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ABSTRACT

The Advanced Microwave Sounding Unit-A (AMSU-A) onboard the NOAA satellites NOAA-18 and
NOAA-19 and the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT)
MetOp-A, the hyperspectral Atmospheric Infrared Sounder (AIRS) onboard Aqua, the High resolution In-
fraRed Sounder (HIRS) onboard NOAA-19 and MetOp-A, and the Advanced Technology Microwave Sounder
(ATMS) onboard Suomi National Polar-orbiting Partnership (NPP) satellite provide upper-level sounding
channels in tropical cyclone environments. Assimilation of these upper-level sounding channels data in the
Hurricane Weather Research and Forecasting (HWRF) system with two different model tops is investigated
for the tropical storms Debby and Beryl and hurricanes Sandy and Isaac that occurred in 2012. It is shown
that the HWRF system with a higher model top allows more upper-level microwave and infrared sounding
channels data to be assimilated into HWRF due to a more accurate upper-level background profile. The
track and intensity forecasts produced by the HWRF data assimilation and forecast system with a higher
model top are more accurate than those with a lower model top.
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1. Introduction

Tropical cyclogenesis, tropical cyclone (TC) in-
tensity change and movement are controlled by many
environmental factors. The motion of a tropical storm
is driven mostly by the large-scale environmental steer-
ing, which is defined as a weighted average of the envi-
ronmental winds between 300 and 850 hPa (Carr and
Elsberry, 1990; Velden and Leslie, 1991; Chan, 2005;
Wu and Zou, 2008).
intensification are affected by the vertical wind shear
defined by the wind difference between 200 and 850

Tropical cyclogenesis and TC

hPa. Although weak shear may aid genesis by forc-
ing synoptic-scale ascent in baroclinic environments
(Bracken and Bosart, 2000; Davis and Bosart, 2006),
strong vertical wind shears are detrimental to tropi-
cal cyclogenesis (McBride and Zehr, 1981; Zehr, 1992)
and impede TC intensification (DeMaria, 1996; Gal-
lina and Velden, 2002). There are a number of hy-
potheses as to what causes the weakening of TC in-
tensity in the presence of strong vertical wind shear.
One hypothesis is that vertical wind shear acts to de-
crease the efficiency of the hurricane heat engine by

ventilating the TC eyewall with low-entropy air at mid
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levels by eddy fluxes (Simpson and Riehl, 1958; Cram
et al., 2007; Marin et al., 2009). Convective down-
draft air originating outside eyewall and having the
low-entropy air due to evaporative cooling into the
boundary layer is advected inwards into the sub-cloud
layer of the eyewall by the radial inflow (Powell, 1990;
Riemer et al., 2010; Riemer and Montgomery, 2011).
Tang and Emanuel (2012) developed a ventilation in-
dex, which is defined as product of the environmental
vertical wind shear and the non-dimensional midlevel
entropy deficit divided by the potential intensity, for
evaluating whether ventilation plays a detectable role
in current TC climatology. Steering flow, vertical wind
shear, an approaching upper-level trough, upper-level
eddy angular momentum flux convergence, strato-
spheric cooling, and quasi-biennial oscillation in the
stratosphere are factors that involve atmospheric con-
ditions in the upper troposphere and the stratosphere.

The interaction of upper-level troughs and/or cut-
off lows with TCs is another important factor influ-
encing TC intensification (Molinari and Vollaro, 2010;
Leroux et al., 2013). An approaching trough may in-
duce significant vertical wind shear, enhance the out-
flow poleward of the storm, or introduce the cyclonic
potential vorticity (PV) into the TC core through ad-
vection. The vertical wind shear is usually detrimen-
tal and the PV advection into the TC core is usu-
ally beneficial to TC intensity (Leroux et al., 2013),
and the asymmetric outflow increases the eddy an-
gular momentum flux convergence calculated at 200
hPa over a 300-600-km radial range around the TC
center (Molinari and Vollaro, 2010) and leads to TC
intensification for storms whose intensity is well below
their maximum potential intensity (Pfeffer and Challa,
1981; Challa and Pfeffer, 1990; DeMaria et al., 1993,;
Bosart et al., 2000). The intensity of TCs could also be
affected by the stratospheric cooling associated with
climate change (Ramsay, 2013). With stratospheric
cooling, the rising heated air would be able to rise even
higher than normal and entering the stratosphere, nar-
rowing the eye of the storm. In turn, the outer rain-
bands of the TC will retract, decreasing the size of the
storm while increasing its strength. A strong corre-

lation between decreasing stratospheric temperatures

VOL.29

and increasing hurricane intensity has been found from
25-yr hurricane data records (Emanuel et al., 2013).
Cooling near and above the model tropopause (about
90 hPa) modifies the storm’s outflow temperature and
could increase the potential intensity (PI) at a rate

1 per degree cooling with fixed sea sur-

of 1 m s~
face temperature (SST) (Emanuel, 1986; Bister and
Emanuel, 1997). Chan (1995) noted a relationship be-
tween the interannual variations in TC activity and
the quasi-biennial oscillation in the stratosphere in
the western North Pacific. Modeling of TC track
and those opposing effects of TC-trough interaction,
stratospheric cooling, and the quasi-biennial oscilla-
tion in the stratosphere on the environmental factors
affecting TC intensification requires a sufficiently high
model top to fully capture these stratospheric features
and their interactions with troposphere in hurricane
environments.

A large amount of remote sensing data from re-
search and operational satellites becomes available
for obtaining an improved description of the initial
state of the atmosphere in the upper troposphere
and stratosphere. The primary source of data in-
cludes those upper-level sounding channels from the
Advanced Microwave Sounding Unit-A (AMSU-A) on-
board NOAA-18, NOAA-19, MetOp-A, and MetOp-
B; the High resolution InfraRed Sounder (HIRS) on-
board NOAA-19, MetOp-B, and MetOp-A; the hy-
perspectral Atmospheric Infrared Sounder (AIRS) on-
board EOS Aqua; as well as the Advanced Technology
Microwave Sounder (ATMS) and the Cross-Track In-
frared Sounder (CrIS) onboard Suomi NPP (National
Polar-orbiting Partnership) satellite. These six polar-
orbiting satellites (NOAA-18, NOAA-19, MetOp-A,
Aqua, MetOp-B, and Suomi NPP) provide microwave
and infrared radiance observations to the NCEP oper-
ational numerical weather prediction (NWP) system
more than 12 times daily. These satellite observations
have an excellent global coverage and good spatial res-
olution varying from about 15 km to around 100 km.
However, the satellite radiation is contributed from
the stratosphere and the assimilation of the data into
NWP requires that the model top be placed at a suf-
ficiently high altitude. For this reason, the ECMWF
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model top was raised from 10 hPa to about 0.1 hPa in
1999 (Untch et al., 1999).

