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ABSTRACT

Atmospheric InfraRed Sounder (AIRS) measurements are a valuable supplement to current observational data, especially
over the oceans where conventional data are sparse. In this study, two types of AIRS-retrieved temperature and moisture
profiles, the AIRS Science Team product (SciSup) and the single field-of-view (SFOV) research product, were evaluated with
European Centre for Medium-Range Weather Forecasts (ECMWF) analysis data over the Atlantic Ocean during Hurricane
Ike (2008) and Hurricane Irene (2011). The evaluation results showed that both types of AIRS profiles agreed well with the
ECMWF analysis, especially between 200 hPa and 700 hPa. The average standard deviation of both temperature profiles
was approximately 1 K under 200 hPa, where the mean AIRS temperature profile from the AIRS SciSup retrievals was
slightly colder than that from the AIRS SFOV retrievals. Themean SciSup moisture profile was slightly drier than that
from the SFOV in the mid troposphere. A series of data assimilation and forecast experiments was then conducted with the
Advanced Research version of the Weather Research and Forecasting (WRF) model and its three-dimensional variational
(3DVAR) data assimilation system for hurricanes Ike and Irene. The results showed an improvement in the hurricane track
due to the assimilation of AIRS clear-sky temperature profiles in the hurricane environment. In terms of total precipitable
water and rainfall forecasts, the hurricane moisture environment was found to be affected by the AIRS sounding assimilation.
Meanwhile, improving hurricane intensity forecasts through assimilating AIRS profiles remains a challenge for further study.
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1. Introduction

The increase in satellite remote sensing data has led to
significant advances in improving weather forecasts, particu-
larly for severe weather such as tropical cyclones (TCs). Two
of the most important observations are the atmospheric tem-
perature and moisture observations in the TC’s environment.
Their assimilation in numerical weather prediction (NWP)
models helps improve the TC’s prediction, and thus provides
forecasts of higher accuracy and greater reliability for deci-
sion making and public response (e.g., Leidner et al., 2003;
Zhang et al., 2007; Chen et al., 2008; Pu et al., 2009; Reale
et al., 2009; Liu and Li, 2010).

Improvements in the measurement capabilities of satel-
lite instruments, such as the Atmospheric Infrared Sounder
(AIRS), the Infrared Atmospheric Sounding Interferometer
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(IASI), the Cross-track Infrared Sounder (CrIS), the Ad-
vanced Microwave Sounding Unit (AMSU), and the Ad-
vanced Technology Microwave Sounder (ATMS), have
played a critical role in better observations of the distribu-
tion of atmospheric temperature and moisture. Among these
instruments, the infrared sounders such as AIRS, IASI and
CrIS can measure the vertical distribution of atmospheric
temperature and moisture in clear-sky and some cloudy con-
ditions with high vertical and spatial resolutions, while the
microwave instruments such as AMSU and ATMS can mea-
sure temperature and moisture in both clear-sky and cloudy-
sky conditions with coarser spatial resolution.

To assimilate remotely sensed temperature and mois-
ture information into an NWP model, either one of two ap-
proaches is followed: assimilating the radiances, or assim-
ilating the retrievals. Currently, most leading NWP centers
assimilate the satellite radiances directly into the data assim-
ilation system (DAS) (e.g., Derber and Wu, 1998; Lorenc et
al., 2000). This method requires the use of a radiative trans-
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fer model as the forward operator (i.e., observation operator)
that maps model states into the measurement space. Thus,
the assimilation process is computationally expensive, espe-
cially for hyperspectral instruments with thousands of chan-
nels, such as AIRS and IASI. Assimilating the retrievals is
relatively easier and computationally efficient in the DAS.
The retrieval data are usually expressed in the form of geo-
physical fields, such as temperature and moisture profiles, so
that the comparison between model states and observations
can be done via a simple spatial interpolation. Its main con-
cern is that the errors in the retrievals can be correlated with
the state, and hence with errors in the short-range forecast
used as a constraint for the ill-posed problem of converting
radiances into retrievals (Migliorini et al., 2008; Migliorini,
2012). Despite the pros and cons of each approach, there
has been a renewed interest in assimilating AIRS retrievals
in recent years with continued efforts to validate (e.g., Di-
vakarla et al., 2006; Tobin et al., 2006) and improve retrieval
algorithms (e.g., Susskind, 2007; Li and Li, 2008; Kwon et
al., 2012; Smith et al., 2012; Susskind et al., 2012). Re-
cent studies have shown that assimilating AIRS retrievals can
have a positive impact on improving weather forecast skill
(e.g., Zavodsky et al., 2007; Reale et al., 2008), contribut-
ing especially to hurricane forecasts (e.g., Li and Liu, 2009;
Pu and Zhang, 2010; Miyoshi and Kunii, 2012). However,
these studies validated and assimilated only one type of AIRS
sounding product—either the AIRS Science Team product
or the single field-of-view (SFOV) research product from
the Cooperative Institute for Meteorological Satellite Stud-
ies (CIMSS) (Li and Huang, 1999; Li et al., 2000; Kwon et
al., 2012). Not enough attention has been given to comparing
different retrievals and their impacts on TC forecasts. It is
not clear how well different types of retrievals represent the
“truth” state in the hurricane environment, and what their im-
pact on TC forecasts is if they are assimilated into a regional
NWP model. By applying the same algorithm, the AIRS Sci-
ence Team produces standard products (AIRX2RET) with 28
standard vertical pressure levels for temperature profilesand
14 pressure layers for moisture profiles, along with support
products (AIRX2SUP; SciSup hereafter) with 100 pressure
levels for temperature and moisture profiles. Due to their
high vertical resolution, the SciSup products were chosen in
this study to match with the SFOV products. Therefore, the
objective of this study was to evaluate and assimilate two
types of AIRS retrievals from AIRS Science Team SciSup
and CIMSS research SFOV products in the hurricane envi-
ronment and compare their common and different impacts on
TC forecasts for better use of AIRS sounding information in
regional NWP models.

