3 are shown in Figure 10. Due to the distribution of
observations at this time (cf. Figure 2d), near surface wind
speed maxima are found east and northwest of the vortex
center in all data assimilation experiments, which is not
consistent with that shown in Figure 6b. Higher wind speed
is increasingly spread over more azimuthal directions as
the number of assimilation cycles increases (from 1 in
VrC1S40 to 4 in VrC4S40). The overall vortex circulation is
also increasingly stronger based on visual inspection of
Figure 10, although it is not clearly reflected in the MSW
values because the value is dominated by the local maximum
in the data dense region east of the vortex center.

[37] There are significant differences in the minSLP among
the experiments, however. Without the adjustment to increased
wind speed, the minSLP in VrC1S40 (Figure 10c) is 971 hPa,
the same as in CTRL (Figure 10a). As the number of cycle
increases, the minSLP is reduced to 962.3, 958.6, and
957.2 hPa in VrC2S40, VrC3540, and VrC4S40, respec-
tively, and the rate of reduction decreases as the number of
cycles further increases. The minSLP becomes similar when
the number of cycles increases from 3 to 4, which suggests
that the benefit of further increasing the number of cycles is
being diminished.

[38] As documented in Berg [2009], the minSLPs at both
1200 and 1800 UTC 12 September are 954 hPa. Assuming
little intensity change between these two times, the minSLP
at 1640 UTC can be assumed to be 954 hPa. Obviously, the
minSLP of 957.2 hPa in VrC4S40 is the closest to the
estimated observation although the minSLP of VrC3S40 is
also very similar. The benefits of cycling when analyzing the
wind measurements include the continuous adjustment of
model state variables to the ‘velocity data nudging’. As the
vortex circulation is strengthened by the radar wind mea-
surements, the mass field responds the wind to reach a rough
gradient wind balance, thereby reducing the vortex central
pressure. Convective scale features also develop in response
to the strengthened vortex, and to convective scale wind
structures introduced by the radar data.

[39] The minSLP values at 1800 UTC, 80 min forecasts
after the time of last analysis, are very similar in VrC2S40,
VrC3S40 and VrC4S40. They are all significantly improved
over that of VrC1S40, and also over CTRL (Figure 13a). In
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Figure 13. The forecasted (a) minSLPs and (b) tracks from experiments CTRL, VrC1S40, VrC2S40,
VrC3S840, and VrC4S40, during the 24 h forecast period from 1800 UTC, 12 September through 1800

UTC, 13 September, 2008.

the ensuring 24 h forecasts, the minSLP in VrC4S40 is
the lowest among all experiments. The mean minSLP errors
over the 24 h period are 12.8, 10.3, 9.9, and 9.2 hPa for
VrC1540, VrC2540, VrC3S40, and VrC4S40, respectively,
which indicates the accumulative benefits of assimilating
more radar data.

[40] Still, among all the experiments examined in this
study, none of them is able to capture the intensification of a
few hPa between 2100 UTC 12 September and 0000 UTC
13 September. The exact reason is difficult to ascertain; it
could be due to insufficient accuracy of the inner core
structures in the final analysis that may have been respon-
sible for the intensification, or due to error with the predic-
tion model. A detailed diagnostic analysis is beyond the
scope of this study; more observational data will be needed
to determine the reason. Latter verification against some
independent observations suggests that, at least at the vortex
scale, the wind fields in the initial conditions are reasonably
accurate. In this study, we are most interested in the relative
impact of assimilating the airborne Doppler radar data.

[41] The forecast tracks over the 24 h period for experi-
ments CTRL, VrC1S40, VrC2540, VrC3S40, and VrC4S40,
together with the NHC best track are shown in Figure 13b.
Apart from the clearly smaller error at 1800 UTC among
the radar assimilation experiments compared to CTRL,
the track accuracies at the later forecast hours are similar.
Table 1 shows that the 24 h mean track errors are 26, 25.2,
22.2, 18.9, and 17.8 km for CTRL, VrC1S40, VrC2S40,
VrC3S40, and VrC4S40, respectively, indicating somewhat
greater benefits of assimilating more radar data. In all cases,
the 24 h forecast track errors are less than 26 km, which are
considered small. The largest impact of assimilating the
airborne radar data is clearly on the analyzed hurricane
vortex structure and on the short range intensity forecast.