It is well known that direct assimilation of satel-
lite infrared (McNally et al., 2006) and microwave
(Derber and Wu, 1998) radiances provided by the
polar-orbiting meteorological satellites out-performed
the assimilation of temperature and moisture re-
trievals for NWP forecasts. Radiance measurements
from different satellites instruments are now routinely
assimilated in operational global medium-range fore-
cast modeling systems, which have brought signifi-
cantly positive impacts on the medium-range forecast
(3-7 days). Positive impacts of satellite data assim-
ilation for short-range forecasts using mesoscale re-
gional models have also been demonstrated by several
studies. For examples, assimilation of AMSU-A radi-
ance observations and conventional observations using
the HIgh Resolution Limited Area Model (HIRLAM)
four-dimensional variational data assimilation (4D-
Var) consistently out-performed the HIRLAM 3D-Var,
particularly for cases with strong mesoscale storm de-
velopments (Gustafsson et al., 2012). Using the same
HIRLAM 4D-Var, Stengel et al. (2009) demonstrated
the benefit of a regional NWP model’s analyses and
forecasts gained by the assimilation of three of SE-
VIRT’s infrared channels (i.e., the two water vapor
channels located at 6.2 and 7.3 pm, and the CO,
channel placed around 13.4 pm). Montmerle et al.
(2007) investigated the relative impact of geostation-
ary versus polar-orbiting satellites and their possi-
ble complementarity using the Aladin/France opera-
tional regional 3D-Var system at Meteo-France. Ra-
diance observations from the Spinning Enhanced Visi-
ble and Infrared Imager (SEVIRI) on board Meteosat-
8; AMSU-A radiances from NOAA-15, NOAA-16,
and AQUA; AMSU-B radiances from NOAA-16 and
NOAA-17; and HIRS radiances from NOAA-17 and
the Advanced Infrared Sounder (AIRS) on board the
NOAA and AQUA satellites, were assimilated. Anal-
yses were strongly controlled by SEVIRI data in the
middle to high troposphere, resulting in a positive
impact on forecast scores and predicted precipitation
patterns. Weng and Liu (2003) studied the forward
radiative transfer and Jacobian modeling in cloudy
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atmospheres, and Weng et al. (2007) employed rain-
affected microwave radiance observations for hurricane
vortex analysis. Positive impacts of a 3D-Var assimila-
tion of the Advanced Technology Microwave Sounder
(ATMS) onboard Suomi NPP satellite on hurricane
forecasts have also been demonstrated (Zou et al.,
2013). The wealth of more accurate remote sensing
data from research and operational satellites, the de-
velopment of more sophisticated hurricane forecasting
models, and the availability of more powerful comput-
ers, provide unprecedented opportunities to advance
further our knowledge, understanding, and forecast
skill of TCs.

This study investigates the impact of the altitude
of the model top on satellite radiance assimilation and
the track and intensity forecasts of tropical storms us-
ing the Hurricane Weather Research and Forecasting
(HWRF) system. In the following, a brief description
of data, the TC case, and the data assimilation and
TC forecast model are provided in Section 2. Satellite
observation instruments are introduced in Section 3.
Impacts of model top on biases of satellite radiance
simulation by a radiative transfer model are described
in Section 4. Section 5 depicts the case and the HWRF
experiment setup. In Section 6, data assimilation re-
sults from the HWRF are discussed. Forecast results
are presented in Section 7, in which how the tropical
storm forecasts are affected by model tops are elabo-

rated. Section 8 presents a summary of this study.
2. A brief description of the HWRF system

This study employs the HWRF system, which has
evolved from a single-domain system (Gopalakrishnan
et al., 2011), to a doubly nested version (Bozeman et
al., 2011; Pattanayak et al., 2011; Zhang et al., 2011;
Yeh et al., 2012), and finally a triply nested version
(Zhang et al., 2011). The triply nested 2012 version of
the HWRF system is configured with a parent domain
at 27-km horizontal resolution, an intermediate two-
way moving nesting domain at 9 km, and an innermost
two-way moving nesting domain at 3 km. The par-
ent, intermediate, and innermost domains have about
750 x 750, 238 x 150, and 50 x 50 model grid points,
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respectively (Zhang et al., 2011). Both the interme-
diate and innermost domains are centered at the ini-
tial storm location and configured to follow the pro-
jected path of the storm. All the three domains of the
HWRF have the same 43 hybrid vertical levels with
more than 10 model levels located below 850 hPa and
a model top located at about 50 hPa. The ghost do-
main has the same spatial resolution as the interme-
diate domain but is slightly larger than the interme-
diate domain. The data assimilation has a model top
located at 50 hPa in the 2012 HWRF version, which
is raised to 0.5 hPa in this study. It will be demon-
strated that a higher HWRF model top is required for
HWREF to better assimilate those upper tropospheric
and low stratospheric sounding channels even if their
weighting functions peak well below 50 hPa, as well
as for HWRF to fully describe the physical and dy-
namical processes in the upper troposphere and the

stratosphere that are important for the development,
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movement, and intensity change of tropical cyclones.

