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ABSTRACT

The Geostationary Operational Environmental Satellite (GOES) imagers provide high temporal- and

spatial-resolution data for many applications, such as monitoring severe weather events. In this study, radi-

ance observations of four infrared channels from GOES-13 and GOES-15 imagers are directly assimilated

using the National Centers for Environmental Prediction (NCEP) gridpoint statistical interpolation (GSI)

analysis system to produce the initial conditions for the HurricaneWeather Research and ForecastingModel

(HWRF). Impacts of GOES imager data assimilation on track and intensity forecasts are demonstrated for a

landfalling tropical storm that moved across the Gulf of Mexico—Debby (2012). With a higher model top

and a warm start, an asymmetric component is also added to the original HWRF symmetric vortex initiali-

zation. Two pairs of data assimilation and forecasting experiments are carried out for assessing the impacts of

the GOES imager data assimilation on tropical storm forecasts. The first pair employs a symmetric vortex

initialization and the second pair includes an asymmetric vortex initialization. Numerical forecast results from

these experiments are compared against each other. It is shown that a direct assimilation of GOES-13 and

GOES-15 imager radiance observations, which are available at all analysis times, in HWRF results in a

consistently positive impact on the track and intensity forecasts of Tropical Storm Debby in the Gulf of

Mexico. The largest positive impact on the track and intensity forecasts comes from a combined effect of

GOES imager radiance assimilation and an asymmetric vortex initialization.

1. Introduction

Tropical cyclones spend most of their times over

oceans, where they are rarely observed by conventional

data. Currently, observations of tropical cyclones over

oceans rely primarily on airborne and satellite data. The

Geostationary Operational Environmental Satellite

(GOES) imager instruments provide nearly continuous,

high-horizontal-resolution observations at one visible

and four infrared channels over storm domains. Thus,

the GOES data are unique for capturing fast-evolving

weather systems at all relevant scales (Stengel et al. 2009;

Zou et al. 2011). It is important to fully utilize GOES

data to improved hurricane forecasts. In this study, the

four infrared channels’ radiance data from GOES-13

and GOES-15 satellites are assimilated into the Hur-

ricane Weather Research and Forecasting Model

(HWRF) for the first time and the impacts on tropical

storm-track and intensity forecasts are evaluated.

Satellite data assimilation has been an active area of

research for operational global numerical weather pre-

diction (NWP) systems since the 1990s. Passive infrared
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and microwave channel radiance observations from

various polar-orbiting satellite instruments have been

routinely assimilated into NWP systems at almost all

operational centers including the National Centers for

Environmental Prediction (NCEP) and the European

Centre for Medium-Range Weather Forecasts

(ECMWF) since the late 1980s (Eyre et al. 1993;

Andersson et al. 1994; Derber and Wu 1998; McNally

et al. 2006). Significant improvements in global NWP

forecasts have been obtained from a direct assimilation

of radiance observations instead of their retrieved

temperature and water vapor profiles (Eyre et al. 1993;

Andersson et al. 1994; Derber and Wu 1998). Migliorini

(2012) pointed out that direct assimilation of satellite

radiance measurements is equivalent to assimilating the

satellite retrieval products if the following requirements

were met: (i) the forward radiative transfer model is

approximately linear near a state space centered at the

retrieval temperature within an interval on the order of

the retrieval error; and (ii) any prior information used

for constraining the satellite retrieval should not un-

derrepresent the variability of the atmospheric state in

order to properly retain the information content of the

measurements.

Advances in satellite data assimilation for tropical cy-

clone prediction had been relatively slow. Early studies

on satellite data assimilation for improved vortex initial-

ization and hurricane prediction included those using a

four-dimensional variational data assimilation (4D-Var)

approach with either the fifth-generation Pennsylvania

State University–National Center for Atmospheric Re-

search Mesoscale Model (MM5) (Zou and Xiao 2000;

Zou et al. 2001; Zhu et al. 2002) or the Coupled Ocean–

Atmosphere Mesoscale Prediction System (COAMPS)

atmosphericmodel (Amerault andDoyle 2008;Amerault

et al. 2009). Besides satellite instruments, hurricanes were

frequently observed by airborne radars in the United

States. Through a case study, Pu et al. (2009) showed that

assimilation of airborne radar reflectivity and radial wind

data had greatly improved the thermal and hydrometeor

structures of an initial vortex, leading to improved pre-

cipitation structures, and track and intensity changes of

Hurricane Dennis (2005) in the subsequent forecasts.

Recently, Zhang andWeng (2015) showed that the day 2–

to–day 4 intensity forecast errors could be reduced by

25%–28% compared to the corresponding National

Hurricane Center’s official forecasts. In the study of

Zhang and Weng (2015), ensemble data assimilation

techniques were employed for ingesting high-resolution

inner-core airborne Doppler radar observations for over

all 102 applicable cases during 2008–12.

Assimilation of radiance observations from various

remote sensing instruments on board polar-orbiting

satellites had significantly improved the forecast skills

of global NWP models (Eyre et al. 1993; Andersson

et al. 1994). Assimilation of GOES radiance observa-

tions lagged behind the assimilation of radiances from

polar-orbiting satellites for several reasons. Although

they have high temporal and spatial resolutions, geo-

stationary instruments provide low-spectral-resolution

(e.g., a few channels) infrared radiance measurements,

single visible channel observations, and limited observ-

ing domains. Early use of GOES observations focused

on atmospheric motion winds that were derived by

tracking the cloud or water vapor features from infrared

channels in sequential satellite images1 (Nieman et al.

1993; Velden 1996; Velden et al. 1997). Assimilation of

GOES-derived water vapor or cloud-tracked winds was

carried out that had demonstrated some positive or

neutral impacts on NWP (Goerss et al. 1998; Velden

et al. 1998; Tomassini et al. 1999; Soden et al. 2001).