In section 2, two types of AIRS sounding retrievals are
compared and evaluated against the European Centre for
Medium-Range Weather Forecasting (ECMWF) high spatial
resolution global analysis. In section 3, results are reported
from assimilating these AIRS retrievals into the Advanced
Research version of the Weather Research and Forecasting
(WRF) model with a three-dimensional variational (3DVAR)
data assimilation system for two hurricane cases over the At-

lantic Ocean via a series of cycling assimilation and forecast
experiments. Their impacts on the hurricane track and in-
tensity forecasts are shown in section 4. Finally, some brief
concluding remarks are provided in section 5.

2. AIRS sounding retrievals and evaluation

2.1. AIRS Instrument

AIRS is carried on the National Aeronautics and Space
Administration’s (NASA’s) Earth Observing System (EOS)
Aqua satellite, which was launched in May 2002 and flies
in a near-polar low-Earth orbit at an altitude of 705 km.
As the first space-based hyperspectral infrared (IR) sounder,
it covers the 3.7–15.4µm spectral range, with 2378 spec-
tral channels, and hence provides atmospheric temperature
and moisture profile information with high vertical resolu-
tion. The horizontal resolution of AIRS is approximately
13.5 km at nadir and the swath width is 1650 km (Aumann
et al., 2003; Parkinson, 2003; Chahine et al., 2006). In the
past decade, AIRS has been highlighted for measuring atmo-
spheric temperature and moisture profiles (e.g., Tobin et al.,
2006; Susskind et al., 2012) and improving weather predic-
tion by regional and global NWP models through assimilat-
ing its radiances (e.g., Le Marshall et al., 2006; McCarty et
al., 2009) and retrievals (e.g., Atlas, 2005; Jedlovec et al.,
2006; Liu and Li, 2010).

2.2. CIMSS SFOV sounding retrievals

The CIMSS hyperspectral IR Sounder Retrieval (CHISR)
algorithm has been developed to simultaneously retrieve at-
mospheric temperature and moisture profiles from advanced
IR sounder radiance measurements in clear-sky and some
cloudy conditions on a SFOV basis (Li and Huang, 1999;
Li et al., 2000; Zhou et al., 2007; Weisz et al., 2007). Its
first guess comes from a regression method based on a global
training dataset that consists of 15 704 atmospheric profiles
and their corresponding simulated AIRS radiances (Weisz et
al., 2007, 2013). The Moderate Resolution Imaging Spec-
trometer (MODIS) level 2 cloud mask data were used to
identify the AIRS clear pixels (Li et al., 2004). Radiance
measurements from 1450 good AIRS channels were used in
the 1DVAR based physical iterative retrieval method for at-
mospheric temperature, moisture and ozone simultaneously
with the Stand-alone AIRS Radiative Transfer Algorithm
(SARTA) used as the forward model (Strow et al., 2003,
2006). The SFOV retrieval algorithm takes the total precip-
itable water (TPW) classification in the background error co-
variance matrix, and adopts a CO2 adjustment in the retrieval
algorithm. It also contains six quality control flags in the out-
put to check non-converged or bad retrievals, large residuals,
high terrain and desert areas (Kwon et al., 2012). With a
horizontal resolution of approximately 13.5 km at nadir and
101 pressure levels vertically ranging from 1100 hPa at the
bottom to 0.005 hPa at the top, these data can provide the at-
mospheric vertical temperature and moisture structures inthe
hurricane environment.
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2.3. AIRS Science Team sounding product