Figure 1 shows the parent domain, 3X domain,
ghost domain, middle nest, and inner nest for forecast-
ing the track and intensity change of tropical storm
Debby. The observed track and the surface pressure
field from the background field at 1800 UTC 27 June
2012 within the parent domain are also shown. It is
seen that the parent domain is sufficiently large for
describing TC environmental flow evolution. Both the
intermediate and innermost domains are centered at
the initial storm location and move on the projected
path of the storm to capture storm’s inner core struc-
tures. The HWRF atmospheric model employs Fer-
rier microphysics, NCEP global forecast system (GFS)
planetary boundary layer physics, SAS deep convec-
tion and shallow convection, and Geophysical Fluid
Dynamics Laboratory (GFDL) land surface model and
radiation. The atmosphere component is coupled to
the Princeton Ocean Model (POM) for all three do-
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Fig. 1. Sea level pressure (shaded; hPa) from the background field at 1800 UTC 23 June 2012 for tropical storm Debby.
The parent domain, 3X domain, ghost domain, middle nest, and inner nest are also indicated. The NHC (National
Hurricane Center) best track from 1800 UTC 20 to 1800 UTC 27 June 2012 is indicated in the thick black curve.
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mains (Gopalakrishnan et al., 2012).

The NCEP unified Gridpoint Statistical Interpo-
lation (GSI) system employed by the HWRF for data
assimilation was described in Derber and Wu (1998)
and Wu et al. (2002).
to obtain a non-homogenous grid-point representation

A recursive filter was used

of background errors in the GSI system (Wu et al.,
2002; Purser et al., 2003a, b). The Community Ra-
diative Transfer Model (CRTM) developed by the US
Joint Center for Satellite Data Assimilation (JCSDA)
(Han et al., 2007; Weng, 2007) is used for simulation
Satel-

lite data assimilation is carried out in both the parent

of all observations from satellite instruments.

and the ghost D2 domains at 27- and 9-km resolu-
tions.

The quality control (QC) procedure for each type
of satellite data consists of several QC tests to remove
outliers under cloudy conditions, outliers associated
with uncertainty in surface emissivity, and those field
of views (FOVs) with mixed surface types. The GSI
bias correction consists of a constant scan bias cor-
rection and an air mass bias correction. Spatial data
thinning is applied to all ATMS, AMSU-A, HIRS, and
AIRS instruments based on the spatial distance be-
tween observation and the center of an analysis grid
box, the temporal difference between observation and
analysis time, terrain height, surface type, etc. A de-
tailed description of the QC, bias correction, and data
thinning employed in GSI for ATMS can be found in
Zou et al. (2013).

The vortex initialization is performed at the 9-
km resolution 3X domain (see Fig. 1). A pre-specified
bogus vortex is merged with an environmental field
extracted from the GFS analysis. Once the 6-h data
assimilation cycle starts, the 6-h HWRF forecasts are
The

merged field with a corrected vortex and the environ-

used for extracting the environmental fields.

ment field are the background field for data assimila-
tion that employs the NCEP GSI analysis system.

3. Satellite observations

The AMSU-A onboard both the NOAA and EU-

@ http://www2.ncdc.noaa.gov/docs/klm/c7/sec7-3
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METSAT polar-orbiting satellites measures the atmo-
spheric radiation in microwave frequency range from
23 to 89 GHz. AMSU-A is a cross-track radiometer.
The extreme scan position of the earth view to the
beam center is 48.3°. The cross-track size of AMSU-A
FOV is 48 km at nadir and that at the outmost scan
angle is 105 km. The AMSU-A instruments have 15
channels, in which 3 channels are window channels.
Figure 2 presents the normalized weighting functions
for AMSU-A channels 1-15, which are overlapped onto
the 43 vertical levels of the HWRF model with its
model top located at 50 hPa and the 61 vertical levels
with its model top located at 0.5 hPa. It is pointed
out that the peak of weighting function increases with
scan angle. However, such a shift is much smaller for
upper-level channels than for low level channels (see
2 in Zou et al., 2013).

measured by AMSU-A primarily comes from the emis-

Fig. The radiative energy
sion of oxygen whose concentration is nearly uniformly
distributed through the earth’s atmosphere. Each of
the 12 sounding channels provides measurements of a
weighted average of radiation emitted from a partic-
ular layer of the atmosphere at a specified frequency.
The 12 AMSU-A sounding channels are evenly dis-
tributed throughout the earth’s atmosphere. There-
fore, AMSU-A satellite instruments are ideal for re-
motely sounding the global atmospheric temperature.
More details on the channel characteristics of AMSU-
A can be found in Mo (1996) and the NOAA KLM
(abbreviated for NOAA-15/16/17) User Guide®.
ATMS is a cross-track microwave radiometer,
which scans the earth scene within £52.7° with re-
It has a total of 22

channels with channels 1-16 designed for atmospheric

spect to the nadir direction.

temperature soundings below about 0.1 hPa and chan-
nels 17-22 for atmospheric humidity soundings in the
troposphere below approximately 200 hPa (Weng et
al., 2012, 2013). The ATMS weighting functions can
be found in Weng et al. (2012). Fourteen of ATMS
temperature sounding channels (ATMS channels 1-3
and 5-15) have the same frequencies as its predecessor
AMSU-A (AMSU-A channels 1-14). The ATMS tem-
perature channel 16 has slightly different frequency
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Fig. 2. Weighting functions for AMSU-A channels 1-15
(solid and dashed curves with colors in the legend indi-
cating the channel numbers) overlapped onto the HWRF
model levels (gray horizontal line) for (a) the 43-level setup
with its model top located at 50 hPa and (b) the 61-level
setup with its model top located at 0.5 hPa.

(88.2 GHz) from AMSU-A channel 15 (89.0 GHz).
ATMS channel 4 is a new temperature-sounding chan-
nel with its central frequency located at 51.76 GHz and
contains temperature information in the lower tropo-
sphere (around 700 hPa). The ATMS channels 3-16
have a beam width of 2.2°, and the ATMS surface
channels 1-2 have a beam width of 5.2°. To reduce the
data noise due to a shorter integration time of ATMS
FOV, the ATMS overlapping FOVs are re-sampled to
AMSU-A-like observations (NWP SAF, 2011; Yang
and Zou, 2013).