Only more recently than the routine exercise of assim-

ilating radiances from polar-orbiting satellites into op-

erational global forecast systems, GOES radiances were

directly assimilated to avoid a major shortcoming with

the assimilation of GOES winds—a well-known un-

certainty in the height assignment of GOES-derived

winds (Rao et al. 2002). Efforts to incorporate radiance

observations from geostationary satellites into global

and regional NWP systems included studies by Köpken
et al. (2004) for the Meteosat Visible and Infrared Im-

ager (MVIRI) on boardMeteosat-7, Szyndel et al. (2005)

and Stengel et al. (2009) for the Spinning Enhanced

Visible and Infrared Imager (SEVIRI) on board

Meteosat-8, Su et al. (2003) for the GOES imager of the

United States for global data assimilation, and Zou et al.

(2011) and Qin et al. (2013) for the GOES imager on

board GOES-11 and GOES-12 of the United States for

regional quantitative precipitation forecasts (QPFs). In

Zou et al. (2011), the NCEP gridpoint statistical in-

terpolation (GSI) analysis system was employed for

GOES data assimilation experiments and the Advanced

Research version of WRF (ARW) was used for short-

range (e.g., 24–36 h) forecasts. Assimilation of GOES

imager radiances during a 12-h or slightly longer time

window prior to convective initiation and development

could significantly improve QPFs near the coast of the

northern Gulf of Mexico (Zou et al. 2011). Qin et al.

(2013) proceeded to assess the benefits of adding

GOES-11/12 imager infrared channel radiances to the

assimilation of other satellite data, including the Ad-

vance Microwave Sounding Unit A (AMSU-A), the

1 http://www.star.nesdis.noaa.gov/smcd/opdb/goes/winds/

wind.html.
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hyperspectral Atmospheric Infrared Sounder (AIRS),

the High Resolution Infrared Radiation Sounder

(HIRS), GOES Sounder (GSN), the Advance Micro-

wave Sounding Unit B (AMSU-B), and the Microwave

Humidity Sounder (MHS) data in GSI andARW. It was

shown that convection-induced QPFs near the Gulf

Coast could be further improved by adding GOES data

to other satellite data.

The present study incorporates GOES-13 and -15 in-

frared channel radiance data into the HWRF system

with two different schemes for vortex initialization and

assesses the impacts of GOES-13 and -15 data on trop-

ical storm prediction. The modified 2012 version of the

HWRF system is employed for this study. Major modi-

fications include a higher model top and a warm start,

which were described in Zou et al. (2013), who

conducted a preliminary study on satellite data assimi-

lation for tropical cyclone prediction using this modified

HWRF system. They demonstrated a consistent, posi-

tive impact of assimilating radiance observations from a

new microwave instrument, the Advanced Technology

Microwave Sounder (ATMS) on board the Suomi–

National Polar-Orbiting Partnership (SNPP) satellite,

on forecasts of four Atlantic hurricane cases that made

landfall in 2012.

This paper is organized as follows: Imager channel

characteristic features of GOES-13 and -15 are briefly

described in section 2. The HWRF vortex initialization

and an addition of an asymmetric component are

presented in section 3. The HWRF model, the NCEP

GSI data analysis system, and the numerical experi-

ment setup are provided in section 4. Asymmetric

vortex structures and analysis increments fromGOES-

13/15 imager radiance assimilation are presented and

discussed in section 4. In section 5, impacts of GOES

data assimilation on track and intensity forecasts are

shown. A summary and conclusions are provided in

section 6.

2. GOES data characteristics

GOES-13 and -15 satellites are the two operational

GOES systems operated by the U.S. National Oceanic

and Atmospheric Administration (NOAA) National

Environmental Satellite, Data, and Information Service

(NESDIS). NOAA GOES-14 remains in orbital stor-

age.GOES-13 became the official GOES-East satellite

on 14 April 2010, replacing GOES-12. GOES-15 re-

placed GOES-11 on 6 December 2011 and became

NOAA’s GOES-West satellite. Specifically, the

GOES-13 and -15 satellites are positioned in geosta-

tionary orbits at 758 and 1358W, respectively. Both

satellites are perched 35 800 km above the equator to

spot potentially life-threatening weather, including

tropical storm activity in the Atlantic Ocean, the Gulf

of Mexico, and the Pacific Ocean, at a full earth imaging

refresh rate of 26min.2 The observations from GOES

satellites are not only used for weather applications but

also for tracking space weather, oceanographic

changes, forest fires, and other hazards, and for search

and rescue operations. Tropical Storm Debby (2012),

which moved in a relatively data-void region in the Gulf

of Mexico, was well sampled by GOES-13 and -15 and

will be used for investigating the potential impacts of

GOES data assimilation for tropical storm prediction in

this study.

Both GOES-13 and -15 imagers have five channels.

Table 1 provides center frequency; bandwidth; resolu-

tion at the subsatellite point; noise at 300K for chan-

nels 1, 2, 4, and 6; and noise at 230K for channel 3. Both

GOES-13 and -15 imagers have one visible channel

with a center wavelength of 0.65mm (channel 1), and

four infrared channels consisting of a shortwave in-

frared window channel with its wavelength centered at

3.9mm (channel 2), an infrared water vapor channel

located at 6.5mm (channel 3), a longwave infrared

window channel centered at 10.7mm (channel 4), and a

longwave infrared carbon dioxide channel whose

wavelength is located at 13.3mm (channel 6). The

spatial resolution (i.e., instantaneous geometric field of

view) of the visible channel is 1 km and that of the in-

frared channels is 4 km at the subsatellite point, except

TABLE 1. GOES-13 andGOES-15 imager channel center frequency, bandwidth, data resolution at the subsatellite point, and data noise

at 300K for channels 1, 2, 4, and 6 and data noise at 230K for channel 3.

