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ABSTRACT

Atmospheric InfraRed Sounder (AIRS) measurements areuabtd supplement to current observational data, especiall
over the oceans where conventional data are sparse. Inttldg $wo types of AIRS-retrieved temperature and moisture
profiles, the AIRS Science Team product (SciSup) and thdesfredd-of-view (SFOV) research product, were evaluatetth wi
European Centre for Medium-Range Weather Forecasts (ECMIVHysis data over the Atlantic Ocean during Hurricane
Ike (2008) and Hurricane Irene (2011). The evaluation tesliowed that both types of AIRS profiles agreed well with the
ECMWEF analysis, especially between 200 hPa and 700 hPa. vidrage standard deviation of both temperature profiles
was approximately 1 K under 200 hPa, where the mean AIRS texype profile from the AIRS SciSup retrievals was
slightly colder than that from the AIRS SFOV retrievals. Tinean SciSup moisture profile was slightly drier than that
from the SFOV in the mid troposphere. A series of data asatioil and forecast experiments was then conducted with the
Advanced Research version of the Weather Research andaBtrer (WRF) model and its three-dimensional variational
(3DVAR) data assimilation system for hurricanes lke andéreThe results showed an improvement in the hurricane track
due to the assimilation of AIRS clear-sky temperature mefih the hurricane environment. In terms of total precippéa
water and rainfall forecasts, the hurricane moisture ermitent was found to be affected by the AIRS sounding asdiorila
Meanwhile, improving hurricane intensity forecasts tlgloassimilating AIRS profiles remains a challenge for furtady.
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1. Introduction (IASI), the Cross-track Infrared Sounder (CrIS), the Ad-

: . . . vanced Microwave Sounding Unit (AMSU), and the Ad-
The increase in satellite remote sensing data has led 10 .
- L i -vanced Technology Microwave Sounder (ATMS), have
significant advances in improving weather forecasts, atti

larly for severe weather such as fropical cyclones (TCsp T\Blayed a critical role in better observations of the distrib

of the most important observations are the atmospheric tetr'ﬁ)-n of atmospheric temperature and moisture. Among these

X : : , : |ntstruments, the infrared sounders such as AIRS, IASI and
perature and moisture observations in the TC’s environme, : S :
?rls can measure the vertical distribution of atmospheric

Their assimilation in numerical weather prediction (NWP . .

) . L . temperature and moisture in clear-sky and some cloudy con-
models helps improve the TC’s prediction, and thus prowdg% . . ) . . .

. o : itions with high vertical and spatial resolutions, whiteet
forecasts of higher accuracy and greater reliability fazide ~ . .

X . : . icrowave instruments such as AMSU and ATMS can mea-
sion making and public response (e.g., Leidner et al., 2063g re temperature and moisture in both clear-sky and cloudy-
Zhang et al., 2007: Chen et al., 2008: Pu et al., 2009; ReaLé perature | ar-sky y

o . SKy conditions with coarser spatial resolution.
et al., 2009; Liu and Li, 2010). - .
. To assimilate remotely sensed temperature and mois-
Improvements in the measurement capabilities of satel- . C o )

o : (fure information into an NWP model, either one of two ap-
lite instruments, such as the Atmospheric Infrared Sounder . ) o ) .
(AIRS), the Infrared Atmospheric Sounding Interferometé)rro."’mhes IS fqllowed. assimilating the rad_|ances, or assim
' ilating the retrievals. Currently, most leading NWP cester
assimilate the satellite radiances directly into the datina-

* Corresponding author: ZHENG Jing ilation system (DAS) (e.g., Derber and Wu, 1998; Lorenc et