HIRS is a 20-channel atmospheric sounding in-
strument with channels 1-12 being located in the long-
wave infrared frequency range from 6.7 to 15 pum,
channels 13-19 in the shortwave infrared range (3.7-
4.6 pm), and channel 20 being a visible channel (0.6
pm). HIRS provides a nominal spatial resolution of
20.3 km at nadir in both the visible and shortwave
infrared channels and 18.9 km in the longwave in-
frared channels. The HIRS/4 has the same number
of channels as HIRS/3 except for an improvement in
observation resolution. The nadir resolution for each
HIRS/4 channels is approximately 10 km. Weighting
functions for HIRS channels 1-19 overlapped onto the
HWRF model levels (gray horizontal line) for the 43-
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level setup with its model top located at 50 hPa and
the 61-level setup with its model top located at 0.5 hPa
are provided in Fig. 3. It is seen that HIRS channels
1-3 are upper-level channels with their peak weighting
function located above 100 hPa.

AIRS is a hyperspectral infrared sounder pro-
viding a total of 2378 thermal infrared radiance ob-
servations across a spectrum from 3.7 to 15.4 pm.
It is one of the six instruments carried onboard
the National Aeronautics and Space Administration’s
(NASA) Aqua satellite. The spatial resolution for
AIRS is 13.5 km at nadir (Aumann et al., 2003). De-
tailed information on AIRS instrument characteristics
(2002). A total of
281 AIRS channels are selected for data assimilation
in the GSI incorporated in the HWRF. The weight-
ing functions of these 281 channels are provided in
Fig. 4.
weighting functions peak above 100 hPa (Figs. 4a and

was provided by Pagano et al.

There are more than 65 channels whose

4b). There are also several channels whose weighting

0.1-

(a) (b)
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Fig. 3. Asin Fig. 2, but for HIRS/4 (a, b) channels 1-12
and (c, d) channels 13-19.
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Fig. 4. As in Fig. 2, but for AIRS channels with (a,
b) peak weighting function altitude above 100 hPa, (c, d)
peak weighting function altitude between 500 and 100 hPa,
and (e, f) weighting function values being less than 0.1 at
50 hPa. The peak weighting function altitudes are indi-
cated by the colored legend.

functions peak below 500 hPa but have significant con-
tribution from the atmosphere above 50 hPa (Figs.
4c and 4d). A model top higher than 0.5 hPa with
more upper vertical levels is needed to fully resolve
upper-level sounding channels of AMSU-A, ATMS,
and AIRS.

4. Impacts of model top on biases of satellite
radiance simulation by CRTM

The 3D-Var satellite data assimilation searches
for a local minimum solution x* of the following cost
function (Derber and Wu, 1998)

1 1
J(x) = 5(33 —x,) "B (x —x,) + E(H(:c)
—y*")T (0 + F)"'(H(z) - y°™), (1)
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where x is a vector of the control variable, xy, is a vec-
tor of the background state variable, B is the back-
ground error covariance matrix; the vector y repre-
sents all observations including brightness tempera-
ture observations from all instruments; the nonlinear
vector operator H (x) represents the forward obser-
vation operator that simulates the observed quanti-
ties for every given atmospheric state variable x, O
is the observation error covariance matrix, and F' is
the error covariance matrix of the forward observa-
tion operator and representativeness error. For satel-
lite radiance data assimilation, the Community Ra-
diative Transfer Model (CRTM) is chosen as H(x),
which calculates the radiance at the top of the atmo-
sphere at different channels from different instruments.
The matrices H and HT are the tangent linear oper-
ator and the adjoint operator of H(x), respectively.
The state variable & in Eq. (1) includes the atmo-
spheric temperature profile, water vapor profile, and
surface parameters (e.g., sea surface temperature and
surface emissivity). A climatology profile is taken as
the state variables in CRTM above the model top al-
titude, which is either 50 or 0.5 hPa in this study.
The ozone profiles from the GFS background fields
are used as input to CRTM in GSI. A series of sur-
face emissivity /reflectivity models are implemented in
CRTM for microwave channels over land (Weng et al.,
2001), ocean (Liu et al., 2011), and snow and sea ice
(Yan et al., 2004), as well as infrared channels over
land (Carter, 2002) and ocean (Wu and Smith, 1997).
Statistically speaking, the analysis obtained by
minimizing the cost function defined in Eq. (1) is the
maximum likelihood estimate under the assumption
that all observations (y), the background field (xy,),
and the state variable x are unbiased. Thus, the non-
zero mean of observation errors must be subtracted
from the data. Since the differences between obser-
vations and model simulations, i.e., O — B, appear
together in Eq. (1), only the difference of the observa-
tion error mean (u°) and the background error mean
(uP) is required based on the following expression:

O—u)=(B—-p")=0-B—(°—p"). (2

The difference of observation and model biases p°® — u”
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in Eq. (2) can be estimated based on a large sample
of O — B statistics sinceO — B=0-T—-(B-T) =
pe — pP.

If the model top is located too low (e.g., 50 hPa),

radiances of many upper-level channels could be diffi-

cult to use. Significant temporally and spatially vary-
ing biases would be introduced for the assimilation of
those channels that have a significant sensitivity to
the atmosphere above the model top. If these chan-
nels were assimilated and adjusted during the assimila-
tion process, signals in the satellite-observed radiances
from above the model top would be aliased, resulting
in erroneous adjustments to model initial conditions
within the model domain. The quality of forecasts
would be reduced. It is thus important to have a
relatively higher model top for the TC forecasts to
take full advantage of upper-level radiance observa-
tions.

A quantitative assessment of the impact of model
top altitude on model biases of satellite radiance sim-
ulations can be illustrated for ATMS temperature
sounding channels. Figure 5a shows a global distri-
bution of the differences of brightness temperature be-
tween observations (O) and CRTM simulations (B) for
ATMS channel 15 during 0000-1200 UTC 20 Decem-
ber 2011. The 64-level GFS fields were used as input to
CRTM. The peak weighting function of ATMS chan-
nel 15 is located at 2 hPa. The 64-level GFS model top
is around 0.1 hPa. It is seen that the O-B differences
are within +10 K. However, if the model top is located
at 10 hPa, the CRTM will take the US standard pro-
file above 10 hPa as input to produce the simulated
ATMS channel 15 brightness temperatures. The re-
sulting differences of brightness temperature between
observations and CRTM simulations for ATMS chan-
nel 15 are provided in Fig. 5b. The O-B differences
could exceed +25 K in middle and high latitudes. The
upper-level information is crucial to assimilate upper-
level channels.