Channel No. Center frequency (mm) Bandwidth (mm)

Data resolution (km) Data noise (K)

GOES-13 GOES-15 GOES-13 GOES-15

1 0.65 0.19 1.0 1.0 65% 65%

2 3.90 0.34 4.0 4.0 0.051 0.063

3 6.55 1.50 4.0 4.0 0.14 0.17

4 10.7 1.00 4.0 4.0 0.053 0.059

6 13.35 0.70 8.0 4.0 0.061 0.13

2 http://www.nasa.gov/mission_pages/goes-n/media/goes-east.html.
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forGOES-13 channel 6. TheGOES-13 imager channel

6 has a coarser resolution (8 km) than the spatial res-

olution (4 km) of channel 6 from GOES-15. Since the

resolution of GOES-15 channel 6 matches that of

the other three infrared channels on board the same sat-

ellite, it is apparently beneficial for assimilatingGOES-15

multichannel radiance data and for deriving GOES-15

multichannels products than its predecessors GOES-

12 and -13.

The five GOES channels are designed for different

purposes. The visible channel 1 observes the reflected

radiation from the earth and therefore is ideal for

detecting clouds, aerosols, and surface features during

daytime. Channel 2 provides unique cloud detection

capabilities that greatly enhance the ability to analyze

cloud patterns and a variety of terrestrial features, most

notably fires, hot spots, and snow coverage. Channel 3 is

mainly used for depicting both water vapor and clouds in

the mid- and upper levels of the atmosphere, since the

earth’s emitted spectrum at channel 3’s wavelength

of 6.5mm is highly attenuated by water molecules.

The 4-km spatial resolution of channel 3 at the satellite

subpoint for both GOES-13 and -15, compared with

8 km for their predecessors GOES-11 and -12, can also

aid in the depiction of smaller-scale features such as jet

streaks and cloud streaks, as well as banded clouds and

precipitation. At the wavelength of channel 4 (10.7mm),

most surfaces and cloud types have an emissivity close

to 1 and the energies emitted by the earth’s surface

or cloud are not significantly attenuated by the atmo-

spheric gases. Therefore, brightness temperatures at

channel 4 measured by the GOES satellite are close to

actual surface skin or cloud-top temperatures except for

thin cirrus. In contrast to channel 4, channel 6 is located

within a region of the earth’s emitted spectrum

(13.3mm) where a considerable amount of both cloud-

and surface-emitted radiation is attenuated by carbon

dioxide molecules.

3. Vortex initialization

a. Symmetric vortex initialization

The vortex initialization in the HWRF 2012 version is

performed at the 9-km-resolution domain. The model

fields in the 3-km-resolution domain are downscaled

from those over the 9-km domain. The symmetric vortex

initialization that was implemented in the HWRF sys-

tem consists of the following five major steps: (i) de-

termining the storm center based on tropical cyclone

vital statistics (TCVitals) records; (ii) decomposing

Global Forecast System (GFS) 6-h forecast fields

into the following three components: a basic field, a

nonhurricane disturbance field, and a hurricane distur-

bance field (Kurihara et al. 1993, 1995); (iii) replacing

the hurricane disturbance field extracted from the GFS

field in the previous step [(ii)] by one of the two pre-

specified symmetric bogus vortices: one for deep vortex

and one for shallow or medium; (iv) applying a storm

size correction and an intensity correction to the pre-

specified vortex fields according to the available storm

size and intensity data provided by the Tropical Pre-

diction Center (TPC) for the tropical cyclone to be ini-

tialized in the HWRF model; and (v) adjusting surface

pressure, temperature, and water vapor mixing ratio

fields accordingly. A detailed description of the HWRF

vortex initialization can be found in Bao et al. (2012) and

Gopalakrishnm et al. (2012).

The sum of the basic field and nonhurricane distur-

bance field is called the environmental field. The sum of

the environmental field and the corrected initial bogus

vortex is then used as the background field for con-

ventional and satellite data assimilation. The data as-

similation is repeated at a 6-h interval. To eliminate

complications associated with double uses of data, the

6-h HWRF forecasts are used as the background

fields instead of the GFS 6-h forecast field for extract-

ing the environmental fields after the first cycle of data

assimilation.

b. Asymmetric vortex initialization

Most tropical cyclones exhibit asymmetric structures.

An asymmetric structure plays a significant role in the

tropical cyclone motion. If no asymmetry is present

in the initial condition, then a long time (1–2 days) is

required before the vortex exhibits quasi-steady pro-

pagation due to the beta effect (Kurihara et al. 1993;

Bender et al. 1993). Since the planetary vorticity ad-

vection by the symmetric flow within the vortex is one

of many factors that influence the development of

asymmetric structure in TCs, Kurihara et al. (1993) and

Bender et al. (1993) proposed to obtain an asymmetric

component of wind from integrating a barotropic vor-

ticity equation from the symmetric vortex as its initial

condition. Their method is employed in this study.