A single sounding from the AIRS Science Team prod-
ucts was produced using all nine AIRS FOVs falling within
a single AMSU footprint. Based on the AMSU/AIRS cloud-
clearing algorithm, the retrieval process was separated into
sequential steps to retrieve surface parameters, atmospheric
temperature, moisture and other constituent profiles, and
cloud properties. Each step used its own subset of channels.
Geophysical parameters and observed AIRS radiances were
used to generate an alternative initial state used for initial
cloud clearing, but the cloudy regression made use of both
AIRS and AMSU observations or AIRS observations only

(Susskind et al., 2003, 2006, 2011). The SARTA account-
ing for non-local thermodynamic equilibrium (non-LTE) was
used as the forward model (Strow et al., 2006). The final re-
trievals used were AIRX2SUP (i.e., SciSup) from the AIRS
Level-2 Version 5 support products (Susskind, 2007; Won,
2008; Susskind et al., 2011) with a horizontal resolution of
45 km at nadir and 100 vertical pressure levels (between 1100
and 0.016 hPa), which match the vertical levels of the CIMSS
SFOV products, except at the very top level (0.005 hPa). The
SciSup’s mixing ratio was calculated from its column vapor
density in order to obtain its specific humidity. According
to the data quality flags, the “PBest” flag indicates that the
temperature profile from the top of the atmosphere (TOA) to
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Fig. 1. Evaluation of AIRS retrievals against ECMWF reference datafor Hurricane Ike (2008). Thent (green) andnq (red)
stand for the number of profiles for temperature and moisture, respectively. Positive (negative) values in (a–h) indicate a warm
(cold) or moist (dry) bias. The red cross shows the hurricanelocation.
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that particular pressure level is of the best quality; whilethe
“Qual H2O = 0” flag indicates the entire moisture profile is
of the best quality. To control the quality of the retrievals,
both criteria were applied.

2.4. Retrieval evaluation

Because of the lack of radiosonde observations over the
ocean, the ECMWF analysis with 0.25◦ × 0.25◦ resolution
is used as a reference. Considering the rapid atmospheric
temporal and spatial variation, only those AIRS data whose
observation time was within 1 hour of the ECMWF analysis
time were collocated. Meanwhile, the ECMWF grids were
matched with the closest AIRS pixels, and 91-level ECMWF
profiles were interpolated to AIRS pressure levels, similarto
Kwon et al. (2012). The evaluation results showed that the
vertical structures of the atmospheric temperature and mois-

ture profiles from both types agreed well with the ECMWF
analysis from the bottom to the tropopause. Figure 1 shows
that the vertical mean temperature deviations for both types
of AIRS retrievals were approximately 1 K under 200 hPa
during Hurricane Ike from 0600 UTC 06 September to 1800
UTC 07 September 2008. The standard deviations (STD)
for both types of AIRS temperature profiles were approxi-
mately 1 K between 200 hPa and 700 hPa. The mean SFOV
temperature profile was slightly warmer than that of SciSup
(Figs. 1a–d). Their mean moisture profiles showed both devi-
ations were within 1 g kg−1 at 700 hPa. SciSup was slightly
drier than SFOV between 500 hPa and 850 hPa (Figs. 1e–
h). The evaluations during Hurricane Irene from 1800 UTC
23 August to 1800 UTC 24 August 2011 produced similar re-
sults. Correspondingly, the temperature and moisture profiles
of best quality between 200 hPa and 700 hPa were selected

Fig. 2. The 48 h forecast results for Hurricane Ike (2008). The (a–d)HT, (e–h) SLP and (i–l) SPD from the GTS, A1TQ and
A2TQ experiments are shown against the best hurricane record (OBS) during 6–10 September 2008. OBSL is the best record
during the period from 0600 UTC 06 September to 1800 UTC 09 September 2008.
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Fig. 2. (Continued.)

for the subsequent assimilation experiments, while the pro-
files below 700 hPa and above 200 hPa were not assimilated
due to the larger biases.

Although no radiosonde observation was available to val-
idate the AIRS profiles during the two hurricane periods, the
evaluation results of the SciSup data compared against the
ECMWF analysis are consistent with the validation studies
carried out by Pu and Zhang (2010) and Miyoshi and Kunii
(2012).

3. Numerical configuration and experiments

Based on the availability of the two types of AIRS sound-
ing retrievals, a series of data assimilation and forecast exper-
iments for two devastating hurricanes, Ike (2008) and Irene
(2011), was conducted to investigate the impact of assimilat-
ing AIRS sounding retrievals on the forecasts of strong hur-
ricanes.