Figure 6 presents the zonal mean temperature dif-
ferences between GFS 64-level forecast fields and the
US standard atmosphere above 10 hPa (Fig. 6a) and
the zonal mean brightness temperature differences of
ATMS channels 10-15 with and without the GFS fields
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above 10 hPa (Fig. 6b). The higher the channel’s peak
weighting function and the higher the altitude, the
The
latter is caused by the differences between the GFS
fields and the US standard atmosphere. If the model
top is located at about 10 hPa, assimilation of ATMS

channels 13-15 is in question. This is because the im-

larger the O—B brightness temperature biases.

pact of model top altitudes on model simulation of
the ATMS upper-level channels is the smallest in the
tropics.

5. Case description and the HWRF experiment

setup

Tropical storm Debby occurred in 2012 over the
Gulf of Mexico, moved into the Atlantic Ocean, and is
selected for this investigation. Debby developed from

a low-pressure system in the Gulf of Mexico on 23 June

0 60

120°W 60 0

120°E 180

Fig. 5. (a) Global distribution of brightness temperature
differences (K) of ATMS channel 15 between observations
and model simulation using 64-level GFS fields as input
to CRTM during 0000-1200 UTC 20 December 2011. (b)
Same as (a) except for using the US standard profile above
10 hPa.

largest positive values are in violet and the largest nega-

Color scheme is identified in the legend. The

tive values (in magnitude) are in blue.
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2012, then moved northeastward over the Gulf of Mex-
ico. It turned into an eastward movement on June 24
when approaching the Gulf coast. Debby made land-
fall in Florida on June 26. It continued its eastward
movement and went across Florida and moved into
the Atlantic Ocean. The NCEP operational HWRF
5-day forecast tracks initialized on June 23 and 24
produced a set of westward propagating tracks when
Debby moved northeastward. On June 25 and after-
ward, the operational HWRF model produced reason-
ably good track forecasts. Therefore, the track predic-
tion of tropical storm Debby before 25 June 2012 was
a major challenge.

Although the motion of a tropical storm is af-
fected by many factors, the primary driving force of

TC motion is the large-scale environmental steering

ZOU Xiaolei, WENG Fuzhong, Vijay TALLAPRAGADA, et al. 9

(Elsberry, 1995; Wang et al., 1998; Chan, 2005). In
order to see under what large-scale flow environment
the tropical storm developed and moved, we examine
the geopotential and wind vector at 500 hPa using the
NCEP global forecast system (GFS) 6-h forecast fields
(Fig. 7), which have a horizontal resolution of 0.3125°
x 0.3125°, a temporal resolution of 6 h, and a total
of 64 vertical levels unevenly spaced from the earth’s
surface to about 0.1 hPa (Kleist et al., 2009). It is
seen from Fig. 7 that the tropical storm Debby was
located in between a subtropical trough its southeast
and a midlatitude ridge its northwest. The anticy-
clonic flows on the west side of the subtropical high
and on the east edge of the midlatitude ridge favored
a cyclonic flow development and a low-pressure sys-
tem in the Gulf of Mexico at 1800 UTC 23 June 2012.
The midlatitude ridge experienced an enhanced devel-
opment with time, preventing Debby’s northwestward
movement. The subtropical high gradually retreated
eastward and the northeast flow in the southwestward
branch of the subtropical high and the midlatitude
westerly drove Debby to move eastward. It is thus an-
ticipated that an accurate prediction of the size and
position of the subtropical high is crucial for the track
prediction of Debby when the forecast model is initial-
ized before 25 June 2012.

The model top of the HWRF data assimilation
and forecast model is too low for including many
upper-level satellite channels in data assimilation. To
illustrate this, the 43 vertical levels are indicated in
Figs. 2-4 for weighting functions of AMSU-A, HIRS,
and AIRS. The weighting function of a channel quan-
tifies the relative contributions to the total measured
radiance from different levels of the atmosphere. The
measured radiation is most sensitive to the atmo-
spheric temperature at the altitude where weighting
function reaches the maximum value. It is seen that
a large portion of the weighting functions of many
upper-level channels are above the HWRF model top.
In order to assimilate more upper-level channels with
their weighting functions peaking in the upper tropo-
sphere and the stratosphere, the model top is raised
to 0.5 hPa, and model levels are increased to 61 ac-

cordingly (see right panels of Figs. 2-4).
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Fig. 7. 500-hPa geopotential height (black curve; m) and wind vector (red vector; m s™!) of the 64-level NCEP GFS
data from 1200 UTC 23 to 1800 UTC 24 June 2012. Areas with geopotential height greater than 5880 m are indicated

in gray shading.

Two data assimilation and forecast experiments
were carried out for tropical storm Debby (2012). The
only difference between the two numerical experiments
is the model top, which results in different amounts
of data assimilated. The model top is located at 50
and 0.5 hPa in experiments .43 and L61, respectively.
The model domain information is provided in Fig. 1,
in which the sea level pressure from the background
field at 1800 UTC 23 June 2012 and the US National
Hurricane Center (NHC) best track from 1800 UTC
20 to 1800 UTC 27 June are also shown. In both
experiments L43 and L61, AMSU-A, ATMS, HIRS,
and AIRS radiance observations, conventional data,
the Global Positioning System (GPS) radio occulta-
tion (RO) data, and the Advanced Scatterometer AS-