The barotropic vorticity model consists of integrating

the following equation:

›(ς1 f )

›t
1 v � $(ς1 f )5 0, (1)

v5k3$c , (2)

and

=2c5 ς , (3)
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where ς is relative vorticity, c is streamfunction, v is

velocity, f 5 2V sinu is the Coriolis parameter, V5
7:2923 1025 s21 is the earth’s rotation rate, and u rep-

resents the latitude.
Eqs. (1)–(3) are solved numerically in a two-

dimensional (2D) horizontal b plane through a spec-

tral expansion. The b plane is defined by a square area

[2Lx, Lx] and [2Ly, Ly] of 2563 256 grids with a grid

spacing of 10km. The center of the square area is placed

at the center of a vortex. The streamfunction variable (c)

can be approximated by a truncated 2D Fourier series as

follows:

c(x, y)5 �
N/2

n52N/2
�
M/2

m52M/2

cmne
ip[(mx/L

x
)1(ny/L

y
)] (4)

where the spectral coefficients cmn of the mth wave-

number in the x direction and the nth wavenumber in

the y direction is defined by

cmn 5 �
N

j51
�
M

i51

c(xi, yj)e
2ip[(mx

i
/L

x
)1(ny

j
/L

y
)] (5)

Substituting Eq. (4) into Eqs. (1)–(3), one obtains the

following equations for the spectral coefficients of

streamfunction (cmn), relative vorticity (ςmn), zonal

wind (umn) and meridional wind (ymn):

›zmn

›t
1 [$ � v(z1 f )]mn5 0 (6)

umn 52
ipn

Ly

cmn, ymn 51
ipm

Lx

cmn , (7)

and

cmn

 
2
m2p2

L2
x

2
n2p2

L2
y

!
5 zmn . (8)

The Runge–Kutta time-marching method is used for

the integration of Eq. (6) using a time step of Dt5 120 s,

that is,

8>>>>>><
>>>>>>:

z1mn 5 ztmn 2DtAt
mn

z2mn 5
3

4
ztmn 1

1

4
(z1mn 2DtA1

mn)

zt11
mn 5

1

3
ztmn 1

2

3
(z2mn 2DtA2

mn) ,

(9)

whereAmn 5 (ipm/Lx)(ςmn 1 f )umn 1 (ipn/Ly)(ςmn 1 f )

ymn for brevity.

The barotropic model [Eq. (9)] is integrated for 48 h

with the HWRF symmetric vortex as its initial condi-

tion. The wind field obtained at the end of the baro-

tropic vorticity model integration is taken as the

asymmetric component of the bogus vortex and is

added to the environmental field to produce the wind

field of the asymmetric vortex. The vortex mass fields

(pressure, geopotential, and temperature fields) are

adjusted based on the divergence equation already

incorporated into the HWRF initialization scheme

(Kurihara et al. 1993; Bender et al. 1993). In summary,

the asymmetric structure of the initial vortex that is

added to the HWRF vortex initialization is de-

termined from the symmetric vortex structure by a

barotropic model.

4. Data assimilation and forecast systems

a. The HWRF system

The triply nested 2012 version of the HWRF system is

used for this study. It has a nonhydrostatic mesoscale

model dynamic solver (Janji�c et al. 2001; Janji�c 2003)

and a triply nested domain configured with a parent

domain of 27-km horizontal resolution with about 7503
750 model grid points, an intermediate two-way tele-

scopic moving nesting domain at 9 km with about 2383
150 grid points, and an innermost two-way telescopic

moving nesting domain at 3 km with about 50 3 50 grid

points (Zhang et al. 2011). Both the intermediate and

innermost domains are centered at an initial storm lo-

cation and configured to follow the projected path of the

storm. The original 2012 version HWRF had 43 hybrid

vertical levels with more than 10 model levels being

located below 850hPa and a model top placed at about

50 hPa. To include many upper-level ATMS channels

with their weighting functions peaking in the upper

troposphere and stratosphere, the model top is raised to

0.5 hPa, and model levels are increased from 43 to 61

accordingly (Zou et al. 2013).

The HWRF atmospheric model employs the Ferrier

microphysics, the NCEP GFS boundary layer physics,

the GFS simplified Arakawa–Shubert deep convection,

and the GFS shallow convection (Gopalakrishnan et al.

2012). TheHWRF system also includes the Geophysical

Fluid Dynamics Laboratory (GFDL) land surface

model and radiation physics to account for air–sea in-

teractions over warm water and/or under high wind

conditions. The atmosphere component is also coupled

to the Princeton OceanModel (POM), which employs a

feature-based initialization of loop current, warm and

cold core eddies, and cold wake during the spinup phase

of tropical cyclones.

JULY 2015 ZOU ET AL . 2489



b. The data assimilation system

The GSI analysis system is a three-dimensional vari-

ational data assimilation (3D-Var) system. An overview

of the theory and the technical details of the GSI can be

found in Wu et al. (2002). By constructing appropriate

recursive filters into the analysis system, the spectral

representation of the background error covariance in

the spectral statistical interpolation (SSI) analysis sys-

tem is replaced with a gridpoint representation to allow

situation-dependent, anisotropic, and nonhomogeneous

structures be built into the background error covariance

matrix. The GSI thus adapts more flexibly to large in-

homogeneous density and quality of different types of

observations than its predecessor—the SSI analysis

system at NCEP (Derber and Wu 1998). Details of the

recursive filter techniques can be found in Wu et al.

(2002) and Purser et al. (2003a,b). The GSI User’s

Guide3 provides a step-by-step procedure to install,

compile, and run the GSI on different local computer

systems. The GSI had been successfully ported to a

Linux platform at Florida State University (FSU), and

the results in this study were obtained from the FSU

local computing facilities.

The Community Radiative Transfer Model (CRTM)

was employed as the observation operators for satellite

data assimilation in the GSI. It was developed by the

U.S. Joint Center for Satellite Data Assimilation

(JCSDA) for rapid forward simulations of satellite ra-

diances under various atmospheric and surface condi-

tions. The CRTM and its adjoint operator were

incorporated into the GSI. The CRTM supports a large

number of sensors, including the historical, current

(GOES-13, -15, etc.), and near-future sensors from the

Geostationary Operational Environmental Satellite-R

Series (GOES-R) and the Joint Polar Satellite System

(JPSS), and covers the microwave, infrared, and visible

frequency regions. More details on CRTM can be found

in Weng (2007) and Han et al. (2007).