3.1. Hurricane cases

Ike originated from a well-defined tropical wave on 28
August 2008. By 06 September, Ike had become a strong hur-
ricane with deep convection redeveloping over its northern
semicircle, and quickly returned to a strong hurricane (cat-
egory 4) status by 1800 UTC that day. The center of Ike
passed just south of the Turks and Caicos Islands at around
0600 UTC 07 September, with a minimum central sea-level
pressure (SLP) of 947 hPa and a maximum low-level wind
speed (SPD) of 59.2 m s−1 (i.e., 115 kt). Ike then weakened
slightly before making landfall on Great Inagua Island in the
southeastern Bahamas at around 1300 UTC 07 September. It
restrengthened once again with an SLP of 945 hPa and SPD
of 59.2 m s−1 by 0000 UTC 08 September. Ike made land-
fall at that intensity about two hours later in the early morn-
ing of 08 September and then gradually lost strength. As a
long-lived hurricane, Ike and its related storm surge caused
extensive damage along its path and during its four landfalls
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(Berg, 2009).
Irene originated from a vigorous tropical wave in August

2011. It became a hurricane on 22 August and moved very
close to the north coast of Hispaniola on 23 August. Irene

moved away early on 24 August as a category 3 hurricane
with a peak intensity of SPD 54 m s−1 (i.e., 105 kts) and an
SLP of 957 hPa at 1200 UTC 24 August. It weakened slightly
at around 0000 UTC 25 August and reached the Abaco Is-

Fig. 3. As in Fig. 2, except for Hurricane Irene (2011) during 23–26 August 2011.
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lands at around 1800 UTC 25 August with decreasing winds,
but its SLP continued to fall to 942 hPa by 0600 UTC 26 Au-
gust. It maintained hurricane strength for another two days
and caused widespread damage across a large portion of the
eastern United States (Avila and Cangialosi, 2011).

3.2. Model and assimilation methodology

The Advanced Research version of the WRF and its
3DVAR system (version 3.2.1) were applied for the numer-
ical simulations in both cases. WRF is a fully compressible
and non-hydrostatic model, with a terrain-following hydro-
static pressure coordinate and Arakawa C-grid staggering.
The model uses the Runge–Kutta 2nd- and 3rd-order time in-
tegration schemes and 2nd- to 6th-order advection schemes
in both the horizontal and vertical direction. 3DVAR as-
similated the conventional observations and the AIRS pro-
files, and then recombined them with the background (i.e.,
the NWP model state) to produce an optimal analysis of the
true state as the initial conditions for the WRF forecast (Ska-
marock et al., 2008; Barker et al., 2012).

National Centers for Environmental Prediction (NCEP)
operational final analysis (FNL) data with 1.0◦ × 1.0◦ res-

olution (ds083.2 from http://dss.ucar.edu/) were used to pro-
vide the background at the beginning cycle of the assimilation
when the WRF output was not available. They were also used
as the boundary conditions every six hours during the fore-
cast period. The “genbe” utility in the WRF-3DVAR pack-
age was used to generate domain-specific climatological es-
timates of background error covariance (B) matrices. Known
as the NMC (National Meteorological Center; now known as
NCEP) method (Parrish and Derber, 1992), it is based on the
differences of 24- and 12-h forecasts (valid at the same time)
initialized at 0000 UTC and 1200 UTC (or 0600 UTC and
1800 UTC) for a whole month. In Ike’s case, theB matrix
was calculated from 07 August 2008 to 06 September 2008;
while in Irene’s case, it was calculated from 22 July 2011 to
21 August 2011. There was no additional tuning work on the
B calculation in this study. According to the validation re-
sults reported in section 2, the AIRS temperature STD error
was set to 1 K for 200–700 hPa, and the relative STD error
of the specific humidity was set to 10% of its absolute value
for 300–700 hPa and 20% for 200–300 hPa. The STD er-
rors of conventional observations were assumed as 1 K for
temperature at all pressure levels, 15% for relative humidity
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Fig. 4. RMSEs for hurricanes (a–c) Ike (2008) and (d–f) Irene (2011). They-coordinate is the RMSE for HT, SLP and
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at 1000 hPa, and 10% at all other pressure levels. Besides,
the observational error covariance matrices were determined
and treated as diagonal matrices. The conventional observa-
tions and AIRS temperature and moisture data were excluded
if their differences from the model background were greater
than five times the assumed observational errors.

3.3. Assimilation and forecast experiments

A single domain with a 12-km horizontal resolution was
used in the numerical experiments. The model set up 35 ver-
tical levels from the surface to the top at 50 hPa with higher
resolution in the planetary boundary layer (PBL). The ma-
jor model physics options included the Yonsei University
(YSU) PBL parameterization scheme (Hong et al., 2006),
the Rapid Radiative Transfer Model for General circulation
model (RRTMG) longwave and shortwave atmospheric radi-
ation schemes (Clough et al., 2005; Iacono et al., 2008; Mor-
crette et al., 2008), and the new Kain–Fritsch cumulus pa-
rameterization scheme (Kain, 2004). The assimilation time
window was set to be±60 minutes and no bogus vortex was
used in the initial conditions.