CAT surface wind data are assimilated. The decision
of excluding MHS (Microwave Humidity Sounder) and
GOES Sounder (GSN) data is made based on a se-
ries of data-denying experiments conducted by Qin et
al. (2013). Qin et al. (2013) showed that the MHS
and GOES imager radiance data assimilation could de-
grade the forecast skill. Data assimilation experiments
are performed on both the parent and intermediate do-

mains at 27- and 9-km resolution, respectively.
6. Data assimilation results

Data assimilation in HWRF/GSI is carried out at
0000, 0600, 1200, and 1800 UTC, which is denoted as
to. Observations within ty £ 1.5 h are assimilated at
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time tg, and observations outside these time win-
dows are not assimilated in HWRF/GSL. On the other
hand, a polar-orbiting satellite provides global obser-
vations twice daily, with the same local equator cross-
ing time (LECT). The polar-orbiting satellites NOA A-
18, NOAA-19, Aqua, and Suomi NPP cover the af-
ternoon orbits, and MetOp-A covers the mid-morning
orbits. Therefore, satellite data coverage in a fixed
HWRF parent model domain (see Fig. 1) from these
satellites varies with the UTC time. An example is
provided in Fig. 8, which shows the spatial distri-
butions of AMSU-A channel 5 data from NOAA-19
and MetOp-A for experiment L61 with the follow-
ing 4-time windows: 0000+£1.5, 0600+1.5, 1200£1.5,
and 1800+1.5 UTC 24 June 2012. Data points from
AMSU-A onboard NOAA-19 and MetOp-A that pass
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QC and are assimilated in the HWRF /GST for tropical
storm Debby are indicated in orange and cyan, respec-
tively. Data points that do not pass QC are indicated
in red dots for both NOAA-19 and MetOp-A. The
brightness temperature observations of imager channel
4 from GOES-13 at 2300 UTC 23 June, 0500, 1100,
and 1700 UTC 24 June 2012 included in Fig. 8 pro-
vide a rough reference for cloud distributions around
Debby. It is seen that 1800 UTC has the best data
coverage among the 4 UTC times at which data as-
similation is carried out. It is also found that cloudy
radiances are removed reasonably well. There is a
data void area in the central United States from mid-
morning and afternoon orbits.

Figure 9 shows data counts of ATMS radiance ob-
servations assimilated at 0000, 0600, 1200, and 1800

70°N

= =T U3 5
(b) 0600 BPC __~ p= =2
60 4

S

50
40 A
30 o
20 A
10 A

20°S T —
150 130 110 90 70 50

265 280 295 310 325

Fig. 8. Spatial distributions of AMSU-A channel 5 data from NOAA-19 (orange dots) and MetOp-A (cyan dots) for
experiment L61 at (a) 0000+1.5 UTC, (b) 0600+1.5 UTC, (c) 12004+1.5 UTC, and (d) 1800+1.5 UTC 24 June 2012.
Data points that do not pass QC are indicated in red dots for both NOAA-19 and MetOp-A. The HWRF parent domain
is indicated by the fan-shaped black curve. Brightness temperature observations of imager channel 4 from GOES-13 at
(a) 2300 UTC 23 June, (b) 0500, (c) 1100, and (d) 1700 UTC 24 June 2012 are shown in black shading.
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iment L61 (right panels).
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UTC during the entire data assimilation cycle from
23 to 29 June for tropical storm Debby in the par-
ent domain for both experiments L43 and L61. Very
little data are available in the model domain at 0000
UTC from an afternoon orbit Suomi NPP satellite.
It is seen that more observations are assimilated for
the upper-level channels 8-13 in experiment L61 than
those in experiment L.43. The total number of satel-
lite data assimilated for different channels varies daily,
which is a combined result of the UTC dependence of
satellite data and the cloud distribution over the areas
with satellite data. Due to the presence of cloud in the
troposphere, less amount of the low and middle tropo-
spheric channels (ATMS channels 1-6) are assimilated
The chan-

nel dependence of the data counts of AIRS radiance

than the upper-level in experiment L61.

observations assimilated at 3 UTC times (e.g., 0600,
1200, and 1800 UTC) during the data assimilation cy-
cle from 23 to 29 June for tropical storm Debby is pre-
sented in Fig. 10 for both experiments .43 and L61.
The altitudes of peak weighting function for all AIRS

channels assimilated in both experiments are also ind-
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10. Channel dependence of data counts of AIRS

radiance observations assimilated at different UTC times

Fig.

during the data assimilation cycle from 23 to 29 June for
tropical storm Debby in (a) experiment L43 and (b) ex-
periment L61. The peak weighting function is indicated as
black line.
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icated. It is seen that more upper-level channels and
less middle and low tropospheric channels are assim-
ilated in experiment L61 compared with experiment
L43. Being consistent with the fact that more after-
noon orbit (e.g., AIRS) data are available at 1800 UTC
as shown in Fig. 8, the amount of AIRS data assim-
ilated at 1800 UTC is largest within the HWRF do-
main. Very little and no data are assimilated at 1200
and 0000 UTC, respectively.

Figure 11 presents mean vertical profiles of tem-
perature and specific humidity differences between ex-
periments .43 and L61 at 0600 and 1800 UTC from 23
to 29 June 2012 for tropical storm Debby in the parent
domain. With a higher model top, middle and upper
tropospheric water vapor tends to be less and upper
tropospheric temperature tends to be lower, while low
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Fig. 11. Mean difference profiles of (a, ¢) background
temperature and (b, d) specific humidity fields between ex-
periments L43 and L61 at (a, b) 0600 UTC and (c, d) 1800
UTC from 23 to 29 June 2012 for tropical storm Debby in

the parent domain.
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troposphere tends to be wetter and middle and low
troposphere tends to be warmer.

The convergence of satellite data assimilation is
12-16. Figures 12 and 13
provide the differences between observations and the
background fields (O-B) and the differences between
observations and analysis fields (O—A) of ATMS chan-
nels 5-12 at those data points that pass GSI QC and
are assimilated at 1800 UTC 24 June 2012 in exper-
iments L.61 and 1.43. Experiment 1.43 performs sim-

demonstrated in Figs.