In the GSI, the observation weights for channels 2, 3,

4, and 6 of GOES-13/15, wi (i 5 2, 3, 4, and 5), are first

given the following initial values of 2.0, 1.4, 3.0, and 3.0,

respectively, which are the inverse of the square of the

observation error variances. These values for the ob-

servation weights are then modified based on surface

emissivity and surface temperature. Specifically, the

initial value of the observation weight for channel 3, w3,

is reduced based on the standard deviation (d3) of

GOES radiance data, which have a 4-km resolution,

within a 40km 3 40km grid box as follows:

w0
35

8>>>>>>>>>>>><
>>>>>>>>>>>>:

w3/1:0, d3# 0:4

w3/1:05, 0:4, d3 # 0:5

w3/1:09, 0:5, d3 # 0:6

w3/1:14, 0:6, d3 # 0:7

w3/1:17, 0:7, d3 # 0:8

w3/1:19, 0:8, d3 # 1:1

w3/1:25, 1:1, d3 # 1:3

w3/1:29, 1:3, d3

.

It is reminded that GOES radiance data at 4-km reso-

lution were thinned to a 40-km resolution for data as-

similation. For other channels, w0
i 5wi (i 6¼ 3).

Then, the observation weights are further modified

based on different surface conditions in relation to sur-

face emissivity and surface temperature:

w
f
i 5

w0
i

11w0
i 3 ( f«3 j«ij1 fT 3 jTsj)2

,

where «i is the surface emissivity of the ith channel, Ts

represents the surface air temperature, and the param-

eter f« is set to the following values according to surface

type:

f«5

(
0:01, sea and land

0:02, other surfaces
,

f«5

8>>>><
>>>>:

0:5, sea

2:0, land

3:0, ice and snow

5:0, other surfaces

.

GOES-13/15 radiance data assimilated in the GSI sys-

tem include channels 2, 4, and 6 over sea, and channel

3 over both sea and land. Observations over ice, snow,

and other surfaces are not assimilated in the current GSI.

The weights of channels 2, 4, and 6 over sea are nearly

constant, which are 0.23, 0.11, and 0.11, respectively.

The weight for channel 3 is shown in Fig. 1. The obser-

vation weights for channel 3 data over sea are mostly

around 0.53. Observations weights for channel 3 over

land vary more with the surface type and the tempera-

ture than those over sea.

c. Experiment setup

Two pairs of data assimilation and forecast experi-

ments were carried out to assess the impacts of GOES

data assimilation on tropical storm forecasts. As men-

tioned before, the vortex initialization is performed at

the 9-km resolution domain. At 1800UTC 23 June 2012,

which is the starting time for initializing Tropical Storm3 http://www.dtcenter.org/com-GSI/users/index.php.
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Debby, a bogus vortex is merged with an environmental

field extracted from theGFS analysis. Themerged field is

used as the background field for data assimilation of both

conventional and satellite observations at the 9-km res-

olution domain. After the starting time, the 6-h HWRF

forecasts are used for the environmental fields for the

vortex initialization and data assimilation repeated at 6-h

intervals to avoid complications associated with double

uses of data. The vortex initialization and data assimila-

tion are carried out from 1800UTC 23 June to 1200UTC

25 June. The model fields in the 3-km resolution domain

are downscaled from those over the 9-km domain. Dur-

ing the time period from 1800 UTC 23 June to 1200 UTC

25 June, 5-day model forecasts are made in the triply

nested HWRF domain described in section 4a at 6-h in-

tervals as soon as the data assimilation is completed.

In the first pair of numerical experiments (CONTROL-S

and GOES-S), the HWRF symmetric vortex initializa-

tion is used (Table 2). In the second pair of numerical

experiments (CONTROL-AS and GOES-AS), a new

asymmetric vortex initialization is used (Table 2). In all

four experiments, conventional data, global positioning

system (GPS) radio occultation (RO) data, Advanced

Scatterometer (ASCAT) surface wind data, AMSU-A,

AIRS, and HIRS data are assimilated into the HWRF

parent and intermediate domains. The decision of in-

cluding only radiance observations from AMSU-A,

AIRS, and HIRS instruments but not MHS and GSN

data was made based on a series of data-denying ex-

periments conducted by Qin et al. (2013). Qin et al.

(2013) showed that inclusions of MHS and GSN data in

an all-satellite-data assimilation experiment degraded

the forecast skill. The GOES-S experiment is the same

as CONTROL-S except for adding GOES-13 and -15

imager data into the assimilation. The GOES-AS ex-

periment is the same as GOES-S except for using an

asymmetric vortex initialization.

5. Numerical results

a. Asymmetric vortex structure

Figure 2 shows the streamfunction and wind vector

near the surface (e.g., 950hPa) of the symmetric

(Fig. 2a) and asymmetric (Fig. 2b) vortices at 1800 UTC

23 June 2012, as well as the differences of relative vor-

ticity between asymmetric and symmetric vortices

(Fig. 2c). Near the storm center, the streamfunction

structure of the asymmetric vortex seems symmetric but

tighter than that of the symmetric vortex.Away from the

FIG. 1. Spatial distributions of observation weights for GOES-13 channel 3 observations at

1800 UTC 23 Jun 2012.

TABLE 2. Experiment names and assimilation data types; N:

GOES-13/15 imager data are not assimilated; Y: GOES-13/15

imager data are assimilated.

Experiment

Data type

Bogus vortexGOES-13/15 Other data

CONTROL-S N AMSU-A,

HIRS, AIRS,

GPS RO, and

conventional data

Symmetric

GOES-S Y Symmetric

CONTROL-AS N Asymmetric

GOES-AS Y Asymmetric
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storm center, the streamfunction exhibits an asymmetric

structure, with positive streamfunction values extending

toward the southwest and negative streamfunction

values appearing in the northeast of the storm center

(Fig. 2b). An asymmetric component is more clearly

seen in the difference of the relative vorticity field be-

tween asymmetric and symmetric vortices (Fig. 2c).

