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ABSTRACT

The impacts of enhanced satellite-derived atmospheric motion vectors (AMVs) on the numerical pre-

diction of intensity changes during Hurricanes Gonzalo (2014) and Joaquin (2015) are examined. Enhanced

AMVs benefit from special data-processing strategies and are examined for impact on model forecasts via

assimilation experiments by employing the National Centers for Environmental Prediction (NCEP) opera-

tional Hurricane Weather Research and Forecasting (HWRF) Model using a Gridpoint Statistical In-

terpolation analysis system (GSI)-based ensemble–variational hybrid system. Two different data assimilation

(DA) configurations, one with and one without the use of vortex initialization (VI), are compared. It is found

that the assimilation of enhancedAMVs can improve theHWRF track and intensity forecasts of Gonzalo and

Joaquin during their intensity change phases. The degree of data impact depends on the DA configuration

used. Overall, assimilation of enhanced AMVs in the innermost domain (e.g., storm inner-core region and its

immediate vicinity) outperforms other DA configurations, both with and without VI, as it results in better

track and intensity forecasts. Compared to the experiment with VI, assimilation of enhanced AMVs without

VI reveals more notable data impact on the forecasts of Hurricane Gonzalo, as the VI before DA alters the

first guess and reduces the actual number of AMV observations assimilated into the DA system. Even with

VI, assimilation of enhanced AMVs in the inner-core region can at least partially mitigate the negative effect

of VI on the intensity forecast of Hurricane Gonzalo and alleviate the unrealistic vortex weakening in the

simulation by removing unrealistic outflow structure and unfavorable thermodynamic conditions, thus

leading to improved intensity forecasts.

1. Introduction

In contrast to the significant improvements in tropical

cyclone (TC) track forecasts, only limited progress has

been made in TC intensity forecasting in the last two

decades (Rogers et al. 2006, 2013; Rappaport et al. 2009;

Gall et al. 2013). Part of the difficulty in forecasting the

intensity of TCs originates from deficiencies in the rep-

resentation of the initial vortices in numerical weather

prediction (NWP)models due to the general lack of high-

resolution observations within the TC inner-core region

(Pu and Braun 2001; Pu et al. 2009; Zhang et al. 2011).

Recently, observations of the TC inner-core region and

its near environment, obtained via tail Doppler radar

(TDR) data and dropwindsonde observations that have

been collected by National Oceanic and Atmospheric

Administration (NOAA) aircraft reconnaissance mis-

sions, have made their way into NWP systems and have

contributed toward significant improvements in Atlantic

TC intensity forecasting (Rogers et al. 2006, 2013; Zhang

et al. 2011; Gall et al. 2013; Pu et al. 2016). However,

outside the Atlantic basin, these airborne Doppler radars

and dropwindsonde data are not routinely available.

Even in the Atlantic, there can be large temporal gaps in

data collection in the TC inner-core region.

Because of the lack of routine radar and aircraft

dropwindsonde observations over the ocean from re-

connaissance missions, satellite radiances and satellite-

derived products are important data sources for use in

operational data assimilation. Unfortunately, limitations

of current data assimilation methodologies prevent most

satellite radiances in the TC inner core and nearCorresponding author: Dr. Zhaoxia Pu, zhaoxia.pu@utah.edu
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environmental regions from being assimilated. This oc-

curs because of cloud and precipitation contamination,

although all-sky data assimilation has become an active

research area in recent years (Zhu et al. 2016). Fortu-

nately, satellite-derived products, especially atmospheric

motion vectors (AMVs; Velden et al. 1997, 2005) derived

from geostationary satellites, have supplied useful in-

formation for improving hurricane forecasting. Previous

studies have demonstrated that assimilating these AMVs

into NWP models can result in improved analyses and

forecasts of TCs and their environment. Langland et al.

(2009) and Berger et al. (2011) found that track forecasts

in the Navy Operational Global Atmospheric Prediction

System (NOGAPS) were improved, owing to the more

accurate representation of the environmental flow when

AMVs were assimilated. Soden et al. (2001) demon-

strated that the assimilation of AMVs led to a more ac-

curate representation of the steering flow, thus improving

TC track forecasts in the Geophysical Fluid Dynamics

Laboratory (GFDL) hurricane model. Pu et al. (2008)

also found that the assimilation of GOES-11 rapid scan

AMVs has a positive impact on numerical forecasts of

TC intensity and precipitation.

More recently, upgraded AMV processing algorithms

and strategies have enabled improvements in the cov-

erage, density, and quality of AMVs. These ‘‘enhanced’’

AMV datasets can better capture smaller-scale wind

flows and provide information on TC-scale flow fields

(Velden et al. 2017). Wu et al. (2014, 2015) used an en-

semble Kalman filter method to assimilate enhanced

AMV data into the mesoscale community Weather

Research and Forecasting (WRF) Model. They found

that initial analyses of TC vortex location, intensity, and

structure are all improved, along with subsequent fore-

casts, due to the assimilation of enhanced AMVs. Fur-

thermore, Velden et al. (2017) incorporated enhanced

AMVs into the National Centers for Environmental

Prediction (NCEP) Hurricane WRF (HWRF) Model.

They found an overall modest positive impact of en-

hanced AMVs on HWRF forecasts, but suggested that

the degree of the impact may be limited by the vortex

initialization procedure used.

Although all of the above studies demonstrate that

enhanced AMVs are useful for improving the numerical

prediction of TCs, most of these studies incorporate the

enhanced AMVs into only the storm environment region

(viz., the outer model domains with coarser resolution

that mainly resolves the large-scale environment in-

formation around TCs) instead of the TC inner-core re-

gion (i.e., the innermost model domain with the finest

resolution that mainly resolves TC inner core and its

immediate vicinity). Therefore, optimal data assimilation

(DA) approaches to promote the impacts of enhanced

inner-core AMVs to improve model intensity forecasts

have not yet been examined. Considering the emerging

availability of operational high temporal (5–15min) and

spatial (;15–25km) resolution enhanced AMVs, it is

essential to investigate the potential impacts on hurricane

vortex initialization and intensity forecasts. Moreover,

satellite-derived observations, such as enhanced AMVs,

are now being assimilated in the operational NCEP

HWRF (Tallapragada et al. 2015). However, the TC

inner-core AMV increments are not used in favor of a

separate vortex initialization (VI) procedure. It is our

goal to use a research version of the HWRF Model and

the NCEP Gridpoint Statistical Interpolation analysis

system (GSI)-based ensemble–variation hybrid DA sys-

tem to further examine the potential impacts of assimi-

lating enhanced AMVs on the HWRF analyses and

forecasts, especially mature hurricanes. Specifically, we

will evaluate two different DA strategies—amethod that

is similar to the current operational approach, inwhichVI

is performed before all other data are assimilated, and an

exploratory method that uses the same HWRF DA

configuration but omits the use of VI. Two hurricane

cases that had notable intensity changes during their life

cycles are examined.

An introduction of the HWRF Model and the DA

system and descriptions of the hurricane case studies are

presented in section 2. The experiment design and the

impacts of enhanced AMV DA on track and intensity

forecasts are discussed in section 3. Section 4 demon-

strates the improvements in initial conditions and the

changes in analyzed and forecasted storm structures due

to the assimilation of enhanced AMVs and their sensi-

tivities to the different DA strategies. A summary and

discussion are given in section 5.

2. HWRF Model, hurricane cases, and
experimental design

a. HWRF Model and initialization

The NCEP HWRF Model (Gopalakrishnan et al.

2011; Bao et al. 2012), version 3.7a (HWRFv3.7a), is

used in this study. In brief, the model grid setup and

physics options are configured as closely as possible to

the 2015 operational HWRF (Tallapragada et al. 2015).