ilarly to experiment L61 for the middle tropospheric
ATMS channels 5-7. Differences of brightness temper-
atures between ATMS observations and model simu-
lations after data assimilation (O-A; Figs. 12b and
12d) are significantly smaller than the O-B differences
(Figs. 12a and 12c¢) for all ATMS channels 5-12 in ex-
periment L61 (Fig. 12). There is an area of positive
O-B difference near the center of tropical storm Debby
for ATMS channels 89, indicating that the observed
warm core structure in the middle and upper tropo-
sphere is stronger than that in the model. Although
a significant amount of observations are removed for
the stratospheric ATMS channels 10-12, the conver-
gence of ATMS data assimilation in experiment L43
(Fig. 13) for the remaining data kept by GSI QC is
not, so good as those data assimilated in the L61 ex-
periment. The differences O—A are larger than the
differences O—B for the stratospheric ATMS channels
10-12 in experiment L43, which is caused by adjusting
the temperature below the model top for radiation en-
ergy contributions from above the model top. As men-
tioned before, the US standard atmosphere is used in
CRTM for brightness temperature simulations above
the model top. The convergence of the low strato-
spheric and upper tropospheric ATMS channels 8-9 in
experiment .43 seems also affected by the model top
due to residual radiation energy contributions above
the 50-hPa model top to these two channels. There-
fore, it is concluded that the poor performance of the
L43 compared to the L61 is not solely because of lower
model top but also a poor quality control in assimilat-
ing the higher-level channels. A revised bias correction
may be helpful for assimilation of those upper-level
channels to fill the gap between observation and back-
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Fig. 16. (a, b) Standard deviations for O-B (red) and

O-A (blue) differences of AIRS brightness temperatures in
(a) experiment 143 and (b) experiment L61 during the en-
tire data assimilation cycle from 23 to 29 June for tropical
storm Debby. (c) The differences of the standard devia-
tions of O-B (red) and O—A (blue) between experiments
L43 and L61 (L43 minus L61). The wavelength of each
AIRS channel assimilated is indicated in (a, b) in black.
The peak weighting function of each AIRS channel assim-
ilated is indicated in (c) in black.

ground. Further investigation on a revised bias cor-
rection for assimilation of upper-level channels with a
low model top, which could be the case to save compu-
tational cost, will be carried out to see if useful infor-
mation can be provided into model initial conditions
instead of simply removing these channels.

Figures 14 and 15 compare the data count dis-
tributions as a function of scan angle and the differ-
ences O-B or O—A from the 8th to 93th FOV at an
interval of 5 FOVs for ATMS channels 6-13 between
experiments L43 (Fig. 15) and L61 (Fig. 14). The

VOL.29

angular-dependent biases and standard deviations are
also plotted in Figs. 14-15. In experiment L61 (Fig.
14), the O—A data spread is much narrower than that
of O-B. The biases and standard deviations are signifi-
cantly reduced at all scan angles for all ATMS channels
6-13. However, the O—A data spread becomes much
broader than that of O-B for ATMS channels 9-13
in experiment 143, which is consistent with Fig. 13.
These results confirm an improved fit of NWP model
fields to ATMS observations through satellite data as-
similation when the model top is raised from 50 to 0.5
hPa, especially for upper-level channels. Similar re-
sults are obtained for AIRS data assimilation.

Figure 16 shows a channel-dependent reduction of
the differences between AIRS observations and model
simulated brightness temperatures after data assim-
ilation, including all data assimilated during 23-29
June for tropical storm Debby in experiments .43 and
L61. The wavelength for each of the 281 AIRS chan-
nels assimilated in both experiments is also indicated
in Fig. 16. Similar to what was seen in microwave
upper-level channels, the spread of the differences be-
tween observations and model simulations is increased
by data assimilation for most AIRS channels whose
peak weighting functions are above 100 hPa when the
model top is located at 50 hPa (Fig. 16a). The model
simulated brightness temperatures based on the anal-
ysis compare more favorably to AIRS observations for
those channels whose wavelengths are between 6 and
10 pm and peak weighting function altitudes are be-
low 100 hPa. If the model top is raised to 0.5 hPa, the
standard deviations of the differences between obser-
vations and model simulations are reduced for all chan-
nels after satellite data assimilation in experiment L61
(Fig. 16b). Although more AIRS tropospheric chan-
nels data are assimilated in L43 than in L61 (see Fig.
10), the convergence (i.e., fit to observations) of L61
is consistently better than that of L43 for almost all
AIRS channels assimilated (see Fig. 16c¢).

7. Forecast differences between the two model

tops

The track forecasts by NWP models initialized 2—
3 days before the landfall of tropical storm Debby was
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a well-known challenge in 2012. The Debby predicted
by the operational model moved westward while the
real storm moved eastward when the forecasts were
initialized before 25 June 2012. Impacts of model top
on Debby’s track forecasts are shown in Figs. 17 and
18. Figure 17 is a “spaghetti” map showing the ob-
served and model predicted tracks of the 5-day fore-
casts initialized at 1800 UTC 23 to 1200 UTC 25 June
2012 by the two experiments 143 and L61. The fore-
cast tracks from experiment L.43 moved northwestward
before 0600 UTC 25 June while the observed track
moved northeastward (Fig. 17a). Such a westward
track bias is significantly reduced for forecasts in ex-
periment L61 (Fig. 17b) except for the forecast initial-
ized at 1800 UTC 23 and 24 June 2012. It is noticed
that the forecast initialized at 1800 UTC 24 June 2013
has produced a track that deviates from the observed

track more greatly than the forecasts initialized at ear-
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with the fact that the model forecast initialized at 1800
UTC 24 June has a weaker and narrower subtropical
high than those from other forecasts.

Figure 18 shows geopotential height and wind vec-
tor at 400 and 500 hPa from the analysis at 1800 UTC
24 June and the 6-h forecast initialized at 1200 UTC
24 June 2012 from experiment L61. The areas with the
geopotential at 400 hPa being greater than 7590 m and
the geopotential at 500 hPa being greater than 5880
m in the 6-h model forecast are significantly broader
than those from the analysis at 1800 UTC 24 June
2012. This would alter the environmental steering of
modeled tropical storm Debby. A larger geopoten-
tial height value at the east side of the tropical storm
from the 6-h forecast initialized at 1200 UTC (Figs.
18b and 18d) corresponds to a stronger anticyclonic
circulation. The southwestward flows on the west side

of the subtropical high would steer the storm to move

lier times. The main reason is found to be associated  northeastward.
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Fig. 17. Five-day forecast tracks (solid and dotted curves with colors in the legend indicating the initial times of model
forecasts) of tropical storm Debby from experiments (a) L43 and (b) L61 initialized during 1800 UTC 23-1200 UTC 25
June 2012 at a 6-h interval. The NHC best track is shown in black from 1800 UTC 23 to 1800 UTC 27 June 2012 at
a 6-h interval. The model predicted tracks before and after 1800 UTC 27 June 2012 are expressed by solid and dotted

curves, respectively.
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Fig. 18. Geopotential height (black curve; m) and wind vector (red vector; m s™') at (a, b) 400 and (c, d) 500 hPa
from (a, c) the analysis at 1800 UTC 24 June and (b, d) the 6-h forecast initialized at 1200 UTC 24 June 2012 from
experiment L61. Areas with geopotential height at 400 and 500 hPa greater than 7590 and 5880 m are shaded.