5. Verifications of Analyzed Hurricane Structures
and Precipitation Forecasts Near Landfall

[42] As seen from previous discussions, VrC4S40 pro-
duces the best analyses of the inner-core structures and

hurricane intensity as well as the best intensity and track
forecasts. In this section, VrC4S40 is used as the represen-
tative example to further illustrate the impact of Vr data on
the analyzed hurricane structure and precipitation forecasts
near landfall. Independent surface wind speed measurements
from a Stepped Frequency Microwave Radiometer (SFMR)
carried by the aircraft and the flight-level wind speeds
detected by the NOAA P-3 aircraft in-flight measurements
are used to verify the analyzed vortex structures.

5.1. Verification of Surface and Flight-Level Wind
Speeds

[43] The surface (10 m AGL) wind speeds measured by the
airborne SFMR and the flight-level wind speeds detected by
the NOAA P-3 aircraft in-flight measurements are plotted in
Figures 14 and 15, respectively, along with the corresponding
values interpolated from time-dependent model states of
VrC4S40 and CTRL for the four flight legs on 12 September,
2008. Clearly, both surface and flight-level wind speeds
for all flight legs are much closer to the measurements in
VrC48S40 than in CTRL. In Figures 14a and 15a, before 1308
UTC, the solid red curve for VrC4S40 coincides with the
dashed green curve for CTRL because the first analysis was
run at 1308 UTC; before that time, both are free forecasts from
1200 UTC 12 September. Significant improvements appear
after the first assimilation cycle (Figures 14a and 15a). The
surface wind minimum is better located and the surface wind
profile fits the SFMR observations much better in VrC4S40
than in CTRL. The maximum surface wind speed in VrC4S40
is found at 1319 UTC, very close to the observed time of
1318 UTC, and the speed is about 31 m s~ ' compared to the
observed 38 m s~ '. In CTRL, the maximum wind speed is
about 29 m s~ ', which is found at the end of the flight track,
indicating that the model vortex is too large and too weak
(Figure 14a). The same can be said about the flight level wind
speeds shown in Figure 15a.

[44] In the second fight leg, the wind speeds at both surface
(Figure 14b) and flight (Figure 15b) levels in both VrC4S40
and CTRL are close to the observations before the aircraft
passes through the vortex center (cf. Figure 2b), although

14 of 20



D18113 DU ET AL.: AIRBORNE RADAR DATA FOR HURRICANE IKE D18113
50 ATl AEEREREEE Lovviiiig Lovviiiig Lovviiiig | I oo b b b bl
1(a) (b)
B 40 ]
1S
S 30 -
©
3
o 20
n
© ]
£ 1
;10——CTRL ——CTRL
{—VrC4840 A/ ——VrC4S40
—SFMR g ——SFMR
0 T Raases s e [ e
1235 1240 1250 1300 1310 1320 1325 1400 1410 1420 1430 1440 1450
50 N EEEEE FN RN R | IR | IR | I b b b b b b
1©) (d) :
—_ ] at
W 40
E H
S 30 -
©
3
Q 20 )
oy \
ge) ] H /
£ ] /P
S 10 {—CTRL \ \ *,- ~———CTRL
{——Vrcas40 \ v . ——VrC4S40
——SFMR v . ——SFMR
0 e EamEascs RaREREEL e e
15151520 1530 1540 15501555 1625 1630 1640 1650 1700 17101715

Time: 12 September, 2008 (UTC)

Figure 14. Surface wind speeds along the four flight legs (a) 1235-1329 UTC, (b) 1358-1451 UTC, (c)
1511-1558 UTC, and (d) 1621-1715 UTC, on 12 September, 2008 from the SFMR measurements (black
lines), and values interpolated from the time dependent model output of CTRL (green lines) and VrC4S40

(red lines).