Email: zhengjing@cma.gov.cn al., 2000). This method requires the use of a radiative {rans
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fer model as the forward operator (i.e., observation opeyatlantic Ocean via a series of cycling assimilation and foseca
that maps model states into the measurement space. Tlewperiments. Their impacts on the hurricane track and in-
the assimilation process is computationally expensivee-estensity forecasts are shown in section 4. Finally, somef brie
cially for hyperspectral instruments with thousands ofrehaconcluding remarks are provided in section 5.
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 ged- AIRS sounding retrievals and evaluation
physical fields, such as temperature and moisture profies,
that the comparison between model states and observati%s'r%s AIRS Instrument
can be done via a simple spatial interpolation. Its main con- AIRS is carried on the National Aeronautics and Space
cern is that the errors in the retrievals can be correlatéldl wAdministration’s (NASAs) Earth Observing System (EOS)
the state, and hence with errors in the short-range forecAgua satellite, which was launched in May 2002 and flies
used as a constraint for the ill-posed problem of convertifiy @ near-polar low-Earth orbit at an altitude of 705 km.
radiances into retrievals (Migliorini et al., 2008; Migtini, As the first space-based hyperspectral infrared (IR) saynde
2012). Despite the pros and cons of each approach, thigreovers the 3.7-15.4m spectral range, with 2378 spec-
has been a renewed interest in assimilating AIRS retrievéligl channels, and hence provides atmospheric temperature
in recent years with continued efforts to validate (e.g- Dand moisture profile information with high vertical resolu-
vakarla et al., 2006; Tobin et al., 2006) and improve regdievtion. The horizontal resolution of AIRS is approximately
algorithms (e.g., Susskind, 2007; Li and Li, 2008; Kwon 3.5 km at nadir and the swath width is 1650 km (Aumann
al., 2012; Smith et al., 2012; Susskind et al., 2012). Ret al., 2003; Parkinson, 2003; Chahine et al., 2006). In the
cent studies have shown that assimilating AIRS retrievatts cpast decade, AIRS has been highlighted for measuring atmo-
have a positive impact on improving weather forecast skiipheric temperature and moisture profiles (e.g., Tobin.et al
(e.g., Zavodsky et al., 2007; Reale et al., 2008), contrib006; Susskind et al., 2012) and improving weather predic-
ing especially to hurricane forecasts (e.g., Li and Liu,200tion by regional and global NWP models through assimilat-
Pu and Zhang, 2010; Miyoshi and Kunii, 2012). Howeveifg its radiances (e.g., Le Marshall et al., 2006; McCarty et
these studies validated and assimilated only one type o8AIRI., 2009) and retrievals (e.g., Atlas, 2005; Jedlovec ¢t al
sounding product—either the AIRS Science Team produ06; Liu and Li, 2010).
or the single field-of-view (SFOV) research product from _ )
the Cooperative Institute for Meteorological Satellitaigt 2-2- CIMSS SFOV sounding retrievals
ies (CIMSS) (Li and Huang, 1999; Li et al., 2000; Kwon et The CIMSS hyperspectral IR Sounder Retrieval (CHISR)
al., 2012). Not enough attention has been given to comparigorithm has been developed to simultaneously retrieve at
different retrievals and their impacts on TC forecasts.s It mospheric temperature and moisture profiles from advanced
not clear how well different types of retrievals represémt t IR sounder radiance measurements in clear-sky and some
“truth” state in the hurricane environment, and what their i cloudy conditions on a SFOV basis (Li and Huang, 1999;
pact on TC forecasts is if they are assimilated into a regionia et al., 2000; Zhou et al., 2007; Weisz et al., 2007). Its
NWP model. By applying the same algorithm, the AIRS Scfirst guess comes from a regression method based on a global
ence Team produces standard products (AIRX2RET) with B@ining dataset that consists of 15 704 atmospheric psofile
standard vertical pressure levels for temperature prdadibels and their corresponding simulated AIRS radiances (Weisz et
14 pressure layers for moisture profiles, along with suppait, 2007, 2013). The Moderate Resolution Imaging Spec-
products (AIRX2SUP; SciSup hereafter) with 100 pressut@meter (MODIS) level 2 cloud mask data were used to
levels for temperature and moisture profiles. Due to thedentify the AIRS clear pixels (Li et al., 2004). Radiance
high vertical resolution, the SciSup products were chosenmeasurements from 1450 good AIRS channels were used in
this study to match with the SFOV products. Therefore, thire 1DVAR based physical iterative retrieval method for at-
objective of this study was to evaluate and assimilate twwospheric temperature, moisture and ozone simultaneously
types of AIRS retrievals from AIRS Science Team SciSupith the Stand-alone AIRS Radiative Transfer Algorithm
and CIMSS research SFOV products in the hurricane en{&ARTA) used as the forward model (Strow et al., 2003,
ronment and compare their common and differentimpacts 2806). The SFOV retrieval algorithm takes the total precip-
TC forecasts for better use of AIRS sounding information iitable water (TPW) classification in the background errar co
regional NWP models. variance matrix, and adopts a g@djustment in the retrieval