The dynamical core used in HWRF is the same as that

used inNCEP’sWRF-NonhydrostaticMesoscaleModel

(NMM; Janjić et al. 2010). In HWRFv3.7a, the NMM

core is configured with three domains (d01, d02, and

d03) with domain sizes of 5900 km 3 5900 km,

1500km 3 1500km, and 800 km 3 800 km (see Fig. 1)

and grid spacings of 18, 6, and 2km, respectively. A suite

of advanced physical parameterizations developed for
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TC applications is employed. This includes the modified

GFDL surface-layer parameterization (e.g., Powell et al.

2003; Black et al. 2007; Kwon et al. 2010), the Noah land

surface model (e.g., Chen and Dudhia 2001; Mitchell

et al. 2005), the modified Rapid Radiative Transfer

Model for general circulation models (RRTMG) short-

wave and longwave radiation scheme (e.g., Iacono et al.

2008), the Ferrier–Aligo microphysical parameterization

(e.g., Ferrier et al. 2002; Ferrier 2005; Aligo et al. 2014),

the Global Forecast System (GFS) planetary boundary

layer (PBL) scheme (e.g., Hong and Pan 1996), and the

GFS simplified Arakawa–Schubert (SAS) cumulus

scheme (e.g., Han and Pan 2011). The cumulus param-

eterization is active only in the 18- and 6-km grid-spacing

domains.

The HWRF initialization adopts a combination of VI

with the NCEP GSI-based ensemble three-dimensional

variational hybrid data assimilation system (hereafter

‘‘GSI-3DEnVar hybrid DA system’’; Wu et al. 2002;

Wang et al. 2013). In this study, we refer to this pro-

cedure as ‘‘DA with VI.’’ The VI scheme (Liu et al.

2006) performs the relocation, resizing, and intensity

correction on the vortex using the National Hurricane

Center (NHC) tropical cyclone vital statistics (TCVitals)

database in order to correct the storm position and in-

tensity to approach the real-time estimation [see details

in Tallapragada et al. (2015)].

After VI, observations are assimilated by the GSI-

3DEnVar hybrid DA system to further improve the

initial conditions for the HWRF forecast. DA is per-

formed on two large domains that are referred to as

ghost d02 (;6-km grid spacing) and ghost d03 (;2-km

grid spacing). Note that ghost d02 (ghost d03) covers the

corresponding d02 (d03) domain as shown in Fig. 1, but

ghost d02 (about 3000km 3 3000km) and ghost d03

(about 1600km3 1600 km) are larger than d02 and d03.

Similar to the 2015 operational settings but without the

ocean coupling, which is referred to as the control ex-

periment in this study, all conventional and satellite

observations are assimilated in ghost d02, while only

conventional observations and TDR data are assimi-

lated in ghost d03. After the GSI data assimilation, the

analyses on ghost d02 and ghost d03 are interpolated

back into the d02 and d03 domains, meaning that the

data assimilation still takes effect on d02 and d03. In

addition, outcomes from d02 and d03 generated by the

above processes are also merged into the outermost

domain (d01), in which the initial conditions are directly

downscaled from the GFS analysis, to refine the vortex

and storm-environment information in d01. Finally,

these results in d01, d02, and d03 provide initial condi-

tions for the HWRF forecast. It should be noted that the

merging procedure also blends the analysis field from

GSI with the first guess fromVI, based on the horizontal

and vertical positions ofmodel grid points. The source of

the final initial conditions for the HWRF forecast varies

with the distance to the storm center and the model

vertical levels, as listed in Table 1.

It has been proven that ‘‘DA with VI’’ results in sig-

nificant improvements in NCEP operational hurricane

forecasting with the HWRF Model. However, in

some cases, VI and DA can counteract each other

(Tallapragada et al. 2015). Meanwhile, VI may also in-

duce gradient imbalances in the initial vortex of a ma-

ture hurricane and lead to vortex spin-down at the

beginning of the HWRF forecast (e.g., Tong et al. 2014;

Pu et al. 2016). Because of this, impacts from DA could

be difficult to see clearly in some cases. To better un-

derstand the impacts of the enhanced AMVs on HWRF

forecasts, an additional configuration of the initializa-

tion procedure for HWRF, referred to as ‘‘DA without

VI,’’ is also examined in this study. In ‘‘DAwithout VI,’’

the VI is completely turned off. Neither TC relocation

nor intensity corrections are performed. Because of the

application restriction, the data assimilation in ‘‘DA

without VI’’ is directly performed on d01, d02, and d03.

Specifically, the conventional, all other satellite obser-

vations, and enhanced AMVs are assimilated in d01 and

d02 (storm environment region), while only conven-

tional observations and enhancedAMVs are assimilated

FIG. 1. HWRF-simulated sea level pressure (color contours,

units hPa) and storm center from NHC best track (black storm

sign) at 0600 UTC 13 Oct 2014 for Hurricane Gonzalo. HWRF

Model forecast domains, as indicated by d01, d02, and d03 labels,

and HWRF DA domains, as indicated by ghost d02 (black shaded

area) and ghost d03 (pink shaded area), are also indicated. The

black hurricane symbol indicates the storm center at the time.
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in d03 (storm inner-core region and its immediate vicinity;

‘‘inner-core’’ hereafter). As indicated in the previous

paragraph, the data assimilation takes effect mainly on

d02 (d03) in the VI with DA, even if the data assimilation

is performed on ghost d02 (ghost d03).

Background error covariance in the GSI-3DEnVar

hybrid DA system is a combination of the static back-

ground error covariance generated by the National

Meteorological Center (NMC) method (Parrish and

Derber 1992; Wu et al. 2002; Kleist et al. 2009) and a

flow-dependent background error covariance derived

from the ensemble forecasts (Wang et al. 2013). The

weighting factor for static and flow-dependent error

covariance is set to 0.2 and 0.8, respectively, meaning

more weight is given to the ensemble background. In

this study, the flow-dependent background error co-

variance is generated from the NCEP operational GFS

80-member ensemble forecast at a resolution of T574

(;23km) for all experiments.

b. Hurricane cases and observations

Hurricanes Gonzalo (2014) and Joaquin (2015) are

selected as study cases. Detailed descriptions of these

two cases can be found in Brown (2014) andBerg (2016).

Specifically, the intensification periods from 0000

UTC 13 October to 1800 UTC 16 October 2014 for

Hurricane Gonzalo and from 1800 UTC 27 September

to 0600 UTC 2 October 2015 for Hurricane Joaquin are

emphasized in this study. However, two other intensity

change periods—the reintensification period from 1800

UTC 1 October to 1800 UTC 3 October and the rapid

weakening phase from 1800 UTC 2 October to 1800

UTC 6 October 2015—for Hurricane Joaquin are also

analyzed.