In Ike’s case (2008), the domain consisted of 480× 240
grid points and was centered at (20◦N, 70◦W). There were
eight assimilation cycles starting at 0600 UTC 06 September
and ending at 0000 UTC 08 September with intervals of 6 h.
Apart from the first assimilation cycle, the WRF short-range
(6 h) forecast was used as the background in the remaining
assimilation cycles. In addition, there was a 48 h forecast fol-
lowing in each assimilation cycle. In Irene’s case (2011), the
configuration was similar, except that the domain center was
located at (21◦N, 70◦W) with 480×300 grid points and five
assimilation cycles were conducted starting at 1800 UTC 23
August and ending at 1800 UTC 24 August.

Conventional observation data from the global telecom-
munication system (GTS) were available at each assimilation
cycle, including reports of surface observations from land
and ocean (ship) stations, aircraft, ocean buoys, wind pro-
filer, aerodrome, upper-level pressure and surface radioson-
des, thickness observation, ground-based GPS precipitable
water, space-based GPS refractivity, ocean surface wind data
from Quick Scatterometer (QuikSCAT) satellite and geosta-
tionary satellite-derived atmospheric motion vectors. The
AIRS-retrieved temperature (T ) and moisture (Q) profiles
were available only at 0600 UTC and 1800 UTC from either
the SFOV or the SciSup products. Generally, conventional
observations have difficulty in describing the vertical atmo-
sphericT and Q structures over an open ocean with few
radiosondes; while the AIRS sounding retrievals add more
horizontal and verticalT andQ information. To investigate
the impact of assimilating different AIRS sounding retrievals
on hurricane forecast skills, GTS observations with and with-
out AIRS retrievals were assimilated. For each hurricane
case, a series of eight numerical experiments was designed,
as summarized in Table 1, including (1) a control experiment
without assimilation of AIRS data, i.e., the GTS experiment;
(2) assimilation of SFOV’sT profiles in addition to GTS data,
i.e., the A1T experiment; (3) assimilation of SFOV’sT andQ

Table 1.Numerical experiments designed for each hurricane study.

Experiment Assimilated observations

GTS GTS only
A1T GTS plus SFOV’sT
A1TQ GTS plus SFOV’sT andQ
A2T GTS plus SciSup’sT
A2TQ GTS plus SciSup’sT andQ
A1TM GTS plus SFOV’s matchingT
A2TM GTS plus SciSup’s matchingT

profiles in addition to GTS data, i.e., the A1TQ experiment;
(4) assimilation of SciSup’sT profiles in addition to GTS
data, i.e., the A2T experiment; (5) assimilation of SciSup’sT
andQ profiles in addition to GTS data, i.e., the A2TQ exper-
iment; (6) assimilation of SFOV’s matchingT profiles in ad-
dition to GTS data, i.e., the A1TM experiment; (7) assimila-
tion of SciSup’s matchingT profiles in addition to GTS data,
i.e., the A2TM experiment. According to the quality con-
trol described in section 2, the SFOV profiles were available
in clear skies, while the SciSup profiles included some non-
precipitation cloudy retrievals. In the A1T, A1TQ, A2T and
A2TQ experiments, all the available best SFOV and SciSup
retrievals between 200 hPa and 700 hPa were assimilated. In
the A1TM and A2TM experiments, the SFOV and SciSup
data counts were matched at the same location after their in-
dividual stringent quality control from A1T and A2T. Thus,
these matching profiles were strictly over clear skies.

4. Impact verification

Our preliminary assessment of the impact of AIRS assim-
ilation focused on the following aspects. Firstly, for every 6 h
interval, the hurricane track (HT), minimum central SLP, and
maximum SPD were validated against the best track record
from observational hurricane reports (Berg, 2009; Avila and
Cangialosi, 2011). Secondly, the water vapor distribution
with regard to the TPW was validated against the TPW ref-
erence from the Advanced Microwave Scanning Radiome-
ter for EOS (AMSR-E) at 21 km resolution over the ocean
(Wentz and Meissner, 2004, 2007). Thirdly, the surface rain
forecast was compared with the rainfall data from Tropi-
cal Rainfall Measuring Mission (TRMM) data, version 7
(http://trmm.gsfc.nasa.gov/) at 4–5 km horizontal resolution.