In section 2, two types of AIRS sounding retrievals aralgorithm. It also contains six quality control flags in the-o
compared and evaluated against the European Centre dotto check non-converged or bad retrievals, large reldua
Medium-Range Weather Forecasting (ECMWF) high spatiaigh terrain and desert areas (Kwon et al., 2012). With a
resolution global analysis. In section 3, results are reglbr horizontal resolution of approximately 13.5 km at nadir and
from assimilating these AIRS retrievals into the AdvancetD1 pressure levels vertically ranging from 1100 hPa at the
Research version of the Weather Research and Forecastiojom to 0.005 hPa at the top, these data can provide the at-
(WRF) model with a three-dimensional variational (3DVAR)nospheric vertical temperature and moisture structuréin
data assimilation system for two hurricane cases over the Atrricane environment.
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2.3. AIRS Science Team sounding product (Susskind et al., 2003, 2006, 2011). The SARTA account-
ing for non-local thermodynamic equilibrium (non-LTE) was
A single sounding from the AIRS Science Team prodised as the forward model (Strow et al., 2006). The final re-
ucts was produced using all nine AIRS FOVs falling withifirievals used were AIRX2SUP (i.e., SciSup) from the AIRS
a single AMSU footprint. Based on the AMSU/AIRS cloudi evel-2 Version 5 support products (Susskind, 2007; Won,
clearing algorithm, the retrieval process was separati@d i2008; Susskind et al., 2011) with a horizontal resolution of
sequential steps to retrieve surface parameters, atmasphgs km at nadir and 100 vertical pressure levels (between 1100
temperature, moisture and other constituent profiles, aadd 0.016 hPa), which match the vertical levels of the CIMSS
cloud properties. Each step used its own subset of channglsOV products, except at the very top level (0.005 hPa). The
Geophysical parameters and observed AIRS radiances W8&tSup’s mixing ratio was calculated from its column vapor
used to generate an alternative initial state used forainitdensity in order to obtain its specific humidity. According
cloud clearing, but the cloudy regression made use of baththe data quality flags, the “PBest” flag indicates that the
AIRS and AMSU observations or AIRS observations onliemperature profile from the top of the atmosphere (TOA) to
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Fig. 1. Evaluation of AIRS retrievals against ECMWF reference dataHurricane lke (2008). The; (green) andhg (red)
stand for the number of profiles for temperature and moistespectively. Positive (negative) values in (a—h) intticawarm
(cold) or moist (dry) bias. The red cross shows the hurridacation.
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that particular pressure level is of the best quality; whike ture profiles from both types agreed well with the ECMWF
“Qual_H,0 = 0" flag indicates the entire moisture profile isanalysis from the bottom to the tropopause. Figure 1 shows
of the best quality. To control the quality of the retrieyalghat the vertical mean temperature deviations for bothgype

both criteria were applied. of AIRS retrievals were approximately 1 K under 200 hPa
) ) during Hurricane Ike from 0600 UTC 06 September to 1800
2.4. Retrieval evaluation UTC 07 September 2008. The standard deviations (STD)

Because of the lack of radiosonde observations over tfoe both types of AIRS temperature profiles were approxi-
ocean, the ECMWF analysis withd®® x 0.25° resolution mately 1 K between 200 hPa and 700 hPa. The mean SFOV
is used as a reference. Considering the rapid atmosphégimperature profile was slightly warmer than that of SciSup
temporal and spatial variation, only those AIRS data whog€igs. 1a—d). Their mean moisture profiles showed both devi-
observation time was within 1 hour of the ECMWF analysiations were within 1 g kg' at 700 hPa. SciSup was slightly
time were collocated. Meanwhile, the ECMWF grids werdrier than SFOV between 500 hPa and 850 hPa (Figs. le—
matched with the closest AIRS pixels, and 91-level ECMWHR). The evaluations during Hurricane Irene from 1800 UTC
profiles were interpolated to AIRS pressure levels, sintdar 23 August to 1800 UTC 24 August 2011 produced similar re-
Kwon et al. (2012). The evaluation results showed that tisalts. Correspondingly, the temperature and moisturelesofi
vertical structures of the atmospheric temperature and-madf best quality between 200 hPa and 700 hPa were selected
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Fig. 2. The 48 h forecast results for Hurricane lke (2008). The (&H)(e—h) SLP and (i-I) SPD from the GTS, A1TQ and
A2TQ experiments are shown against the best hurricaned€@BS) during 6—10 September 2008. OBSL is the best record
during the period from 0600 UTC 06 September to 1800 UTC 09e®eiper 2008.
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Fig. 2. (Continued.)