The HWRF GSI-3DEnVar hybrid DA system assimi-

lates the NCEP operational satellite and conventional

observations (these are included in the NCEP prepbufr

files), including the satellite-derived winds, here referred

to as the operational AMVs, but not the enhanced AMV

datasets considered in our study. A list of satellite and

conventional data types for operational HWRF can be

found on the NCEP website (http://www.emc.ncep.noaa.

gov/mmb/data_processing/prepbufr.doc/table_2.htm and

table18.htm). Also, NOAA P3 TDR radial winds are

assimilated in the current operational HWRF when they

are available. Unfortunately, TDR data are not available

during the data assimilation periods for the two hurricane

cases in this study (Table 2). Figure 2 illustrates the spatial

and vertical distribution of all observations except for

satellite radiances within a 6-h window assimilated by the

GSI DA system at 1800 UTC 13 October 2014 for Hur-

ricane Gonzalo and at 0600 UTC 29 September 2015 for

Hurricane Joaquin. It is apparent that the observations

are sparse both horizontally and vertically, especially in

the area around the storm centers (within,600km of the

radius; Figs. 2a–d). The operational AMVs represent

most of the conventional observations available for the

DA for these two hurricanes. In addition, the observa-

tions are denser around Joaquin than around Gonzalo

(Figs. 2a,c). The vertical distribution also reveals that

observations in the midtroposphere (700–400hPa) and

boundary layer (below 800hPa) are much sparser than

those in the upper levels (above 400hPa) in both cases

(Figs. 2b,d). The lack of enhanced AMVs in the midlevel

(700–400hPa) is determined by the nature of the retrieval

algorithm. Since the typical vertical distribution ofAMVs

in the tropics is highly bimodal (cirrus level and marine

cumulus level) and the retrieved AMVs show higher

vector errors between 700 and 400hPa (Sears andVelden

2012; Velden et al. 2017), the AMVs in this height range

were excluded from the data-processing period. Similar

characteristics of data distribution are found in other

analysis cycles (figures not shown).

c. Enhanced AMVs

The novel dataset being assimilated in this study is the

enhanced AMVs processed and provided by the Co-

operative Institute for Meteorological Satellite Studies

(CIMSS), University of Wisconsin. These datasets are

derived from GOES data and are part of a demonstra-

tion for applications to advanced geosatellite imagers

now becoming operational (GOES-R/S,Himawari-8/9).

The enhanced AMVs are quality controlled before be-

ing entered into the HWRF GSI; enhanced AMVs are

assimilated only if the quality indicator (QI) is equal to

or larger than an empirically determined value of 0.6

TABLE 1. Source of the final initial conditions for the HWRF forecast after the merging procedure. The top row represents the model

vertical levels, and the first column represents the distance to the storm center.

.600 hPa 600–400 hPa ,400 hPa

,150 km First guess Blend analysis field with first guess Analysis field

150–300 km Blend analysis field with first guess Blend analysis field with first guess Blend analysis field with first guess

.300 km Analysis field Analysis field Analysis field
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(Wu et al. 2014). In addition, enhanced AMVs meeting

these QI thresholds but with expected error (EE) values

of .4.5 m s21 are filtered out, unless the AMV

is .25ms21 and has an attending QI . 0.7. The QI and

EE values are produced during the AMV derivation

process and represent internal quality control (QC) in-

dicators of AMV quality (Velden et al. 2017). In addition

to the QC, data thinning is also performed on enhanced

AMVs using the method embedded inGSI (see details in

the GSI users’ guide, available at http://www.dtcenter.org/

com-GSI/users/docs/users_guide/GSIUserGuide_v3.5.pdf).

Specifically, the horizontal thinning grid size for enhanced

AMVs is 6km, the same as the horizontal grid spacing of

HWRF d02 and ghost d02 (see Fig. 1). This scale is used to

incorporate the storm-scale information carried by the en-

hanced AMVs and data into the HWRF initial conditions,

as well as to reveal the advantage of high-resolution cov-

erage of enhanced AMVs.

Figures 3a and 3b show the horizontal distribution of

operational AMVs and enhanced AMVs assimilated by

HWRF GSI at 1800 UTC 13 October 2014 for Hurricane

Gonzalo. The operational AMVs are produced at 6-h in-

tervals, while enhanced AMVs are produced at hourly

intervals, and all AMVs within a 6-h window (63h of the

analysis time) are included. In contrast to the sparse dis-

tribution of operational AMVs (Fig. 3a), the denser cov-

erage of enhanced AMVs blankets the storms and their

environment (Fig. 3b). The blue rectangular block of very

dense low-level vector coverage in Fig. 3b is due to the

availability of rapid scan images from GOES-East at this

time. The more frequent imaging (;7-min scans) pro-

motes denser vector coverage. In addition, the radial

pressure distribution further shows that enhanced AMVs

also improve the vertical data coverage in the upper layers

(above 400hPa) and boundary layers (below 700hPa) of

Hurricane Gonzalo. Particularly, the lack of observations

within a 300–900-km radius of the storm center, as shown

in Fig. 2b, is significantly improved (Fig. 3c). Similar

characteristics of the operational AMVs and enhanced

AMVsarealso observed forHurricane Joaquin (Figs. 3d–f),

except that the operational AMVs for Hurricane Joaquin

have a much denser distribution (Fig. 3d) than in Fig. 3a,

with data coverage enhanced mainly in the lower tropo-

sphere (below 700hPa) (Figs. 3e,f). Moreover, a compar-

ison of Fig. 3b and Fig. 3e shows that the enhanced AMVs

are dominant in the upper level (within 400km of the

storm center) for Hurricane Gonzalo (Fig. 2a) but are

denser in the lower (upper) levels in the north (south)

quadrants for Hurricane Joaquin (Fig. 2b), indicating the

different cloud structures and outflow configurations in the

two storms at these times. Overall, the enhanced AMVs

can significantly improve the horizontal and vertical data

coverage for Hurricanes Joaquin and Gonzalo, especially

around the storm center (,900-km radius). As will be

TABLE 2. List of DA experiments performed on Hurricane Gonzalo (2014) and Hurricane Joaquin (2015).

Expt VI in DA DA period DA domains and data

VI-CTRL Yes Hurricane Gonzalo: 0000–1800 UTC 13 Oct 2014 ghostd02: Conventional observations,

satellite observationsHurricane Joaquin: 0000 UTC 28 Oct–0600 UTC 29 Oct 2015

Hurricane Joaquin: 0000–1800 UTC 2 Oct 2015 ghostd03: Conventional observations

Hurricane Joaquin: 1800 UTC 2 Oct–1800 UTC 3 Oct 2015

VI-NIN-AMV Yes Hurricane Gonzalo: 0000–1800 UTC 13 Oct 2014 ghostd02: Conventional observations,

satellite observations, enhanced AMVsHurricane Joaquin: 0000 UTC 28 Oct–0600 UTC 29 Oct 2015

Hurricane Joaquin: 0000–1800 UTC 2 Oct 2015 ghostd03: Conventional observations

Hurricane Joaquin: 1800 UTC 2 Oct–1800 UTC 3 Oct 2015

VI-AMV Yes Hurricane Gonzalo: 0000–1800 UTC 13 Oct 2014 ghostd02: Conventional observations,

satellite observations, enhanced AMVsHurricane Joaquin: 0000 UTC 28 Oct–0600 UTC 29 Oct 2015

Hurricane Joaquin: 0000–1800 UTC 2 Oct 2015 ghostd03: Conventional observations,

enhanced AMVsHurricane Joaquin: 1800 UTC 2 Oct–1800 UTC 3 Oct 2015

NVI-CTRL No Hurricane Gonzalo: 0000–1800 UTC 13 Oct 2014 d01, d02: Conventional observations,

satellite observationsHurricane Joaquin: 0000 UTC 28 Oct–0600 UTC 29 Oct 2015

Hurricane Joaquin: 0000–1800 UTC 2 Oct 2015 d03: Conventional observations

Hurricane Joaquin: 1800 UTC 2 Oct–1800 UTC 3 Oct 2015

NVI-NIN-AMV No Hurricane Gonzalo: 0000–1800 UTC 13 Oct 2014 d01, d02: Conventional observations,

satellite observations, enhanced AMVsHurricane Joaquin: 0000 UTC 28 Oct–0600 UTC 29 Oct 2015

Hurricane Joaquin: 0000–1800 UTC 2 Oct 2015 d03: Conventional observations

Hurricane Joaquin: 1800 UTC 2 Oct–1800 UTC 3 Oct 2015

NVI-AMV No Hurricane Gonzalo: 0000–1800 UTC 13 Oct 2014 d01, d02: Conventional observations,

satellite observations, enhanced AMVsHurricane Joaquin: 0000 UTC 28 Oct–0600 UTC 29 Oct 2015

Hurricane Joaquin: 0000–1800 UTC 2 Oct 2015 d03: Conventional observations,

enhanced AMVsHurricane Joaquin: 1800 UTC 2 Oct–1800 UTC 3 Oct 2015
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discussed later, the enhanced data coverage around the

storm center from the enhanced AMVs will have a sub-

stantial contribution to the HWRF forecasts of these two

hurricanes.