CTRL still shows a larger vortex than the observed. After
passing through the vortex center, both surface and flight
level winds continue to show a much weaker and large vortex
in CTRL while the wind profiles in VrC4S40 fit the obser-
vations very well. At 1420 UTC when the second analysis is
performed, a significant increase is seen in the wind speed
profiles at both surface and flight levels (Figure 14b and
Figure 15b), and the wind speeds fit the observations better
after analysis, especially at flight level where there is better
radar data coverage. The next two analyses occur at 1540 and
1640 UTC, close to the time when the aircraft passed through
the vortex center. With weak surface winds near the vortex
center, the adjustment to the surface wind speed profiles at
the last two analyses time are smaller than that at the first two
analyses time (Figures 14c and 14d), although the adjustment
at flight level is still significant (Figures 15¢ and 15d). The
fourth analysis correctly reduces the flight-level wind speeds
near the center (Figure 15d), but the third analysis incorrectly
increases the wind speeds near the wind speed minimum
(Figure 15¢). Because of the very large wind speed gradient
in the vortex core region, a small spatial displacement of the

background or analyzed vortex can cause such an error. Still,
overall, the wind profiles at both times fit the observed flight
tracks very well, much better than those in CTRL, and the fit
to observations generally improves as the number of assim-
ilation cycle increases.

[45] Taking the fourth flight leg as an example
(Figure 14d), the two peak surface wind speeds are placed
rather accurately at around 1630 and 1650 UTC (which in
space are at the correct radii). The peak wind speed near
1650 UTC, after the fourth analysis, fits the observed profile
especially well, with speed and timing errors being less than
1 m s~ ' and 1 min, respectively. A similar result is found
with the flight level wind profile shown in Figure 15d, after
the fourth analysis.

[46] The mean biases and RMS errors of surface and
flight-level wind speeds averaged over all four flight legs
(Table 2) are calculated against the SFMR and fight-level
observations. The mean biases in VrC4S40 are —0.2 m s~ '
(surface) and —2.2 m s~ ' (flight level), much smaller than
the —3.6 m s~ ' (surface) and —7.0 m s~ ' (flight level) of
CTRL. The mean RMS errors in VrC4S40 are 4.1 m s '
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Figure 15. As Figure 13 but for flight-level wind speeds.

(surface) and 5.3 ms ™' (flight level), smaller than the 5.8 m s~

(surface) and 8.6 m s~ (flight level) of CTRL. Given that the
SFMR and flight-level wind data are independent observa-
tions that were not used in the data assimilation, the results
indicate that the assimilation of airborne Doppler radar radial
velocity data is effective in establishing accurate hurricane
vortex circulations, and that the vortex circulations in both
the analyses and short-range forecasts improve as more data
are assimilated through the intermittent assimilation cycles.

5.2. Structure Verification

[47] Figure 16 presents the SLP and surface wind vectors and
speed from experiments CTRL and VrC4S40, at 0700 UTC
13 September, 2008, the time of Hurricane Ike landfall at the
Texas coast. The H*WIND analysis at 0730 UTC 13 September
(Figure 6d), the nearest time to 0700 UTC, shows that the
surface maximum wind is again located east-northeast of
the vortex center. Even though the forecasts of VrC4S40 and
CTRL also place the maximum wind east—northeast of the
vortex center, the predicted wind structures exhibit consid-
erable differences. The region with wind speed higher than
30 m s~ is larger in VrC4S40 than in CTRL. VrC4S40 also
predicts tighter inner-core vortex circulations with a smaller
radius of MSW, although the values of MSW are very close

between CTRL (34.2 ms™ ') and VrC4S40 (35.0m s~ ). The
forecast SLPs at this time are quite different between
CTRL and VrC4S40. The minSLPs of CTRL and VrC4S40
are 971.9 hPa (Figure 16a) and 966.3 hPa (Figure 16b),
respectively. The best track minSLP is 951 hPa at 0600 UTC
13 September (an hour before landfall) and 954 hPa at
0900 UTC (Figure 13a). VrC4S40 therefore has a better SLP
forecast than CTRL does at landfall. In summary, experiment
VrC4S40, which assimilated airborne Vr data in 4 cycles
about 14 h earlier, forecasts a stronger and tighter vortex at
the time of landfall, although its intensity is still weaker than
the observation. Other experiments assimilating radar data

Table 2. The Mean Biases and RMS Errors of Surface and flight-
Level Wind Speeds Averaged Over All Four Flight Legs for CTRL
and VrC4S40

Experiment Height Mean Bias (ms~')  Mean RMSE (m s ')
CTRL Surface -3.6 5.8
Flight level -7.0 8.6
VrC4S40 Surface —0.2 4.1
Flight Level 22 53
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Figure 16. Similar to Figure 5, except that they are for experiments (a) CTRL and (b) VrC4S40 at 0700 UTC
13 September, 2008, the time of Hurricane Ike landfall at the Texas coast.

also predict a stronger vortex at the landfall time than
CTRL does, with VrC4S40 predicting the strongest one
(cf. Figure 13a).