4.1. HT, SLP and SPD

Figures 2 and 3 show the 48 h forecasts of HT, SLP and
SPD from the GTS, A1TQ and A2TQ experiments against
the best hurricane record. In both hurricane cases, the GTS
experiments showed capable skill in short-range (6–12 h) HT
forecasts, with especially good skill in the case of Irene. In-
terestingly, Ike’s restrengthened SLP in the early part of 08
September 2008 was reproduced well by the NWP experi-
ments, while Irene’s restrengthened SLP in the early part of
26 August 2011 was not. When additional AIRS data (ei-
ther SFOV or SciSup) were assimilated at 0600 and 1800
UTC (e.g., A1TQ and A2TQ), the forecasted HT biases were
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Fig. 5. Box plots of the HT error difference (AIRS minus GTS). Thex-coordinate denotes the
forecast time from 0 h (analysis), 6 h, 12 h, 18 h, 24 h, 30 h, 36 h, 42 h, to 48 h. They-coordinate
is the error deviation between each AIRS experiment (listedin Table 1) and the GTS experiment.
In each box plot, the upper and lower ends of the column are drawn at the quartiles ofq0.75 and
q0.25, and the red bar through the box is drawn at the median (q0.5). The whiskers extend from
the quartiles to the maximum and minimum data values. The outliers are data beyond the ends of
the whiskers. If there are no data outside the whisker, a dot is placed at the bottom whisker.
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Fig. 6. Temperature innovations (OMB) and analysis residuals (OMA) from the (a–d) A1TQ, (e–h) A1TM, (i–j) A2TM, and
(k–p) A2TQ experiments at different vertical levels in the first assimilation cycle in the case of Ike (2008). P27 is the layer
mean of 200–700 hPa.N represents the assimilated AIRS temperature counts.

reduced largely in the case of Ike (Fig. 2), and the biases
remained small in the case of Irene (Fig. 3). Meanwhile,
the forecasted intensity (SLP and SPD) biases showed little
change among GTS, A1TQ and A2TQ in either case. Figure
4 shows the root-mean-square errors (RMSEs) of the GTS,
A1TQ and A2TQ experiments. The averaged RMSEs from
the 0–48 h forecast experiments were approximately 60 km
for HT, 15 hPa for SLP, and 10 m s−1 for SPD in Ike’s case,
and they were 50 km, 4 hPa, and 4 m s−1 in Irene’s case.
This result reinforced the finding that the forecast skill in
the case of Irene (2011) was statistically better than that in
the case of Ike (2008). It was also found that the AIRS
data assimilation showed general improvement in longer-lead
HT forecasts compared with the GTS experiments. Specifi-

cally, adding SFOV assimilation in the A1TQ experiments
produced noticeable improvement in the HT forecast (an ap-
proximate 10–20 km error reduction in the 24–48 h fore-
cast in both cases), while adding SciSup assimilation in the
A2TQ experiment produced less improvement (Figs. 4a and
d). Meanwhile, neither showed significant improvement in
terms of hurricane intensity (SLP and SPD) forecasts. Figure
5 shows box plots of the HT error difference between each
AIRS experiment and the GTS experiment (i.e., AIRS minus
GTS). The negative value represents positive improvement of
error reduction when adding AIRS in the assimilation. Com-
parisons between experiments of assimilating AIRS temper-
ature profiles with and without its moisture profiles (A1TQ
vs A1T, and A2TQ vs A2T) showed similar trends during the
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Fig. 7. Analysis increments of 700 hPa temperature (shaded, units:◦C), 500 hPa geopotential height (contours, units:
gpm), and 500 hPa wind vector (units: m s−1) from the GTS, A1TQ and A2TQ experiments in the case of Ike (2008).
Panels (a–c) represent the assimilation cycle at 0600 UTC 6 September 2008, (d–f) at 1800 UTC 06 September 2008,
(g–i) at 0600 UTC 7 September 2008, and (j–l) at 1800 UTC 7 September 2008. The red cross shows the location of
Ike (2008). The blue solid line indicates positive values, and the red dashed line indicates negative values. The contour
interval is 4 gpm, with the blue bold line having a value of zero in the contour.

forecast time. The results indicated that the impact of assim-
ilating AIRS temperature profiles exceeded that of moisture
profiles with respect to the positive HT improvement using
the current 3DVAR methodology. Although the matching
AIRS data assimilated in the A1TM and A2TM reduced to
a quarter or even less compared to those in the A1T and A2T
experiments, the HT results of the A1TM and A2TM exper-
iments showed a similar range of improvement to that of the
A1T and A2T experiments in both hurricane cases.