3. Data assimilation experiments and results

a. Hurricane Gonzalo

For Hurricane Gonzalo, the HWRF Model is initial-

ized at 1800 UTC 12 October 2014 and spins up until

0000 UTC 13 October 2014. Then, the 6-hourly DA and

forecast cycles are performed from 0000 to 1800

UTC 13 October 2014 to reach the intensification

phase. A 72-h forecast from 1800 UTC 13 October to

1800 UTC 16 October 2014 is then performed to

predict intensity changes of Hurricane Gonzalo. The

first group of experiments (VI experiments) is based

on ‘‘DA with VI.’’ A combination of VI with DA is

used in each analysis cycle. A set of three DA exper-

iments is performed for Hurricane Gonzalo to exam-

ine the effects of incorporating the enhanced AMVs

into one or both ghost domains. Details of the ex-

perimental design are listed in Table 2.

The track and intensity forecasts from the HWRF

simulations are compared against the NHC best track

data. Figure 4 shows the time series of track and in-

tensity in terms of minimum sea level pressure (MSLP)

and maximum surface wind (MSW) during the 72-h

forecast for Hurricane Gonzalo. The track errors in all

experiments are similar and small (e.g., within 50km)

over the 72-h forecasts (Fig. 4a). A notable unrealistic

weakening is found in the intensity forecast ofHurricane

Gonzalo in terms of both MSLP (Fig. 4b) and MSW

FIG. 2. Spatial distribution of all observations, except for satellite radiances, assimilated by theGSIDA system at

(a) 1800 UTC 13 Oct 2014 for Hurricane Gonzalo and (c) 0600 UTC 29 Sep 2015 for Hurricane Joaquin. The

observations are grouped into two types: operational AMVs (red) and all other observations (blue). The shaded

areas indicate the ghost d02 (black shaded area), ghost d03 (pink shaded area), d02 (light gray shaded area), and d03

(white color area) domains, corresponding to Fig. 1. (b),(d) Radius–pressure distributions corresponding to ob-

servations as shown in (a),(c).
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(Fig. 4c) after the first 6-h forecast (until 0000

UTC 14 October 2014) in the VI-CTRL simulation (no

enhanced AMVs). As a result, the intensity forecast is

significantly degraded, leading to an average MSLP er-

ror of 15.4 hPa and an average MSW error of 18.6m s21

over the 72-h forecasts. The assimilation of enhanced

AMVs leads to significant improvements in the in-

tensity forecasts. Specifically, the unrealistic vortex

weakening after the first 6-h forecast still exists in the

VI-NIN-AMV simulation (AMVs only assimilated

only in the d02 domain); however, the averaged MSLP

(MSW) error over the 72-h forecast is reduced by 50%

(35%), compared with that in VI-CTRL (Figs. 4b,c).

With the assimilation of enhanced AMVs to also in-

clude the innermost domain (d03) in VI-AMV, the

unrealistic vortex weakening after the first 6-h forecast

is eliminated, and significant improvements in the in-

tensity forecasts of Hurricane Gonzalo are evident: the

average error of MSLP (MSW) over the 72-h forecasts

in VI-AMV is reduced by about 80% (40%), compared

with that in VI-CTRL (Figs. 4b,c).

Corresponding to the ‘‘DAwithVI’’ experiments, a set

of three ‘‘DAwithoutVI’’ experiments is also performed

for Hurricane Gonzalo (see details in Table 2). Figure 5

shows the track and intensity forecasts from the NVI

experiments. It is apparent that the assimilation of en-

hanced AMVs leads to positive impacts on both track

and intensity forecasts. Notably, the extent of the impacts

depends onwhether the enhancedAMVs are assimilated

in the inner-core region or not. As shown in Fig. 5a, the

assimilation of enhanced AMVs leads to a reduction of

average track errors over the 36-h forecast by 9% in

NVI-NIN-AMV (52km) and by 18% in NVI-AMV

(46km), compared to that in NVI-CTRL (56km). The

average MSLP (MSW) forecast error over the 72-h

forecasts is reduced by 12% (15%) in NVI-NIN-AMV

and by 42% (20%) in NVI-AMV (Figs. 5b,c).

b. Hurricane Joaquin

Similar to Hurricane Gonzalo, experiments are also

conducted for the intensification period of Hurricane

Joaquin. Specifically, the model is initialized at 1800

FIG. 3. Spatial distribution of (a) operational AMVs and (b) enhanced AMVs in ghost d02 assimilated by GSI DA system at 1800

UTC 13 Oct 2014 for Hurricane Gonzalo. The AMVs are grouped into four layers, ,250 hPa (red), 250–400 hPa (green), 700–850 hPa

(purple), and .850 hPa (blue), by their assigned heights and are shown by the corresponding colors, with numbers indicating the total

number of AMVs in each grouped layer. There are no enhanced AMV observations between 400 and 700 hPa. (c) The radius–pressure

distribution of operational AMVs (black dots) and enhancedAMVs (red dots) as shown in (a),(b). (d)–(f) As in (a)–(c), but for Hurricane

Joaquin at 0600 UTC 29 Sep 2015.

MAY 2018 ZHANG ET AL . 1555



UTC 27 September 2015 and allowed to spin up to 0000

UTC 28 September 2015, and the cycled DA is performed

from 0000UTC 28 September to 0600 UTC 29 September

2015 in 6-h windows. Then, a 72-h forecast from 0600

UTC 29 September to 0600 UTC 2 October 2015 is per-

formed to simulate the intensification period of Hurricane

Joaquin. A set of three DA experiments is performed for

‘‘DAwithVI’’ and ‘‘DAwithoutVI’’ (seedetails inTable 2).

Figure 6 illustrates the track and intensity forecast over a

72-h forecast for the ‘‘DA with VI’’ experiments for the

intensification phase of Hurricane Joaquin. As shown in

Fig. 6a, large average track errors over the 48-h forecast

are present in the VI-CTRL, VI-NIN-AMV, and

VI-AMVexperiments (150, 163, and 133km, respectively).

However, VI-AMV saw a 10% reduction in track errors,

compared with VI-CTRL, indicating that the assimilation

of enhanced AMVs in the inner-core region may also im-

prove the track forecast in some cases. After 48h, the track

forecasts in all simulations have totally drifted away from

the best track. Because of large track errors in all experi-

ments, the intensity forecasts for Hurricane Joaquin lose

their significance, although all the HWRF forecasts cap-

tured the intensity changes of Hurricane Joaquin during

the period from 0600 UTC 29 September to 0600

UTC 2 October 2015 (Figs. 6b,c). In addition, the assimi-

lation of enhanced AMVs leads to positive impacts on the

MSW forecasts of Hurricane Joaquin, as VI-NIN-AMV

and VI-AMV lead to a reduction in the average error of

MSW by ;20% relative to VI-CTRL (Fig. 6c).