5.3. Precipitation Verification

[48] Figure 17 shows the total accumulated precipitation
during the 24 h forecast period starting from 1800 UTC 12
September, 2008, from CTRL and VrC4S40 along with the
corresponding NCEP 4-km-resolution Stage IV precipitation
analysis [Lin and Mitchell, 2005]. Over the ocean, the Stage
IV precipitation analysis is mostly based on radar precipitation
estimates, and the absence of precipitation south of 28N is
due to the lack of coastal radar data coverage. More precipi-
tation is found to extend further southeast over the ocean in
both CTRL (Figure 17b) and VrC4S40 (Figure 17c) compared
to the observations (Figure 17a). In general, the strongest
precipitation is found near the coast, with the observed heavy
precipitation extending further inland (Figure 17a) than the

32.0:

30.0N

28.0N

94.0W

96.0W

96.0W 92.0W

94.0W

model predictions (Figures 17b and 17c). Right at the coast,
both VrC4S40 and CTRL predict heavy precipitation exceed-
ing 100 mm, but the precipitation to the north is too weak.
Between VrC4S40 and CTRL, the former predicts more
precipitation. The aerial coverage of 50 mm accumulated
precipitation in VrC4S40 (Figure 17¢) is much closer to the
observation than that in CTRL (Figure 17b). The equitable
threat score (ETS) for this 50 mm threshold is 0.44 for
VrC4S40 (Figure 17¢), which is higher than 0.34 for CTRL
(Figure 17b). Other ADR data assimilation experiments
result in similar though somewhat smaller improvements
(not shown).

6. Summary and Conclusions

[49] In this study, the ability to analyze radial velocity data
from airborne Doppler radar is added to the ARPS 3DVAR
data assimilation system. Unlike ground-based Doppler

400,

92.0W

92.0W 94.0W

Figure 17. The 24 h accumulated precipitation (mm) valid at 1800 UTC 13 September, 2008 from
(a) NCEP Stage IV precipitation analyses, and forecasts of (b) CTRL, and (c) VrC4S40. The equitable
threat scores of 24 h accumulated precipitation for the 50-mm threshold are shown for the experiments.
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radar data that are first mapped to the model grid points for
ARPS 3DVAR, the airborne radar data are kept on the radial
beams. The radial velocity observation operator involves
spatial interpolation of velocity components on the model
grid points to the observation points, and the projection of the
velocity to the radial directions. Because the airborne radar is
constantly moving, each radial beam has its own radar posi-
tion. Superobbing is performed in the radial direction by
averaging 30 range gates at 150 m intervals to arrive at a
radial resolution comparable to the analysis grid resolution
(4 km grid spacing). The enhanced 3DV AR system is applied
to the assimilation of airborne radar data collected along four
flight legs through Hurricane Ike (2008), 14 to 18 h before it
made landfall.

[s0] A few existing studies examining the impact of air-
borne radar wind data on tropical cyclone prediction using
a 3DVAR method (from the WRF system) have assimilated
pre-retrieved wind components from the radial velocity data.
In this study, a comparison is made between assimilating
the retrieved winds and assimilating the radial velocity
data directly using the ARPS 3DVAR. The ARPS 3DVAR
employs a Gaussian background error correlation model; a
set of sensitivity experiments is first performed to determine
the optimal horizontal error de-correlation scale. The effect of
assimilation cycles is also examined. Evaluations are made
based on intensity and track predictions for Ike within a 24 h
period as compared to best track data. The analyzed and
predicted surface wind speeds are compared with available
operational H*WIND analyses. Verifications against inde-
pendent surface wind speed measurements from an airborne
stepped frequency microwave radiometer and against inde-
pendent flight-level wind speed measurements are also made
during the assimilation cycles. The predicted hurricane
vortex structure and intensity at the landfall time are also
examined and 24 h accumulated precipitation forecast is
verified against the NCEP Stage IV rainfall estimate. The
main conclusions are as follows.