Near the storm center, a pair of negative and positive

relative vorticity centers is aligned along the southeast

and northwest directions. Farther away from the center,

there is another pair of negative and positive relative

vorticity centers aligned along the northeast and

southwest directions with abroad azimuthal coverage.

Asmentioned before, such an asymmetric component of

wind arises from the planetary vorticity advection by the

symmetric flow of the symmetric vortex and is obtained

by integrating a barotropic vorticity equation.

Figure 3a shows the vertical distribution of the tan-

gential wind of the symmetric bogus vortex generated by

the HWRF vortex initialization for Tropical Storm

Debby at 1800 UTC 23 June 2012. The HWRF vortex is

characterized by a symmetric cyclonic flow in the low and

middle troposphere and an anticyclonic flow in the upper

troposphere. The low-level horizontal distributions and

cross sections of tangential and radial wind components

of the asymmetric bogus vortex, which are used for ini-

tializingDebby at 1800UTC 23 June 2012 in experiments

CONTROL-AS and GOES-AS, are presented in

Figs. 3b–e. Amaximum area of tangential wind is located

to the northeast of the vortex center (Fig. 3b). The cross

section for the tangential wind component along the line

passing through the vortex center and the maximum

tangential wind location (Fig. 3d) shows a similar struc-

ture to the symmetric vortex (Fig. 3a) except for different

magnitudes. The tangential wind in the east side of the

vortex center (Fig. 3d) is stronger than that of the sym-

metric vortex (Fig. 3a), and the tangential wind in the

west side of the vortex center (Fig. 3d) is weaker than that

of the symmetric vortex (Fig. 3a). In contrast to the

HWRF symmetric vortex for which the radial wind

component is set to zero, the asymmetric vortex has a

weak radial wind component, characterized by a large

area of low-level inflow to the south of the vortex center

and a small area of low-level outflow to the northwest of

the vortex center (see Figs. 2b and 3e). The magnitude of

the radial wind component decreases with altitude and the

sign of the radial wind component does not change

throughout the troposphere until above 160hPa (Fig. 3e).

Both the symmetric (Figs. 2a and 3a) and asymmetric

(Figs. 2b and 3b–e) vortices will be used for initializing

the HWRF data assimilation cycling procedure, and

their combined impacts on the track and intensity pre-

diction of Tropical StormDebby (2012) will be shown in

section 5c.

b. GOES data assimilation results

GOES-13 and -15 data are resampled, thinned, and

converted to a meteorological data format called the

FIG. 2. Streamfunction (shaded; 106m2 s21) and wind vectors

(arrow; m s21) at 950 hPa of the (a) symmetric and (b) asymmetric

initial bogus vortices for initializing Debby at 1800 UTC 23 Jun

2012. (c) Differences of relative vorticity between asymmetric and

symmetric vortices (e.g., asymmetric minus symmetric).
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FIG. 3. (a) Cross section of tangential wind of the symmetric HWRF bogus vortex. (b),(c) Horizontal

distributions at 950 hPa and (d),(e) cross sections of (left) tangential and (right) radial wind compo-

nents of the asymmetric bogus vortex for initializing Debby at 1800 UTC 23 Jun 2012. The cross

section in (d) for the tangential wind component is along the dotted black line in (b). The cross section

in (e) for the radial wind component is along the dotted black line in (c). The observed storm center is

indicated by a purple hurricane symbol.
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Binary Universal Form for Representation of Meteo-

rological Data (BUFR) and then fed into the GSI

analysis system. The GOES BUFR data contain

brightness temperature data, clear-sky fraction, and the

standard deviation of the raw data within a thinned

40-km box for bothGOES-13 and -15. An advantage to

using coarse-resolution radiances is that it reduces ob-

servation error correlation. The cloud mask algorithm

developed by Heidinger (2011) was incorporated into

the operational system. Data with a clear-sky fraction

being less than 70% or a zenith angle greater than 608
are rejected. Additional quality control (QC) steps in-

clude rejecting data of the following types: (i) brightness

temperatures are negative; (ii) channels 2, 4, and 6 over

land; (iii) all channels over ice and snow surface;

(iv) standard deviations of brightness temperature are

greater than a prescribed value; and (v) differences of

brightness temperature between observations and

model simulations aremore than 3 times the observation

error. A detailed description of the GOES QC pro-

cedure was provided in the appendix of Zou

et al. (2011).

It is pointed out that cloudy radiances were already

removed in the GOES BUFR data. Figure 4 shows a

series of spatial distributions of water vapor channel

3 data that are inputted into the HWRF/GSI system for

both GOES-13 and -15 in experiment GOES1AS on

23 June 2012. Figure 5 is similar to Fig. 4 except for the

FIG. 4. Spatial distributions of channel 3 data points from (left)GOES-15 and (right)GOES-13 that pass (blue) and

do not pass (magenta, red, green)QC in experimentGOES1AS at (a),(b) 1800UTC 23 Jun and (c),(d) 0000UTC 24

Jun 2012. Data removed byQC are based on surface type (magenta), large observation standard deviation (red), and

large differences between observations and model simulations (green). GOES channel 4 brightness temperature

observations are plotted in black/white shading.
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CO2 window channel 6. The brightness temperature

observations of GOES channel 4 are plotted to indicate

approximately the cloud distributions within and around

Tropical StormDebby. It is seen that the cloud detection

that was applied to GOES data before they were in-

putted into the HWRF/GSI system did a reasonably

good job in removing data points located in cloudy

areas. Additional QC steps are applied to GOES BUFR

data in theGSI system. The data points that passQC and

are assimilated into HWRF are indicated in blue, and

data that do not pass QC are indicated in Figs. 4 and 5.