For the ‘‘DA without VI’’ experiments, the initial

track deviates from the best track since VI is turned off

during theDAperiod, leading to large track errors at the

initial time in all three experiments (Fig. 7a) during the

intensification phase of Hurricane Joaquin. The assimi-

lation of enhanced AMVs in the parent and in-

termediate domains (NVI-NIN-AMV) has little to no

impact on either track or intensity forecasts, as com-

pared with that in NVI-CTRL. In contrast, the assimi-

lation of enhancedAMVs (NVI-AMV) to the innermost

domain leads to significant improvements in both track

and intensity forecasts: the average track error over the

48-h forecasts in NVI-AMV is decreased by 43%,

compared to that in NVI-CTRL (Figs. 7b,c). Also no-

table is that the forecasted track in NVI-AMV moves

southwest in the first 48-h forecast, which captures the

actual trend in the NHC best track. The average in-

tensity errors of both MSLP and MSW over the 72-h

forecasts in NVI-AMV are decreased by about 70%,

compared to those in NVI-CTRL (Figs. 7b,c).

Note that the track forecast errors are large in all

above experiments during the intensification period of

Hurricane Joaquin. In fact, as revealed by most of the

operational models during the real-time forecasting,

the track forecast during the intensification stage of

FIG. 4. The 72-h HWRF forecast from 1800 UTC 13 Oct 2014 for Hurricane Gonzalo of (a) track and intensity in

terms of (b) minimum MSLP (hPa) and (c) maximum surface wind (m s21) from VI-CTRL (red lines), VI-AMV

(blue lines), and VI-NIN-AMV (green lines). The track,MSLP, andMSWare verified against NHC best track data

(black lines). The colored numbers in (c) denote the averaged track errors and absolute intensity errors for the

corresponding experiments as indicated in (b).
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Hurricane Joaquin is difficult to capture (Berg 2016).

However, it is hard to evaluate the contribution of DA to

the hurricane forecast, as the large track errors can en-

velop the data impact very quickly. To generalize the

conclusion for the impact of enhanced AMVs on Hurri-

cane Joaquin, two additional sets of experiments are

performed. First, the HWRF Model is initialized at 1800

UTC 1 October 2015 and allowed to spin up to 0000

UTC 2 October 2015, and the cycled DA is performed

from 0000 to 1800 UTC 2 October 2015 in 6-h windows.

Then, a 72-h forecast from 1800 UTC 2 October to 1800

UTC 5 October 2015 is performed to simulate the re-

intensification phase of Hurricane Joaquin. Second, the

HWRFModel is initialized at 1800 UTC 2 October 2015

and allowed to spin up to 0000 UTC 3 October 2015,

and the cycled DA is performed from 0000 to 1800

UTC 3 October 2015 in 6-h windows. Then, a 72-h fore-

cast from 1800 UTC 3 October to 1800 UTC 6 October

2015 is performed to simulate the mature phase of Hur-

ricane Joaquin. A set of six experiments (three for ‘‘DA

FIG. 6. As in Fig. 4, but for the 72-h HWRF forecast fromVI-CTRL (red lines), VI-AMV (blue lines), and VI-NIN-

AMV (green lines) for Hurricane Joaquin during the period from 0600 UTC 29 Sep to 0600 UTC 2 Oct 2015.

FIG. 5. As in Fig. 4, but for the 72-h HWRF forecast from NVI-CTRL (red lines), NVI-AMV (blue lines), and

NVI-NIN-AMV(green lines) forHurricaneGonzalo during theperiod from1800UTC13Oct to 1800UTC16Oct 2014.
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with VI’’ and three for ‘‘DA without VI’’) is performed

for the reintensify phase/rapid weakening phase of Hur-

ricane Joaquin (seeTable 2 for detailed configurations for

each experiment).

Figures 8 and 9 show the 72-h track and intensity

forecasts for the reintensification and rapid weakening

phases ofHurricane Joaquin. For the track forecast in the

reintensification phase (Figs. 8a,d), the overall average

track errors over the 72-h forecast inVI-CTRL (NVI-CTRL),

VI-NIN-AMV (NVI-NIN-AMV), and VI-AMV

(NVI-AMV) are 135 (75), 105 (80), and 75 (75) km,

respectively. This suggests that the assimilation of en-

hanced AMVs improves the track forecasts in ‘‘DAwith

VI’’ experiments, especially when the data are assimi-

lated in the inner-core region, although this is not true in

‘‘DA without VI.’’ For the track forecast in the rapid

weakening phase, the assimilation of enhanced AMVs

seems to slightly degrade the track forecast (except for

VI-AMV) due to the large track errors after 48-h fore-

cast from the perspective of average track errors (col-

ored numbers in Figs. 9a,d). However, the track

forecasts in all the simulations are not distinguishable

during the first 48-h forecast, and the track forecasts in

all simulations nearly match the best track forecast.

Themixing impacts of enhancedAMVson theMSLPand

MSW are observed during the reintensification and rapid

weakening phases ofHurricane Joaquin (Figs. 8b,c,e,f, 9b–f).

In addition, the ‘‘DA without VI’’ can cause large initial

errors for MSW (Figs. 8f, 9f), indicating that the enhanced

AMVs data only are not enough to force the storm intensity

to match the observed intensity for this case. However, it is

worth noting that the assimilation of enhancedAMVs in the

inner-core region produces smaller average MSLP and

MSW errors over the whole 72-h forecasts in most of the

cases (e.g., the blue numbers at the top of each panel in

Figs. 8b,c, 8e,f, and 9b,c are always smaller than the red and

green numbers). Overall, the above results suggest that the

inner-core DA of enhanced AMVs can strengthen the pos-

itive impact of AMVs on HWRF intensity forecast, espe-

cially in operational scenarios (‘‘DA with VI’’).

c. Discussion on the impact of enhanced AMVs

Although the results from ‘‘DA with VI’’ and ‘‘DA

without VI’’ experiments may not be directly compared

since they were configured differently, the assimilation

of enhanced AMVs leads to positive impacts on track

and intensity forecasts of Hurricanes Gonzalo and Joa-

quin when comparing the results from three simulations

in each of configuration. The degrees of the impacts

depend on the DA configuration used and vary with the

hurricane cases. Also, among the three simulations in

‘‘DA with VI’’ (‘‘DA without VI’’), the VI-AMV (NVI-

AMV) with assimilation of enhanced AMVs in the

inner-core region leads to overall better intensity fore-

casts than VI-CTRL and VI-NIN-AMV (NVI-CTRL

and NVI-NIN-AMV) do, which suggests the assimila-

tion of enhanced AMVs in the TC inner-core region can

strengthen the performance of TC intensity forecast in

HWRF for these two cases.

Despite the positive impacts of enhanced AMVs on

hurricane forecasts in the above analyses, the impact of

enhanced AMVs on HWRF forecasts may not be sub-

stantial in most cases like Joaquin. This is not only because

of the availability of rapid scan imagery and the different

FIG. 7. As in Fig. 4, but for the 72-h HWRF forecast from NVI-CTRL (red lines), NVI-AMV (blue lines), and

NVI-NIN-AMV (green lines) for Hurricane Joaquin during the period from 0600UTC 29 Sep to 0600UTC 2Oct 2015.

1558 MONTHLY WEATHER REV IEW VOLUME 146



data coverage for different cases, but also because a lot of

observations from other resources have already been as-

similated in the HWRF DA system. Nevertheless, the en-

hanced AMVs data still show significant positive impacts

on the certain period of forecasts of Hurricane Gonzalo.

This should be especially true when the operational data

are sparse within the hurricane inner-core region, while the

enhanced AMVs supply good coverage of data.