[51] 1. Clear positive impacts on the analysis and predic-
tion of Hurricane Ike are found, which are from assimilating
airborne radar velocity data. This conclusion is consistent
with a few recently published studies although earlier studies
using a 3DVAR method have only assimilated pre-retrieved
velocity components.

[52] 2. Given the non-uniform spatial coverage of the air-
borne Doppler radar data, the analysis and forecast are found
to be moderately sensitive to the choice of the horizontal
background error de-correlation scale. A value of 40 km is
found to produce the best prediction of track and intensity for
Hurricane Ike. This optimal value may or may not be case
and grid configuration dependent.

[53] 3. The assimilation of retrieved horizontal wind com-
ponents and of original radial velocity data produces similar
results in two inter-comparison experiments. This is not too
surprising because the retrieved winds were produced using
a 3DVAR method similar to the ARPS 3DVAR, except
that the latter is more general and is performed directly on
the terrain-following model grid. Theoretically, assimilating
radial velocity data directly is advantageous. Practically,
performing the pre-retrieval carries additional computational
cost, and delays real-time data assimilation operations. It is
therefore recommended that the radial velocity data are
directly assimilated, after proper quality control.
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[s4] 4. The assimilation of radial velocity observations
from all four flight legs through intermittent assimilation
cycles produces the best analyses and forecasts, better than
when data from some of the four legs are used. Because of
large error in the vortex intensity in the GFS analysis back-
ground, the first analysis tends to produce the largest anal-
ysis increment. It is through mutual adjustments among
model variables during the forecast periods that a balanced
vortex with lowered center pressure is established.

[s5] 5. Verification of surface and flight-level wind speeds
extracted from the assimilated model state against indepen-
dent SFMR and flight-level wind data showed excellent
agreement, and the fit of the model state to observations
improves as more radar data are assimilated.

[s6] 6. The best-analyzed hurricane with radar data
assimilation was about 4 hPa too weak and it remained too
weak during the forecast period. This problem with the ana-
lyzed hurricane being too weak in terms of minimum central
pressure is also found by Zhao and Xue [2009] when only
radial velocity data from two coastal radars are assimilated.
The same thing happens when the more sophisticated EnKF
method is used in Dong and Xue [2012]. Assimilating best
track minimum surface pressure data using the EnKF has
been found to be very helpful for Ike [Dong, 2010] but not so
when it is analyzed by the univariate ARPS 3DVAR for a
typhoon case [Zhao et al., 2012b]. All forecasts missed the
slight intensification phase 4 to 7 h into the forecasts, and
model errors as well as initial condition errors may be the
cause but the exact reason will require further investigation.

[57] 7. At the time of landfall, Hurricane Ike is somewhat
stronger and closer to observed intensity in the radar data
assimilation experiments than the experiment without radar
data assimilation. The 24 h accumulated precipitation greater
than 50 mm from VrC4S540 is noticeably improved over the
case without radar data assimilation, although forecast pre-
cipitation inland is weaker than observed overall.

[s8] Finally we note that the results presented in this paper
are based on a single case, when the hurricane was in a
weakening stage that also includes a period after landfall
during the forecast. For more robust conclusions on the
impact of airborne Doppler radar velocity data, more cases
should be examined, and for different stages of hurricane life
cycles. The optimal horizontal de-correlation scale deter-
mined in this study may need further experimentation in
other cases, and methods that better account for timing dif-
ferences among the observations collected within the flight
legs can be used to further improve the analysis accuracy. For
the latter, the ‘first guess at the appropriate time (FGAT)’
method can be used with a 3DVAR method [e.g., Buehner
et al., 2010] while in the ensemble Kalman filter context
four dimensional extensions can be implemented [e.g., Hunt
et al., 2004; Wang et al., 2012]. With more advanced data
assimilation methods, the impact of airborne radar data is
likely to be even greater. In addition, the GBVTD method
successfully used in Zhao et al. [2012a] to initialize a
typhoon may be beneficial for assimilating airborne radar
data which tend to the asymmetric azimuthal coverage. These
can be topics for future research.
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