for the subsequent assimilation experiments, while the p&1. Hurricane cases
files below 700 hPa and above 200 hPa were not assimilated
due to the larger biases. A

Although no radiosonde observation was available to va}|

Ike originated from a well-defined tropical wave on 28
ugust 2008. By 06 September, Ike had become a strong hur-

idate the AIRS files durina the two hurri iods. t cane with deep convection redeveloping over its northern
Ievilleuatii})n resurl)trso (I)fe tsheug;gsupe da?a g(::fsgrigzéoairsl'st ®micircle, and quickly returned to a strong hurricane-(cat

ry 4) status by 1800 UTC that day. The center of Ike
ECMWEF analysis are consistent with the validation studi% y 4) y Y

. ; ! assed just south of the Turks and Caicos Islands at around
carried out by Pu and Zhang (2010) and Miyoshi and Ku 600 UTC 07 September, with a minimum central sea-level
(2012). .

pressure (SLP) of 947 hPa and a maximum low-level wind
speed (SPD) of 59.2 n8 (i.e., 115 kt). Ike then weakened
slightly before making landfall on Great Inagua Island ia th
southeastern Bahamas at around 1300 UTC 07 September. It

Based on the availability of the two types of AIRS soundestrengthened once again with an SLP of 945 hPa and SPD
ing retrievals, a series of data assimilation and foreogmte Of 59.2 m s by 0000 UTC 08 September. Ike made land-
iments for two devastating hurricanes, Ike (2008) and Iref@dl at that intensity about two hours later in the early morn
(2011), was conducted to investigate the impact of assimiléng of 08 September and then gradually lost strength. As a

ing AIRS sounding retrievals on the forecasts of strong hu@ng-lived hurricane, Ike and its related storm surge cduse
ricanes. extensive damage along its path and during its four larslfall

3. Numerical configuration and experiments



324 IMPACT OF AIRS ON HURRICANE FORECASTS VOLUME 32

(Berg, 2009). moved away early on 24 August as a category 3 hurricane
Irene originated from a vigorous tropical wave in Auguswith a peak intensity of SPD 54 nt5 (i.e., 105 kts) and an
2011. It became a hurricane on 22 August and moved ve3i.P of 957 hPa at 1200 UTC 24 August. It weakened slightly
close to the north coast of Hispaniola on 23 August. Irera around 0000 UTC 25 August and reached the Abaco Is-
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Fig. 3. Asin Fig. 2, except for Hurricane Irene (2011) during 23—-2&Ast 2011.
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lands at around 1800 UTC 25 August with decreasing windspution (ds083.2 from http://dss.ucar.edu/) were usedde p
but its SLP continued to fall to 942 hPa by 0600 UTC 26 Awide the background at the beginning cycle of the assiroitati
gust. It maintained hurricane strength for another two daywshen the WRF output was not available. They were also used
and caused widespread damage across a large portion ofah¢he boundary conditions every six hours during the fore-

eastern United States (Avila and Cangialosi, 2011). cast period. The “gebe” utility in the WRF-3DVAR pack-
o age was used to generate domain-specific climatological es-
3.2. Model and assimilation methodology timates of background error covarian&) (matrices. Known

The Advanced Research version of the WRF and i&s the NMC (National Meteorological Center; now known as
3DVAR system (version 3.2.1) were applied for the numeNCEP) method (Parrish and Derber, 1992), it is based on the
ical simulations in both cases. WRF is a fully compressibtiifferences of 24- and 12-h forecasts (valid at the same)time
and non-hydrostatic model, with a terrain-following hydroinitialized at 0000 UTC and 1200 UTC (or 0600 UTC and
static pressure coordinate and Arakawa C-grid staggerid@00 UTC) for a whole month. In Ike’s case, tBematrix
The model uses the Runge—Kutta 2nd- and 3rd-order time imas calculated from 07 August 2008 to 06 September 2008;
tegration schemes and 2nd- to 6th-order advection schemdsle in Irene’s case, it was calculated from 22 July 2011 to
in both the horizontal and vertical direction. 3DVAR as21 August 2011. There was no additional tuning work on the
similated the conventional observations and the AIRS prB-calculation in this study. According to the validation re-
files, and then recombined them with the background (i.eylts reported in section 2, the AIRS temperature STD error
the NWP model state) to produce an optimal analysis of thes set to 1 K for 200—700 hPa, and the relative STD error
true state as the initial conditions for the WRF forecast(Skof the specific humidity was set to 10% of its absolute value
marock et al., 2008; Barker et al., 2012). for 300-700 hPa and 20% for 200-300 hPa. The STD er-