4. Impacts of enhanced AMVs on hurricane
initialization and forecast

a. Fit to observations

To obtain further insights into the influence of the en-

hanced AMVs on the initial analyses, especially in the

hurricane inner-core region, o 2 a (differences between

AMV observations and analyses) and o 2 b (differences

between AMV observations and background fields) are

investigated for experimentsVI-AMVandNVI-AMVover

the innermost domain (d03 inFig. 1) forHurricaneGonzalo

during the 24-h data assimilation period from 0000 to 1800

UTC 13 October 2014. Although direct comparisons of

VI-AMV and NVI-AMV may be misleading because of

configurationdifferences, as noted earlier, it is still informative

to examine the relative impacts of the enhanced AMVs in

these two scenarios. Figure 10 illustrates a histogram of wind

speed departure from observations. It is obvious that the

assimilation of enhanced AMVs leads to improvements in

the fit of initial conditions to observations. Specifically,

for NVI-AMV, the o 2 a (Fig. 10a), with a range of

[27.1, 5.7] m s21, is reduced significantly from o 2 b,

with a range of [212.2, 9.5] ms21. For VI-AMV, the o2 a

FIG. 8. The 72-h HWRF forecast from (a)–(c) DA with VI and (d)–(f) DA without VI experiments for Hurricane

Joaquin during the period from 1800 UTC 2 Oct to 1800 UTC 5 Oct 2015.
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(Fig. 10b) for wind speed, with a range of [27.5, 7.1] ms21,

is substantially reduced, compared with the o 2 b, with a

range of [28.3, 12.6] ms21. There are about 793 (1302) ob-

servations in which the differences fall within 60.25ms21

in o2 b (o2 a). Similar features are also observed in the fit

of analysis wind direction to observations (figures not

shown), suggesting that the assimilation of enhanced

AMVs can improve both wind speed and wind direction

analyses in the HWRF.

In addition, a total of 3545 (1513) enhanced AMVs are

rejected by the DA system in VI-AMV (NVI-AMV) for

Hurricane Gonzalo, leading to a total of 6580 (8612)

enhanced AMVs with data assimilated within the d03

region for VI-AMV (NVI-AMV) at 0000, 0600, 1200, and

1800 UTC 24 October 2014. Despite the other configu-

ration differences betweenVI-AMV andNVI-AMV, the

results here indicate that the VI in VI-AMV is also an

important factor in increasing the data rejection rate in

the DA system and reducing the number of enhanced

AMVs assimilated into the DA system. As will be dis-

cussed in the next section, since VI in VI-AMV fails to

provide realistic HWRF background fields in some cases,

large o 2 b values could occur in these cases and lead to

more data rejection during the gross checking procedure

embedded in the GSI. However, the o2 a differences in

VI-AMV have nearly the same distribution as those in

NVI-AMV, implying that the improvements in the fit of

initial conditions to observations can still be achieved in

VI-AMV, although the DA system assimilates fewer

enhanced AMVs. This can partially explain the positive

impact of VI-AMV on hurricane forecasts, compared

with VI-CTRL.

FIG. 9. As in Fig. 8, but for the 72-h HWRF forecast for Hurricane Joaquin during the period from 1800 UTC 3Oct

to 1800 UTC 6 Oct 2015.
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b. Impacts on initial analysis

To quantitatively evaluate the impacts of assimilat-

ing enhancedAMVs on the initial conditions, following

Wang (2014), the mean equitable threat scores (ETSs)

are calculated for the 10-m wind analysis fields from

VI-CTRL (NVI-CTRL) and VI-AMV (NVI-AMV),

compared against the Aircraft-based Tropical Cyclone

Surface Wind Analysis (ATCSWA) fields during the

DA period for Hurricane Gonzalo from 0000 to 1800

UTC 13 October 2014. The ATCSWA data are pro-

vided by NOAA/National Environmental Satellite,

Data, and Information Service (NESDIS) and depict

the 10-m wind analysis field within a 108 3 108 box

around the storm center. Previous studies have shown

that ATCSWA can well reproduce the basic vortex

structure and realistic wind analysis field around the

storm (Knaff and Zehr 2007; Knaff et al. 2015). As

depicted in Fig. 11, the mean ETSs in VI-AMV are

higher than those in VI-CTRL for all thresholds

from 2 to 20m s21 (Fig. 11a), while the mean ETSs in

NVI-AMV are higher than those in NVI-CTRL for the

thresholds from 2 to 10m s21 (Fig. 11a). This result

indicates that the experiments with the assimilation of

enhanced AMVs produce more skillful wind analyses

than those without the assimilation of enhanced

AMVs. Since the ETSs measure the quantitative

forecast accuracy relative to the observational or

analysis field, these results also demonstrate that as-

similation of enhanced AMVs improves the initial

conditions for HWRF forecasts in both the VI and NVI

experiments.

c. Improving the initial imbalances in Hurricane
Gonzalo

As mentioned in section 3, an unrealistic vortex

weakening appears in the experiments of VI-CTRL and

VI-NIN-AMV for Hurricane Gonzalo, although it is not

shown after 6-h forecasts in these experiments without

VI (i.e., NVI-CTRL, NVI-NIN-AMV, and NVI-AMV)

or in the VI with the assimilation of enhanced AMVs in

the inner-core region (VI-AMV). These results suggest

that the VI plays a role in the unrealistic vortex weak-

ening, and the assimilation of enhanced AMVs in the

inner-core region may help mitigate this problem.

To further support this, a diagnosis is conducted into

the gradient wind balance, following Pu et al. (2016).

Willoughby (1990) and Smith et al. (2009) commented

that the azimuthal-mean tangential circulation in the TC

inner-core region approximately follows the gradient

wind balance relationship in pressure coordinates:

F52g
›z

›r
1

y2

r
1 f

0
y , (1)

where g is gravitational acceleration, z is geopotential

height, y is the tangential wind speed, f0 is the Coriolis

parameter at the storm center, and F represents the net

radial force field, which is defined as the difference be-

tween the local radial pressure gradient and the sum of

the centrifugal and Coriolis forces by Smith et al. (2009).

If F 5 0, the tangential flow is in exact gradient wind

balance; ifF , 0, the flow is subgradient; and ifF . 0, it is

supergradient. Note that all variables in Eq. (1) are in

azimuthal average framework.

FIG. 10. Histogram of wind speed departure from observations for HWRF first-guess winds (o 2 b, blue lines)

and HWRF analyzed winds (o 2 a, red lines) from (a) NVI-AMV and (b) VI-AMV experiments for Hurricane

Gonzalo. The departure is calculated for the enhanced AMV data in the HWRF d03 domain from the first-guess

and analysis fields at 0000, 0600, 1200, and 1800 UTC 3 Oct 2014. The horizontal axis denotes the wind speed

departure (m s21), and the vertical axis denotes the number of observations.
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Figure 12 compares radius–height cross sections of F

isopleths in the vortex from the HWRF background

before VI and the vortex generated by HWRF VI (be-

fore DA, namely, the result of vortex relocation, size,

and intensity correction) for Hurricane Gonzalo at 1800

UTC 13 October 2014. According to Smith et al. (2009),

the subgradient due to friction in the boundary layer and

the supergradient when air parcels are ejected upward

and outward on top of the subgradient flow can be ob-

served in the lower troposphere (e.g., below 850hPa)

over a region within 0–150-km radius to storm center

(r 5 0–150km). Consistently, these features are also

clearly seen in VI-CTRL/VI-AMV after the vortex ini-

tialization (Figs. 12c,d). However, the vortex in the

HWRF background before the VI from VI-CTRL/

VI-AMV satisfies the gradient wind balance in its upper

level within r 5 0–150-km region (Figs. 12a,b), while

supergradient winds are present in the upper level

within r 5 0–150-km region of the HWRF vortex in

VI-CTRL/VI-AMVdue to its VI procedure (Figs. 12c,d).