Although the motion of a tropical storm is af-
fected by many factors, the primary driving force of
TC motion is the large-scale environmental steering
(Elsberry, 1995; Wang et al., 1998; Chan, 2005). The

secondly important factor that controls TC motion is

34°N

the effect of the beta drift on TC motion, which not
only is much smaller than that of the steering flow,
but also produces a systematic northwest track bias
from the TC track. The northeastward movement

of tropical storm Debby must therefore be controlled
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Fig. 19. The forecast tracks and steering flow calculated from the HWRF model forecasts initialized at (a) 1200 and
(b) 1800 UTC 24 June 2012 for experiments L43 (blue and cyan arrows over the orange hurricane symbol) and L61 (red
and purple arrows over the green hurricane symbol) for tropical storm Debby.
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mostly by the environmental flow. Figure 19 provides
the 5-day forecast tracks as well as the steering flow
calculated from the deep layer mean environmental
flow of the HWRF model forecasts initialized at 1200
(Fig. 19a) and 1800 UTC (Fig. 19b) 24 June 2012 for
experiments 143 and L61 for tropical storm Debby.

For steering flow calculation, the deep layer mean is
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first obtained (Carr and Elsberry, 1990; Velden and
Leslie, 1991; Wu and Zhou, 2008). The vortex compo-
nent is then removed by using the Geophysical Fluid
Dynamics Laboratory (GFDL) scheme (Kurihara et
al., 1993). Finally, the environmental flow within a
radius of 500 km from the storm center is averaged to

obtain the steering flow. As shown in Fig. 19, the for-
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Fig. 20. Spaghetti figures of track errors (km) of all the 5-day forecasts for tropical storm Debby at a 6-h interval from
1800 UTC 23 to 1200 UTC 27 June 2012 as well as the mean error (red and blue curves with circles) by experiments
(a) L43 and (b) L61. Colors in the legend indicate the initial times of model forecasts. The track errors for the model
forecasts initialized from 1800 UTC 15 to 1200 UTC 27 June 2012 are shown in black curves in (a, b). (c) The mean
(curves) and root-mean-square (bars) errors of the 5-day forecast tracks for tropical storm Debby by experiments 143

(red and orange colors) and L61 (blue and cyan colors).
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ecast tracks closely follow the steering flow, confirm-
ing that the Debby’s motion is mostly driven by the
environmental steering flow. In experiment L61, the
storm initialized at 1800 UTC moved westward (Fig.
19b) while that from 1200 UTC followed a more real-
istic northeastward track.

The forecast tracks from experiment L61 at other
UTC times followed the observed track more closely.
The performance of all the 5-day forecasts for tropi-
cal storm Debby initialized from 1800 UTC 23 to 1200
UTC 27 June 2012 is provided in Fig. 20. It is seen
that both the mean and the root-mean-square errors
of the track forecasts by experiment L61 are smaller
than those from experiment L43.

The overall performance of hurricane forecasts
with two different model top altitudes for tropical
storms Beryl and Debby and hurricanes Isaac and
Sandy that made landfall in 2012 is presented in Fig.
21. The time period covered for Beryl, Debby, Isaac,
and Sandy is from 0000 UTC 23 to 1200 UTC 30 May,
1800 UTC 23 to 1800 UTC 29 June, 1800 UTC 21 to

Track error (km)

e
0 24 48 72 96 120
Time (h)

Central SLP error (hPa)

Time (h)

Fig. 21. Mean forecast errors (solid lines) and standard
deviations (dotted lines) from experiments .43 (red) and
L61 (blue) as functions of forecast lead times for (a) track
(km) and (b) central sea level pressure (hPa) of tropical

storms Beryl and Debby and hurricanes Isaac and Sandy.
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1800 UTC 30 August, and 1800 UTC 22 to 1800 UTC
29 October 2012, respectively. Variations of the mean
forecast errors and standard deviations with the fore-
cast time are compared between experiments L43 and
L61. It is found that the mean errors and standard de-
viations for both track and intensity forecasts of Beryl,
Debby, Isaac, and Sandy are reduced by raising the
model top of the HWRF data assimilation system.
Further investigation on an optimal setup of differ-
ent vertical levels for improved satellite data assim-
ilation for hurricane track and intensity forecasts is
warranted.

8. Concluding remarks

The present study provides a preliminary assess-
ment of the benefits of having a higher model top
in the HWRF /GSI system for both data assimilation
and hurricane forecasts. Radiance measurements from
AMSU-A, ATMS, AIRS, and HIRS are directly assim-
ilated in the NCEP GSI system, which was adopted by
the HWRF system. Specifically, results from satellite
radiance assimilation (i.e., ATMS, AMSU-A, AIRS,
and HIRS) and conventional data with two different
model top altitudes for the forecasts of tropical cy-
clones in 2012 over the Atlantic Ocean are compared.
It is found that satellite radiance data assimilation
in the HWRF system with a higher model top im-
The
improvements brought by a higher model top for data

proves both the track and intensity forecasts.

assimilation are more significant when the benchmark
HWREF forecasts with a lower model top deviate more
from the best track data.

This study only investigates the impacts of direct
assimilation of satellite microwave and infrared radi-
ance observations for tropical storm Debby (as well as
Beryl and hurricanes Isaac and Sandy but not in much
detail). Impacts of satellite radiance assimilation ex-
periments with an appropriately high model top on
hurricane track and intensity forecasts could be case
dependent and need to be further verified. We plan to
repeat these experiments for more Atlantic and Pacific
tropical storms in 2012 and 2013 hurricane seasons to

see if the conclusions from these limited case studies
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could be generalized.
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