National Centers for Environmental Prediction (NCERYrs of conventional observations were assumed as 1 K for
operational final analysis (FNL) data withOt x 1.0° res- temperature at all pressure levels, 15% for relative humidi
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at 1000 hPa, and 10% at all other pressure levels. Besidesile 1. Numerical experiments designed for each hurricane study.
the observational error covariance matrices were deteunin - "
and treated as diagonal matrices. The conventional obserygPerimen

Assimilated observations

tions and AIRS temperature and moisture data were excludedsTS GTS only
if their differences from the model background were greaterﬁﬂQ g$§ IO|Ius gig\\;g 40
A ; plus an
than five times the assumed observational errors. ADT GTS plus SciSupd
S . A2TQ GTS plus SciSup$ andQ
3.3. Assimilation and forecast experiments ALTM GTS plus SFOV’s matching

A single domain with a 12-km horizontal resolution was A2TM GTS plus SciSup’s matching
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 m _I’Ofl|eS.In. anltlon to (.BTS,data, €., the AlTQ experiment;
: . : . IR . (4) assimilation of SciSup’J profiles in addition to GTS
jor model physics options included the Yonsei Universit

(YSU) PBL parameterization scheme (Hong et al., 200 ata, i.e., t.he AZT ex.periment; ) assimilation of Scisdp’
the Rapid Radiative Transfer Model for General circulatio! hdQ profiles in addition to GTS data, i.e., the A2TQ exper-

: iment; (6) assimilation of SFOV’s matchinigprofiles in ad-
model (RRTMG) longwave and shortwave atmospheric ra%|ition to GTS data, i.e., the A1TM experiment; (7) assimila-

ation schemes (Clough et al,, 2005; If_;lconq etal,, 2008; M?ign of SciSup’s matching profiles in addition to GTS data,
crette et al., 2008), and the new Kain—Fritsch cumulus pa- the A2TM experiment. According to the auality con-
rameterization scheme (Kain, 2004). The assimilation ti & xperi ' N9 quality

window was set to be-60 minutes and no bogus vortex waé;rOI descnt_)ed n s_ectlon 2, _the SFO\./ prc_>f|les were available
. L » in clear skies, while the SciSup profiles included some non-
used in the initial conditions.

In Ike’s case (2008), the domain consisted of 48840 precipitation cloudy retrievals. In the A1T, A1TQ, A2T and

grid points and was centered at (20 7C°W). There were A2TQ experiments, all the available best SFOV and SciSup

eight assimilation cycles starting at 0600 UTC 06 Septembrert”evals between 200 hPa and 700 hPa were assimilated. In