In addition, a subgradient/supergradient wind is also

clearly seen in the lower boundary layer (below 850hPa)

of the vortex after the vortex initialization (Figs. 12c,d).

These features are not consistent with the results from

previous studies (e.g., Smith et al. 2009).

Figure 13 compares radius–height cross sections of F

isopleths in VI-CTRL and VI-AMV at HWRF analysis

time (1800 UTC 13 October 2014) and its 12-h forecast

(0600 UTC 14 October 2014; after the unrealistic vortex

weakening). At the analysis time, the supergradient

winds appear in the upper level within r 5 0–150-km

region in VI-CTRL (Fig. 13a), while in VI-AMV, the

gradient wind balance is more closely established,

especially above 500 hPa (Fig. 13b). In addition, the

supergradient wind distribution in Fig. 13a is similar to

that in Fig. 12c, indicating that the supergradient wind

imbalances in the upper level within r 5 0–150-km re-

gion seem to be dominated by the VI in all experiments

with VI. For the 12-h forecast shown in Fig. 13c, the

gradient wind imbalances disappear in the r5 0–150-km

region above 500 hPa in VI-CTRL after the unrealistic

vortex weakening. Meanwhile, there is no substantial

adjustment in gradient wind structure in VI-AMV dur-

ing this 12-h forecast (Fig. 13d). Therefore, the results

here suggest that gradient wind imbalance produced by

VI exists in theHWRF initial vortex in VI-CTRL. These

imbalances are possibly related to the artificial specifi-

cation of the vortex structure in VI during its relocation,

size, and intensity corrections. Data assimilation with

enhanced AMVs in both the storm environment and

inner-core regions can reduce this initial vortex imbal-

ance to a great extent. This is possibly because the data

from enhanced AMVs in the inner-core region could

provide additional constraints to mitigate the dynamical

and physical imbalances in the first guess (e.g., analysis

with VI), resulting in a more balanced initial analysis for

Hurricane Gonzalo.

Moreover, the imbalances for other experiments are

also checked (figures not shown). It is found that the

distribution of F in VI-NIN-AMV is similar to that in

VI-CTRL, as the supergradient wind imbalances are

shown in the upper troposphere inVI-CTRL.According

to Table 2, the data assimilated in ghost d03 for

VI-NIN-AMV and VI-CTRL are the same, implying

that assimilation of the enhanced AMVs in the storm

environment region only (ghost d02) will not reduce the

imbalances within r 5 0–150-km region. Furthermore,

the imbalances also exist in the NVI experiments after

FIG. 11.Mean ETSs of the 10-m forecasted wind field from (a) VI-CTRL (red bars) andVI-AMV (blue bars) and

(b) NVI-CTRL (red bars) and NVI-AMV (blue bars), compared against the 10-m wind analysis from ATCSWA

with thresholds of 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20m s21. The mean ETS is calculated during the DA period of

Hurricane Gonzalo from 0000 to 1800 UTC 13 Oct 2014 with a 6-h interval.
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DA at 1800 UTC 13 October 2014, but the magnitude

of F is weaker than that in VI-CTRL (figures not

shown), implying that the gradient wind imbalances

can also exist in the initial analysis even without VI.

The imbalances are possibly from the data assimila-

tion as the model adjusts to the analysis increments.

However, the large magnitude of F in VI-CTRL sug-

gests that the additional gradient wind imbalances are

imposed by VI, leading to the unrealistic gradient

wind imbalances in the initial vortex (e.g., upper level

within r5 0–150-km region) and imbalances in VI-CTRL

for Hurricane Gonzalo. Thus, the improvements in

the initial vortex balance in VI-AMV are due to the

assimilation of enhanced AMVs. Nevertheless, an

open question here is how to quantify the threshold of

imbalances (e.g., gradient wind imbalance) that the

HWRF Model can accept or handle, which is beyond

the scope of this study; thus, it should be pursued in

future studies.

d. Improving the unrealistic vortex weakening of
Hurricane Gonzalo

We further examine the unrealistic weakening of

Hurricane Gonzalo. Figure 14 illustrates the azimuth-

ally averaged radial velocity (shading) from the GFS

analysis, VI-CTRL, and VI-AMV initial conditions at

FIG. 12. Radius–height cross sections of the isopleths of the net radial force per unit mass from (a) HWRF

background in VI-CTRL, (b) HWRF background in VI-AMV, (c) VI (before DA) in VI-CTRL, and (d) VI in

VI-AMV for Hurricane Gonzalo at 1800 UTC 13 Oct 2014. The contour interval is 5m s21 h21, with dashed lines

indicating negative values. The zero contour is not plotted. The red lines indicate the radius of maximumwind. The

figures for HWRF analyses are generated by using the data in d03.
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1800 UTC 13 October 2014. Since the GFS analysis is

at a coarser resolution, compared with the HWRF high-

resolution analysis, we use these comparisons only to

verify the general features of the hurricane secondary

circulation. It is confirmed that the VI-AMV analysis

(Fig. 14c) leads to a secondary circulation of Hurricane

Gonzalo that is close to the main features in the GFS

analysis (Fig. 14a). Meanwhile, VI-CTRL (Fig. 14b)

leads to weaker upper-layer outflow (above 300 hPa)

over the region within 0–350-km radius to storm center

(r5 0–350 km) than the GFS analysis (Fig. 14a) and VI-

AMV do (Fig. 14c). A strong outflow between 500 and

300 hPa within r5 0–350-km region is also shown in VI-

CTRL (Fig. 14b), while these features are not shown in

the GFS (Fig. 14a) analysis and VI-AMV (Fig. 14c).

In addition, the secondary circulation is asymmetric in

VI-CTRL, as the strong low-level inflow is concentrated

within 0–200km of radius and the strong upper-level

outflow is concentrated within 150–350 km of radius,

while this is not obvious in the GFS analysis (Fig. 14a)

and VI-AMV (Fig. 14c).

Figure 14d compares the total displacement of the

vortex centers at various pressure levels from the

center at 1000 hPa amongGFS analysis, VI-CTRL, and

VI-AMV. Following Frank and Ritchie (2001), the

vortex positions are estimated from the minimum ge-

opotential height at each pressure level, and no tilt is

calculated when the geopotential height minimum is

no longer distinct (above 250 hPa). Note that the hor-

izontal grid spacing is ;25 km in the GFS analysis

FIG. 13. As in Fig. 12, but for the analysis field from (a),(c)VI-CTRLand (b),(d)VI-AMV forHurricaneGonzalo at

(a),(b) 1800 UTC 13 Oct and (c),(d) 12-h forecasts at 0600 UTC 14 Oct 2014.
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and;2 km in VI-CTRL and VI-AMV. Tilts of;25 km

or less in the GFS analysis and of ;2 km or less in

VI-CTRL and VI-AMV are not resolved. As shown

in Fig. 14d, the storm does not tilt from 1000 to 250hPa

in the GFS analysis (black line), but begins to tilt at

about 500 hPa in VI-AMV and at about 850hPa in

VI-CTRL. In addition, themagnitude of tilt at 500hPa is

;30km in VI-CTRL, while it is ;5 km in VI-AMV

and 0km in the GFS analysis. The vertical tilting in

VI-CTRL is much stronger than that in VI-AMV and

the GFS analysis. The tilt of the eye can be hostile to the

storm intensification due to ventilation. VI-CTRL leads

to larger tilt than VI-AMV does, indicating that the

atmospheric conditions in VI-CTRL are less favorable

for the intensification of Hurricane Gonzalo than those

in VI-AMV are.