Specifically, data that are removed by the QC procedure

in the GSI system based on surface type, large obser-

vation standard deviations, and large differences be-

tween observations and model simulations are indicated

in magenta, red, and green, respectively. As expected,

GOES data within clouds are not assimilated. In the

HWRF parent domain, most of the data fromGOES-15

overlap with those of GOES-13 except for the mid-

latitude oceanic region near the West Coast. GOES-13

provides unique data east of 908W. A large amount of

data is retained after the GSI QC for water vapor

channel 3. A good coverage of the GOES water vapor

channel in the clear-sky environment and clear streaks

within clouds is found at both analysis times shown in

Fig. 4. Similar results are found at other analysis times

(figures omitted). For CO2 window channel 6, all data

over land are removed (Fig. 5). Over ocean, good cov-

erage of GOESwindow channel data is also found in the

clear-sky environment and clear streaks within clouds

(Fig. 5).

The mean values and standard deviations of the dif-

ferences between GOES observations (O) and model

simulations before (e.g.,O 2 B) and after (e.g.,O2 A)

FIG. 5. As in Fig. 4, but for GOES-13 channel 6.
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GOES data assimilation for bothGOES-13 andGOES-

15 in experiment GOES1AS during the time period

from 1800 UTC 23 June to 1800 UTC 24 June 2012 are

provided in Fig. 6, where brightness temperature simu-

lations from background fields are denoted B and those

simulated from analysis fields are denoted A. Large

positive biases are found in the background fields for

water vapor channel 3 of both GOES-13 and -15

(Fig. 6a). The largest negative bias is found for channel

6 from GOES-13, which is significantly reduced after

GOES data assimilation (Fig. 6a). Standard deviations

between observations and model simulations are gen-

erally reduced by data assimilation (Fig. 6b).

To confirm that the large positive bias in channel 3 and

the large negative bias in channel 6 are present at all

analysis times, the spatial distributions of O 2 B and

O2A ofGOES-13 channels 3 and 6 are shown in Figs. 7

and 8 at 6-h intervals for the time period from 0000UTC

to 1800 UTC 24 June 2012 in experiment GOES1AS. It

is seen that a few degrees of positive O 2 B values in

channel 3 are not only at all analysis times but also

prevail throughout the entire model domain (Fig. 7,

left panels). Similarly, a few degrees of negative O 2 B

values in channel 6 are seen at all analysis times and

within the entire model domain (Fig. 8, left panels).

After GOES data assimilation, the differences between

the observations and model simulations are significantly

reduced to within 61K (Figs. 7 and 8, right panels).

A more precise way of examining the convergence of

GOES data assimilation is to examine the values of

FIG. 6. (a) Mean and (b) standard deviation ofO2B (red) andO2A (blue) forGOES-13

(solid bar) and GOES-15 (dashed bar) in experiment GOES1AS from 1800 UTC 23 Jun to

1800 UTC 24 Jun 2012.
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FIG. 7. Spatial distributions of (left) O 2 B and (right) O 2 A of GOES-13 channel 3 on 23 Jun 2012 at 6-h

intervals in experiment GOES1AS. The magnitudes ofO2 B andO2A are color-coded (K). GOES channel

4 brightness temperature observations are plotted in black/white shading.
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FIG. 8. As in Fig. 7, but for GOES-13 channel 6.
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jO2Aj2 jO2Bj at all GOES data points assimilated in

theHWRF system. Figure 9 shows the spatial distribution

of GOES-13 channel 3 for experiment GOES1AS from

1800 UTC 23 June to 0000 UTC 25 June 2012 at 6-h in-

tervals. A negative value of jO2Aj2 jO2Bj indicated a
closer fit of model simulation to GOES observation after

GOES radiance assimilation. Results in Fig. 9 confirm a

systematic convergence of GOES data assimilation for

channel 3 at all analysis times and all data points, espe-

cially for data points near the storm center.

Having shown the differences betweenmodel simulations

and GOES observations in observation space (Figs. 4–9),

differences of geopotential analysis at 300 hPa with and

without (CONTROL1AS) GOES data assimilation—

that is, GOES1AS minus CONTROL1AS—at 1800

UTC 23 June 2012 are presented in Fig. 10. At 300hPa,

two positive differences of around 6m are seen near

the storm center (Fig. 10a). Such a difference in geo-

potential fields resulting from GOES data assimilation

extends from about 500 to around 50 hPa. The maxi-

mum difference is located around 300 hPa (Fig. 10b).

The differences of temperature with and without GOES

data assimilation along an across section cutting through

the storm center from west to east is also provided in

FIG. 9. Spatial distribution ofGOES-13 channel 6 for experiment GOES1AS from 1800 UTC 23 Jun to 0000 UTC

25 Jun 2012 at 6-h intervals. Data colored with jO2Aj2 jO2Bj.
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FIG. 10. (a) Geopotential at 300 hPa of experiment GOES1AS (black contour; m) and the

differences of geopotential at 300 hPa with (GOES1AS) and without (CONTROL1AS)

GOES data assimilation (color shading). (b) Cross section of the differences of temper-

ature (black contour; K) and geopotential at 300 hPa with (GOES1AS) and without

(CONTROL1AS) GOES data assimilation (color shading) at 1800 UTC 23 Jun 2012 along

the pink line indicated in (a). The observed storm center is indicated by a hurricane symbol

in purple.
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Fig. 10b. A warm center of about 0.3K is generated

between 300 and 600 hPa by GOES data assimilation

(Fig. 10b). The differences in analyses resulting from

GOES data assimilation will affect the track and in-

tensity forecasts of Debby, which are shown below.