and ending at 0000 UTC 08 September with intervals of 6 e ALTM and A2TM experiments, the SFO_V and SC'S.UP
Apart from the first assimilation cycle, the WRF short-rang ata counts were mat(_:hed at the same location after their in-
. ~dividual stringent quality control from A1T and A2T. Thus,
(6 h) forecast was used as the background in the remammg tchi il ictl | Ki
assimilation cycles. In addition, there was a 48 h foreaalst f S€ matching profiles were strictly over clear Skies.
lowing in each assimilation cycle. In Irene’s case (201148, t
configuration was similar, except that the domain center wgs
located at (2IN, 70°W) with 480x 300 grid points and five
assimilation cycles were conducted starting at 1800 UTC 23 Our preliminary assessment of the impact of AIRS assim-
August and ending at 1800 UTC 24 August. ilation focused on the following aspects. Firstly, for exéh
Conventional observation data from the global telecoriiterval, the hurricane track (HT), minimum central SLRian
munication system (GTS) were available at each assimilatimaximum SPD were validated against the best track record
cycle, including reports of surface observations from larflom observational hurricane reports (Berg, 2009; Avild an
and ocean (ship) stations, aircraft, ocean buoys, wind pféangialosi, 2011). Secondly, the water vapor distribution
filer, aerodrome, upper-level pressure and surface ragioswith regard to the TPW was validated against the TPW ref-
des, thickness observation, ground-based GPS precipitagifience from the Advanced Microwave Scanning Radiome-
water, space-based GPS refractivity, ocean surface witad dgr for EOS (AMSR-E) at 21 km resolution over the ocean
from Quick Scatterometer (QuikSCAT) satellite and geost@Ventz and Meissner, 2004, 2007). Thirdly, the surface rain
tionary satellite-derived atmospheric motion vectors. e THorecast was compared with the rainfall data from Tropi-
AIRS-retrieved temperatureT] and moisture @) profiles cal Rainfall Measuring Mission (TRMM) data, version 7
were available only at 0600 UTC and 1800 UTC from eithdhttp:/trmm.gsfc.nasa.gov/) at 4-5 km horizontal regotu
the SFOV or the SciSup products. Generally, conventional
observations have difficulty in describing the vertical atm 4.1. HT,SLPandSPD
sphericT and Q structures over an open ocean with few Figures 2 and 3 show the 48 h forecasts of HT, SLP and
radiosondes; while the AIRS sounding retrievals add mofD from the GTS, A1TQ and A2TQ experiments against
horizontal and vertical andQ information. To investigate the best hurricane record. In both hurricane cases, the GTS
the impact of assimilating different AIRS sounding retekss experiments showed capable skill in short-range (6-12 h) HT
on hurricane forecast skills, GTS observations with antwitforecasts, with especially good skill in the case of Ireme. |
out AIRS retrievals were assimilated. For each hurricat@restingly, Ike’s restrengthened SLP in the early part&®f 0
case, a series of eight numerical experiments was desigriséptember 2008 was reproduced well by the NWP experi-
as summarized in Table 1, including (1) a control experimements, while Irene’s restrengthened SLP in the early part of
without assimilation of AIRS data, i.e., the GTS experimen26 August 2011 was not. When additional AIRS data (ei-
(2) assimilation of SFOV'T profiles in addition to GTS data, ther SFOV or SciSup) were assimilated at 0600 and 1800
i.e., the A1T experiment; (3) assimilation of SFOWsaandQ UTC (e.g., A1TQ and A2TQ), the forecasted HT biases were

Impact verification
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Fig. 5. Box plots of the HT error difference (AIRS minus GTS). Tkeoordinate denotes the
forecast time from O h (analysis), 6 h, 12 h, 18 h, 24 h, 30 h,,32H, to 48 h. Thg-coordinate

is the error deviation between each AIRS experiment (listdtble 1) and the GTS experiment.
In each box plot, the upper and lower ends of the column anerded the quartiles ofjp 75 and
do.25, and the red bar through the box is drawn at the medigg)( The whiskers extend from
the quartiles to the maximum and minimum data values. THeeosiare data beyond the ends of
the whiskers. If there are no data outside the whisker, asdaliced at the bottom whisker.
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Fig. 6. Temperature innovations (OMB) and analysis residuals (Qfédm the (a—d) A1TQ, (e-h) A1TM, (i—j) A2TM, and
(k—p) A2TQ experiments at different vertical levels in thestfiassimilation cycle in the case of lke (2008). P27 is tlyerda
mean of 200—700 hP&l represents the assimilated AIRS temperature counts.

reduced largely in the case of Ike (Fig. 2), and the biaseally, adding SFOV assimilation in the A1TQ experiments
remained small in the case of Irene (Fig. 3). Meanwhilproduced noticeable improvement in the HT forecast (an ap-
the forecasted intensity (SLP and SPD) biases showed lifloximate 10—20 km error reduction in the 24-48 h fore-
change among GTS, A1TQ and A2TQ in either case. Figucast in both cases), while adding SciSup assimilation in the
4 shows the root-mean-square errors (RMSESs) of the GTRRZTQ experiment produced less improvement (Figs. 4a and
AL1TQ and A2TQ experiments. The averaged RMSEs frod). Meanwhile, neither showed significant improvement in
the 0-48 h forecast experiments were approximately 60 kerms of hurricane intensity (SLP and SPD) forecasts. Eigur
for HT, 15 hPa for SLP, and 10 nt&for SPD in Ike’s case, 5 shows box plots of the HT error difference between each
and they were 50 km, 4 hPa, and 4 mtsn Irene’s case. AIRS experiment and the GTS experiment (i.e., AIRS minus
This result reinforced the finding that the forecast skill iIGTS). The negative value represents positive improvenfent o
the case of Irene (2011) was statistically better than thatérror reduction when adding AIRS in the assimilation. Com-
the case of Ike (2008). It was also found that the AIRBarisons between experiments of assimilating AIRS temper-
data assimilation showed generalimprovementin longad-leature profiles with and without its moisture profiles (A1TQ
HT forecasts compared with the GTS experiments. Specifs A1T, and A2TQ vs A2T) showed similar trends during the
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Fig. 7. Analysis increments of 700 hPa temperature (shaded, is:500 hPa geopotential height (contours, units:
gpm), and 500 hPa wind vector (units: m from the GTS, A1TQ and A2TQ experiments in the case of Ik®&0
Panels (a—c) represent the assimilation cycle at 0600 UTE&péber 2008, (d—f) at 1800 UTC 06 September 2008,
(g—i) at 0600 UTC 7 September 2008, and (j—I) at 1800 UTC 7&mrber 2008. The red cross shows the location of
Ike (2008). The blue solid line indicates positive values] the red dashed line indicates negative values. The contou
interval is 4 gpm, with the blue bold line having a value ofaerthe contour.