Figure 15 shows the azimuthally averaged relative

humidity (green contours), temperature perturbation

(shading), and secondary circulation (vectors) from

VI-CTRL and VI-AMV for Hurricane Gonzalo from

the 6-h forecast valid at 0000 UTC 14October 2014. The

azimuthally averaged temperature perturbations are

calculated as differences between the temperatures near

the simulated circulation center (0–350 km of radius)

and the environmental temperature, which is de-

termined by averaging the temperature within the whole

area of the nested domain 3. It is seen that VI-CTRL

(Fig. 15a) leads to a weaker secondary circulation,

upper-level warming, and lower midlevel relative hu-

midity than VI-AMV (Fig. 13b). Specifically, the upper-

level outflow (above 300 hPa) in VI-CTRL is 1–5m s21

smaller than in VI-AMV (Fig. 15c). The maximum

temperature difference between VI-AMV and

VI-CTRL in the upper level within the hurricane in-

ner core is above 28C, and the midlevel relative hu-

midity within the hurricane inner core in VI-CTRL is

5%–50% smaller than that in VI-AMV (Fig. 15c).

Higher midlevel moisture and upper-level warming in

FIG. 14. The azimuthally averaged radial wind (color contours; m s21) from (a) GFS analysis, (b) VI-CTRL, and

(c) VI-AMV for Hurricane Gonzalo at 1800 UTC 13 Oct 2014. (d) Total displacement (km) of the storm center at

each pressure level from the storm center at 1000 hPa for (a)–(c). The figures for HWRF forecasts are generated by

using the data in d03.
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the region around the storm center (e.g., r 5 0–350 km)

have been shown to be essential for rapid intensification

(RI) (Malkus and Riehl 1960; Holland 1997; Zhang and

Chen 2012; Chen and Zhang 2013). Thus, VI-CTRL

presents less favorable conditions for RI of Hurricane

Gonzalo, compared with VI-AMV. These results help

explain why VI-CTRL does not capture the RI of

Hurricane Gonzalo.

Overall, the unrealistic vortex weakening problem in

VI-CTRL for Hurricane Gonzalo is associated with

unrealistic upper-level outflow structure and more un-

favorable thermodynamic conditions during the RI of

Hurricane Gonzalo. It leads to the degradation of

HWRF intensity forecasts in VI-CTRL. The assimila-

tion of enhanced AMVs in the inner-core region im-

proves the unrealistic outflow structure and unfavorable

FIG. 15. The azimuthally averaged relative humidity (green contours in 5% intervals; only contours above 60%

are shown), temperature perturbation (shading), secondary circulation [represented by u–w vectors; u (radial

velocity), m s21; w (vertical velocity), cm s21] in 6-h HWRF forecast from (a) VI-CTRL and (b) VI-AMV for

Hurricane Gonzalo valid at 0000 UTC 14 Oct 2014. (c) The differences of azimuthally averaged temperature

(shading; only positive values are shown), relative humidity (green contours in 5% intervals), and radial velocity

above 300 hPa (red contours in 2 m s21 intervals) between VI-AMV and VI-CTRL. The azimuthally averaged

values are calculated as differences between the temperatures near the simulated circulation center (0–300 km)

and the environmental temperature, which is determined by averaging the temperature within the whole of

domain 3.
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thermodynamical conditions to some extent. As a result,

the unrealistic vortex weakening is mostly mitigated,

and the intensity forecasts are improved in VI-AMV.

5. Summary and discussion

In this study, DA experiments and numerical simu-

lations are conducted using the HWRF Model and its

GSI-based ensemble–variational hybrid DA system to

predict the intensification phase of Hurricanes Gonzalo

(2014) and three intensity change periods of Joaquin

(2015). Different to previous studies, we enable the DA

of enhanced AMV dataset (produced from GOES sat-

ellites in a demonstration mode by CIMSS at the Uni-

versity of Wisconsin) in the HWRF innermost model

domain (i.e., the TC inner-core region), and the impacts

of inner-core DA from enhanced AMV datasets on the

intensity prediction of the two hurricanes are evaluated.

Two different DA strategies, one including HWRF op-

erational settings that use a combination of VI with DA

in each analysis cycle (‘‘DA with VI’’) and another

using a pure DA with all available data (‘‘DA without

VI’’), are utilized. Results from these experiments on

HWRF initial analyses and forecasts are examined. It is

found that in both the ‘‘DA with VI’’ and ‘‘DA without

VI’’ experiments, the inner-core DA of enhanced

AMVs leads to promising improvements in track and

intensity forecasts, while assimilating the enhanced

AMVs outside the inner domain leads to more limited

impacts. This indicates that inner-core AMV in-

formation could be an important source for HWRF

initialization.

For Hurricane Gonzalo, inner-core assimilation of

enhanced AMVs alleviated much of the unrealistic

vortex weakening problem induced by the HWRF VI,

leading to significant positive impacts on track and in-

tensity forecasts. For Hurricane Joaquin, the assimila-

tion of enhanced AMVs leads to slight positive impacts

on the track and intensity forecast during the three in-

tensity change periods for both ‘‘DAwith VI’’ and ‘‘DA

without VI’’ experiments. The assimilation of enhanced

AMVs in the inner-core region leads to the overall best

results than other DA configurations.

It is further found that VI has potential negative im-

pacts on the DA of enhanced AMVs in Hurricane

Gonzalo, as the VI before DA alters the first guess, thus

influencing the DA through quality control process, and

reduces the actual number of AMV observations as-

similated into the DA system. Also, it is shown that the

VI before DA can impose unrealistic gradient wind

imbalances on Hurricane Gonzalo, and the assimilation

of enhancedAMVs in the inner-core region canmitigate

these imbalances, thus offering better initial conditions

for the intensity forecast of Hurricane Gonzalo. More-

over, diagnoses on the dynamical and thermodynamical

fields suggest that the unrealistic vortex weakening in VI

experiments for Hurricane Gonzalo is associated with

unrealistic upper-level outflow structure and unfavor-

able thermodynamic conditions for the rapid in-

tensification of Hurricane Gonzalo, leading to the

degradation of intensity forecasts. Meanwhile, assimi-

lation of enhanced AMVs in the inner-core region can

help improve the unrealistic outflow structure and un-

favorable thermodynamic conditions. As a result, the

intensity forecasts are improved.

Despite the positive impacts of enhanced AMVs on

hurricane forecast, it should be pointed out that the

impact of enhanced AMVs onHWRF forecast may not

be substantial in most of the cases like Joaquin. On the

one hand, the availability of rapid scan imagery and

derivation approach used for AMV retrieval can lead

to different data coverages for different cases. Limited

data impact is expected if the data coverage around the

storm is sparse. On the other hand, many observations

from other resources (e.g., dropsonde and radar) have

already been assimilated in the HWRF DA system,

leaving little room for the data impact from enhanced

AMVs. Thus, the positive impact of enhanced AMV

data on HWRF forecasts could only be found in a

certain forecast period or for a specific hurricane, such

as Gonzalo. This is especially true when the opera-

tional data are sparse around the storm center, while

the enhanced AMVs enable good data coverage. As

discussed for the Gonzalo case, with the data from

enhanced AMVs, the DA could also improve the

model initial conditions and mitigate the adverse effect

of VI, resulting in improvements in the hurricane

forecasts.

Results from this study are encouraging but encom-

pass only two hurricane cases. A larger sample of TC

cases will be necessary in order to evaluate the consis-

tency of the forecast impact on the HWRF Model pro-

vided by enhanced AMV data. In addition, results from

this study further prove that the configuration of data

assimilation can play an essential role in data impacts,

leading to forecast improvements. Future work should

emphasize data assimilation methods that enhance the

impacts from various observations (i.e., AMVs).
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