Figure 6 shows the temperature innovations (i.e., OMB,
the discrepancies between AIRS data and the background
state) and analysis residuals (i.e., OMA, the discrepancies
between AIRS data and 3DVAR analysis) from the A1TM,
A1TQ, A2TM and A2TQ experiments at different verti-
cal levels. When all SFOV profiles were assimilated, the

A1TQ experiment showed a warm signal in the lower lev-
els (OMB>0 in Fig. 6a) and a cold signal in the upper lev-
els (OMB<0 in Figs. 6b and c). This was consistent with
the previous AIRS evaluation results using AIRS sounding
retrievals, reported in section 2 (Figs. 1a–d). The A2TQ ex-
periment showed a second cold peak in the upper levels that
made the mean profile cold (OMB<0 in Figs. 6n–p). When
the matching SFOV and SciSup data over clear skies were as-
similated, the A1TM and A2TM experiments showed a simi-
lar warm OMB at 684 hPa (Figs. 6e and i) and a cold OMB in
the other upper levels (Figs. 6f, g, i and k). The OMB differ-
ences between the A2TM and A2TQ experiments were prob-
ably caused by those cloudy profiles that were not included
after matching SciSup with SFOV. After the assimilation by
3DVAR, the OMA showed a better distribution than that of
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Fig. 8. TPW spatial distribution against AMSR-E reference data during hurricanes Ike (2008) and Irene (2011).N is the sampling
data count at each time. The red cross shows the hurricane’s location.

OMB in all levels, with the A1TM and A2TM experiments
showing slightly warmer results (by about 0.2◦C) than the
A1TQ and A2TQ experiments at 684 hPa.

Figure 7 shows the analysis increments (analysis minus
background) of the assimilation cycles from the GTS, A1TQ
and A2TQ experiments for the case of Ike when AIRS data
were assimilated, including increments of 700 hPa tempera-
ture (T ), 500 hPa geopotential height (GH), and 500 hPa wind
vector. It was found that theT increments due to AIRS as-
similation could induce the GH increments through thermo-
dynamic adjustment, thus having an impact on the large-scale
steering flow in the mid troposphere to adjust the hurricane
track. With different types and amounts of AIRS data being
assimilated in the A1TQ and A2TQ experiments at different
times, the T increments showed different warming or cool-
ing environments compared with the GTS experiment. When
warmer AIRS data (mostly from SFOV) were assimilated,
the GH tended to increase; while when colder AIRS (from
SciSup) were assimilated, the GH tended to decrease. Con-
sequently, the steering flows leading the hurricane track were
different in the A1TQ and A2TQ experiments. Similar results
were found in the case of Irene. However, the hurricane’s
SLP and SPD showed insignificant change to the environ-

mental GH variation. One possible reason is that, apart from
the steering flow, other factors may also contribute to a hurri-
cane’s movement and intensity variations in different aspects,
such as the upper level jet, the sea surface temperature, the
change of vertical wind shear, the inner hurricane dynamics,
and the interactions between the large-scale environment and
the hurricane (Emanuel, 1999; Roy and Kovordányi, 2012;
Wu et al., 2012). Therefore, hurricane forecasts, especially
intensity forecast, have represented a major challenge over
the past decade and deserve further study (National Hurri-
cane Center, 2013, http://www.nhc.noaa.gov/verification/).

4.2. TPW

The AMSR-E TPW over the ocean has been used as the
reference to validate the water vapor distribution in many
studies (e.g., Fetzer et al., 2006; Lee et al., 2014) because
AMSR-E has the advantage of a constant viewing angle and
sensitivity to cloud liquid water and precipitation (Kawanishi
et al., 2003), and its microwave frequencies are not affected
by non-precipitating clouds (O’Neill et al., 2005). The clear-
sky TPW from AMSR-E was selected as the reference, and
the WRF-forecasted TPW was collocated with it within a dis-
tance of 8 km and a time interval of 15–30 min. As shown
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Fig. 9. Histograms of forecasted TPW error distributions against AMSR-E TPW at four selected times as in Fig. 8.

in Fig. 8, all the forecasted TPW showed consistent struc-
tures of dry and wet bands surrounding the hurricane com-
pared with the AMSR-E, except in the A2TQ experiment,
which was a bit drier. Figure 9 shows the forecasted TPW
errors at the four matching time slots in Fig. 8. In both hur-
ricane cases, when SFOV’sQ was assimilated in the first cy-
cle, the mean TPW errors of A1TQ were similar to those of
GTS (Figs. 9a, b and g, h), while the mean TPW errors of
A2TQ were the smallest (Figs. 9c and i). In Ike’s case, dur-
ing the period from 0630 UTC 06 September to 1830 UTC
07 September, the RMSE went from 2.95 mm to 4.23 mm in
the GTS (∆RMSE = 1.28 mm), from 2.91 mm to 3.64 mm
in the A1TQ (∆RMSE = 0.73 mm), and from 3.56 mm to
4.05 mm in the A2TQ (∆RMSE = 0.49 mm) experiment. In
Irene’s case, during the period from 1800 UTC 23 August
to 1800 UTC 24 August, the RMSE went from 2.17 mm to
3.76 mm in the GTS (∆RMSE = 1.59 mm), from 2.63 mm
to 3.06 mm in the A1TQ (∆RMSE = 0.43 mm), and from
3.51 mm to 4.13 mm in the A2TQ (∆RMSE = 0.62 mm) ex-
periment. This result showed that the continuous cycling of
AIRS Q assimilation was able to constrain the RMSE a bit
better than that without AIRSQ assimilation. Besides, the
underestimation of TPW in the A2TQ experiment was pos-

sibly due to the impact of assimilating SciSup’sQ profiles,
which were drier than SFOV’sQ profiles in this study. These
results imply that, although the moisture profiles showed lit-
tle direct impact on hurricane track and intensity forecasts by
WRF-3DVAR, they may contribute to the hurricane moisture
environment forecast.