forecast time. The results indicated that the impact ofa&ssiA1TQ experiment showed a warm signal in the lower lev-
ilating AIRS temperature profiles exceeded that of moistuets (OMB>0 in Fig. 6a) and a cold signal in the upper lev-
profiles with respect to the positive HT improvement usingls (OMB<O0 in Figs. 6b and c). This was consistent with
the current 3DVAR methodology. Although the matchinthe previous AIRS evaluation results using AIRS sounding
AIRS data assimilated in the A1TM and A2TM reduced teetrievals, reported in section 2 (Figs. 1a—d). The A2TQ ex-
a quarter or even less compared to those in the A1T and Ag&riment showed a second cold peak in the upper levels that
experiments, the HT results of the ALTM and A2TM expemade the mean profile cold (OMB) in Figs. 6n—p). When
iments showed a similar range of improvement to that of thiee matching SFOV and SciSup data over clear skies were as-
ALlT and A2T experiments in both hurricane cases. similated, the A1TM and A2TM experiments showed a simi-
Figure 6 shows the temperature innovations (i.e., OMBr warm OMB at 684 hPa (Figs. 6e and i) and a cold OMB in
the discrepancies between AIRS data and the backgrote other upper levels (Figs. 6f, g, i and k). The OMB differ-
state) and analysis residuals (i.e., OMA, the discrepanciences between the A2TM and A2TQ experiments were prob-
between AIRS data and 3DVAR analysis) from the A1TMably caused by those cloudy profiles that were not included
AlTQ, A2TM and A2TQ experiments at different verti-after matching SciSup with SFOV. After the assimilation by
cal levels. When all SFOV profiles were assimilated, ti#DVAR, the OMA showed a better distribution than that of
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Fig. 8. TPW spatial distribution against AMSR-E reference datarduhurricanes lke (2008) and Irene (2011)is the sampling
data count at each time. The red cross shows the hurricaroaidn.

OMB in all levels, with the A1TM and A2TM experimentsmental GH variation. One possible reason is that, apart from
showing slightly warmer results (by about 0.2) than the the steering flow, other factors may also contribute to aihurr
Al1TQ and A2TQ experiments at 684 hPa. cane’s movement and intensity variations in different atpe
Figure 7 shows the analysis increments (analysis minsisch as the upper level jet, the sea surface temperature, the
background) of the assimilation cycles from the GTS, A1T@hange of vertical wind shear, the inner hurricane dynamics
and A2TQ experiments for the case of Ike when AIRS datand the interactions between the large-scale environnment a
were assimilated, including increments of 700 hPa tempethe hurricane (Emanuel, 1999; Roy and Kovordanyi, 2012;
ture (T), 500 hPa geopotential height (GH), and 500 hPa wintlu et al., 2012). Therefore, hurricane forecasts, espgcial
vector. It was found that th@ increments due to AIRS as-intensity forecast, have represented a major challenge ove
similation could induce the GH increments through thermthe past decade and deserve further study (National Hurri-
dynamic adjustment, thus having an impact on the largeescaane Center, 2013, http://www.nhc.noaa.gov/verificd}ion
steering flow in the mid troposphere to adjust the hurricane
track. With different types and amounts of AIRS data beirsz' TPW
assimilated in the A1TQ and A2TQ experiments at different The AMSR-E TPW over the ocean has been used as the
times, the T increments showed different warming or coaleference to validate the water vapor distribution in many
ing environments compared with the GTS experiment. Whetudies (e.g., Fetzer et al., 2006; Lee et al., 2014) because
warmer AIRS data (mostly from SFOV) were assimilatedRMSR-E has the advantage of a constant viewing angle and
the GH tended to increase; while when colder AIRS (frosensitivity to cloud liquid water and precipitation (Kavigini
SciSup) were assimilated, the GH tended to decrease. Cenal., 2003), and its microwave frequencies are not affecte
sequently, the steering flows leading the hurricane tracke wévy non-precipitating clouds (O’Neill et al., 2005). Theate
differentinthe A1TQ and A2TQ experiments. Similar resultsky TPW from AMSR-E was selected as the reference, and
were found in the case of Irene. However, the hurricandlse WRF-forecasted TPW was collocated with it within a dis-
SLP and SPD showed insignificant change to the enviradance 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 againdSR-E TPW at four selected times as in Fig. 8.