c. Impacts on track and intensity forecasts

The observed andmodel-forecasted tracks of Tropical

Storm Debby from CONTROL-AS, which has an

asymmetric initial vortex initialization but without

GOES imager data assimilation, are presented in

Fig. 11a. Figure 11b is the same as Fig. 11a except for

GOES1AS, in which GOES imager data assimilation is

carried out with an asymmetric initial vortex. While the

observed Debby moved eastward, model forecasts ini-

tialized at and before 0000 UTC 25 June 2012 pro-

duced a set of northwestward tracks in CONTROL1AS

(Fig. 11a). Adding GOES imager radiance observa-

tions to the assimilation of other types of data produced

an eastward track prediction more than a half day

earlier than the control experiment (CONTROL1AS,

Fig. 11b). The mean and root-mean-square track errors

of model forecasts initialized from 1800 UTC 23 June

to 1200 UTC 25 June 2012 for Tropical Storm Debby

by the experiments without and with GOES data as-

similation and with and without asymmetric compo-

nent in the initial—that is, CONTROL1S, GOES1S,

CONTROL1AS, GOES1AS—are shown in Fig. 12.

GOES imager data assimilation reduces the track

error for both the symmetric and asymmetric vortex

initialization schemes. The GOES1AS experiment

outperforms the other three experiments in terms of

both the mean errors and standard deviations of the

track predictions.

The main reason for the difference in track pre-

dictions among four experiments is probably associ-

ated with the model forecasts of the subtropical high.

Figure 13 shows the HWRF analysis of geopotential and

wind vector at 500 hPa valid at 1800 UTC 24 June 2012

from the above four numerical experiments. The area

with the geopotential being greater than 5880m in

GOES-AS is clearly broader than those from the other

three forecasts. This would alter the environmental

steering of modeled Hurricane Debby. A stronger

FIG. 11. Observed (black) and forecast (color) tracks of Tropical StormDebby from1800UTC

23 Jun 2012 to 1200 UTC 25 Jun 2012 (a) without and (b) with GOES imager data assimi-

lation. An asymmetric vortex initialization is incorporated. Color bars show the initial dates

of different forecasts, and symbols show the different dates of observations.
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geopotential high at the east side of the tropical storm

corresponds to a stronger anticyclonic circulation. The

southwestward flows on the west side of the subtropical

high would steer the storm eastward.

The combined impacts of GOES-13/15 imager ra-

diance assimilation and asymmetric vortex initializa-

tion on intensity forecasts are shown in Figs. 14 and 15.

The model-predicted central sea level pressure (SLP)

(Fig. 14) and the maximum surface wind (Fig. 15) from

the GOES1AS experiment approximate the observed

values of storm Debby most closely throughout the

4-day forecast period. The asymmetric vortex initiali-

zation allowed the GOES imager radiance assimila-

tion to have more significant positive impacts on the

FIG. 12. Mean errors (curves with dots) and root-mean-square errors (vertical bars) of model forecasts initialized

from 1800 UTC 23 Jun to 1200 UTC 25 Jun 2012 for Tropical Storm Debby by the experiments without (red and

orange) and with (blue and cyan) GOES data assimilation with (a) symmetric and (b) asymmetric vortex

initialization.

FIG. 13. Geopotential (black contour; m) and wind vector (red vector; m s21) at 500 hPa valid at 1800UTC 23 Jun

2012 (left) without and (right) with GOES imager data assimilated for the experiments with (top) symmetric and

(bottom) asymmetric vortex initialization schemes. Areas with the geopotential greater than 5880m are shaded.
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storm’s intensity forecasts than the symmetric vortex

initialization.

6. Summary and conclusions

The present study provides a preliminary assessment

of the added values of GOES imager radiance

assimilation for improved track and intensity forecasts

using the HWRF system. Although having only one

water vapor sounding channel and three window chan-

nels, GOES-13 and -15 data are available at all analysis

times and have high spatial and temporal resolutions.

The GOES imager radiance measurements are directly

assimilated by the NCEP GSI embedded in the HWRF

FIG. 14. Observed (black dotted line) and predicted central SLP of Debby for experiments (left) without and

(right) with GOES data assimilation with (a),(b) symmetric and (c),(d) asymmetric vortex initialization. Starting

point on the x axis corresponds to 1800 UTC 23 Jun 2012.

FIG. 15. As in Fig. 14, but for the maximum surface wind speed.
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system. The added values of GOES radiances to con-

ventional and three other types of satellite instruments

(i.e., AMSU-A, AIRS, andHIRS) for improved tropical

storm forecasts over the Gulf of Mexico are compared

with symmetric and asymmetric vortex initialization

schemes. It is found that GOES radiance data assimi-

lation in the HWRF system contributes positively to

both the track and intensity forecasts. The improve-

ments brought by the GOES data assimilation are more

significant when an asymmetric vortex initialization

scheme is incorporated into the HWRF system.

This study only investigated impacts of a direct as-

similation of GOES radiance observations for a real

tropical storm case. Impacts of GOES radiance assimi-

lation experiments on hurricane track and intensity

forecasts could be case dependent. More case studies are

required for generalizing the conclusions drawn from this

study on the impacts of GOES radiance assimilation for

improved tropical cyclone forecasts. Further improve-

ments can be made to GOES data assimilation. Cur-

rently, GOES data over land were not assimilated except

for channel 3. A further study is planned to diagnose and

improve the assimilation of GOES surface-sensitive

channels, especially channels 2 and 4. Channels 2

(3.9mm) and 4 (10.7mm) are considerably more difficult

to assimilate than the other two GOES channels (i.e.,

channels 3 and 6) due to the fact that channel 2 is sig-

nificantly affected by solar contamination and both

channels 2 and 4 have larger uncertainty with their sur-

face emissivity. Finally, a separate but related study is

being carried out to assess if adding GOES satellite data

assimilation can improve the hurricane forecast skill by

as much as an early morning polar-orbit satellite, such as

NOAA-15. Such an assessment is important, since

NOAA-15 has already been flown formore than 16 years.
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