4.3. Rainfall

TRMM was launched in 1997 to measure global tropical
rainfall (Simpson et al., 1988; Kummerow et al., 1998). To
capture the rain structure, the combined data of surface rain
from the TRMM microwave imager (TMI), as in the 2A12
product, and precipitation radar (PR), as in the 2A25 prod-
uct, were used as the reference.

Figure 10 represents the results of rain distribution.
TRMM showed more detailed and stronger convective rain-
fall structure, with a larger peak value (60–130 mm h−1) at
its high horizontal resolution (i.e., 4–5 km). Compared with
TRMM, the WRF forecasts of 1 h, 17 h and 48 h captured the
structure of Ike’s rain band around the hurricane eyes gener-
ally well in the GTS, A1TQ and A2TQ experiments (Figs.
10a–l), with similar patterns within the 24 h forecast time
(Figs. 10b–d and f–h). When the forecast time was extended
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to 48 h, deeper convection with heavier and an almost closed-
circle rainfall band appeared in Ike’s eyewall region in A1TQ
(Fig. 10k), while the rainfall bands were a bit weaker in the
GTS and A2TQ experiments (Figs. 10j and l). Similar re-
sults were found for the WRF forecasts of 4 h, 23 h and 47
h in Irene’s case (Figs. 10m–x), except that when the fore-
cast time approached 47 h, the regions of deep convection
were slightly different in different experiments (Figs. 10u–x)
and there was a second rain band in the north (near 34◦N) in
A1TQ that fitted the TRMM results (Fig. 10w). This weak
rain band was located about 1◦ south in the GTS and A2TQ
experiments (Figs. 10v and x). These results indicate that the
effect of AIRS moisture assimilation on rainfall tends to bea
long-term one (about 48 h).

5. Summary and discussion

In this study, AIRS temperature and moisture sounding
retrievals from the UW/CIMSS (SFOV) and AIRS Science
Team (SciSup) products were evaluated with ECMWF anal-
ysis data, and then assimilated using a regional WRF-3DVAR
system to investigate their impact on hurricane forecasts.Dif-
ferent sets of cycling assimilation and forecast experiments
were conducted for two hurricane cases, Ike (2008) and Irene
(2011).

During the two hurricane periods, AIRS validation results
showed a mean bias of 1 K for both AIRS temperature pro-
files under 200 hPa, and a mean bias within 1 g kg−1 for the
moisture profiles at 700 hPa. Hence, the SFOV and SciSup
products of best quality between 200 hPa and 700 hPa were
assimilated directly in the NWP impact study.

Numerical experiment results showed an overall improve-
ment in the longer-lead track forecasts by assimilating addi-
tional AIRS sounding retrievals, especially when SFOV tem-
perature profiles were assimilated. The analysis increments
and temperature innovations indicated that the HT variation
due to assimilating the AIRS temperature profiles was related
to the thermodynamic adjustment of the environment’s GH,
and thus the steering flow that guided the hurricane move-
ment was changed accordingly.

The hurricane intensity forecasts in terms of SLP and
SPD showed little change when either SFOV or SciSup pro-
files were assimilated. Although assimilating either type of
moisture profile had little impact on the HT, SLP and SPD
forecasts, a cycling assimilation of SFOV moisture profiles
was found to constrain the forecasted TPW error in this study.
As for the rainfall, the WRF model with AIRS cycling assim-
ilation generally captured reasonable rain structures as the
forecast time extended, and stronger rain bands were found
in the A1TQ experiment (with SFOV assimilation) in longer-
lead forecasts than those in the GTS (without AIRS assimi-
lation) and A2TQ (with SciSup assimilation) experiment for
both hurricanes.

Further extensions to this study will include: (1) assimi-
lating more clear-sky and cloudy retrievals, especially those
under the 700 hPa level, and conducting bias correction if

these data are evaluated to possess large biases; (2) updat-
ing the 3DVAR method (which is not sensitive to moisture
assimilation) with an advanced hybrid-3DVAR method; (3)
assimilating additional satellite data (e.g., AMSU-A) in the
regional NWP; and (4) analyzing more case studies, such as
typhoons over the northwest Pacific Ocean.
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