in Fig. 8, all the forecasted TPW showed consistent strusibly due to the impact of assimilating SciSusprofiles,
tures of dry and wet bands surrounding the hurricane comhich were drier than SFOV® profiles in this study. These
pared with the AMSR-E, except in the A2TQ experimentesults imply that, although the moisture profiles showed li
which was a bit drier. Figure 9 shows the forecasted TP direct impact on hurricane track and intensity foresast
errors at the four matching time slots in Fig. 8. In both huWRF-3DVAR, they may contribute to the hurricane moisture
ricane cases, when SFO\Gwas assimilated in the first cy-environment forecast.

cle, the mean TPW errors of A1TQ were similar to those of )

GTS (Figs. 9a, b and g, h), while the mean TPW errors 83- Rainfall

A2TQ were the smallest (Figs. 9c and i). In Ike’s case, dur- TRMM was launched in 1997 to measure global tropical
ing the period from 0630 UTC 06 September to 1830 UT@infall (Simpson et al., 1988; Kummerow et al., 1998). To
07 September, the RMSE went from 2.95 mm to 4.23 mm @apture the rain structure, the combined data of surface rai
the GTS ARMSE = 1.28 mm), from 2.91 mm to 3.64 mmfrom the TRMM microwave imager (TMI), as in the 2A12
in the A1TQ ARMSE = 0.73 mm), and from 3.56 mm toproduct, and precipitation radar (PR), as in the 2A25 prod-
4.05 mm in the A2TQARMSE = 0.49 mm) experiment. In uct, were used as the reference.

Irene’s case, during the period from 1800 UTC 23 August Figure 10 represents the results of rain distribution.
to 1800 UTC 24 August, the RMSE went from 2.17 mm td RMM showed more detailed and stronger convective rain-
3.76 mm in the GTSARMSE = 1.59 mm), from 2.63 mm fall structure, with a larger peak value (60—130 mmbhat

to 3.06 mm in the A1 TQARMSE = 0.43 mm), and from its high horizontal resolution (i.e., 4-5 km). Comparedhwit
3.51 mmto 4.13 mm in the A2TQ\RMSE = 0.62 mm) ex- TRMM, the WRF forecasts of 1 h, 17 h and 48 h captured the
periment. This result showed that the continuous cycling sfructure of Ike’s rain band around the hurricane eyes gener
AIRS Q assimilation was able to constrain the RMSE a bdlly well in the GTS, A1TQ and A2TQ experiments (Figs.
better than that without AIR®) assimilation. Besides, the10a-l), with similar patterns within the 24 h forecast time
underestimation of TPW in the A2TQ experiment was pogFigs. 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 closélsese data are evaluated to possess large biases; (2) updat-
circle rainfall band appeared in Ike's eyewall region in AL T ing the 3DVAR method (which is not sensitive to moisture
(Fig. 10k), while the rainfall bands were a bit weaker in thassimilation) with an advanced hybrid-3DVAR method; (3)
GTS and A2TQ experiments (Figs. 10j and ). Similar reassimilating additional satellite data (e.g., AMSU-A) het
sults were found for the WRF forecasts of 4 h, 23 h and 4&gional NWP; and (4) analyzing more case studies, such as
h in Irene’s case (Figs. 10m—x), except that when the forgphoons over the northwest Pacific Ocean.
cast time approached 47 h, the regions of deep convection
were slightly different in different experiments (Figs.ut&) Acknowledgements. The authors appreciate all the helpful
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