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Abstract

Hurricane initialization is an essential technique in numerical weather prediction. For the

operational National Center for Environmental Prediction (NCEP) Global Forecast System

(GFS), the hurricane initialization involves procedures of vortex bogusing, advisory

minimum sea-level pressure assimilation, and hurricane relocation (Liu et al. 2000). The

relocation scheme aims to reduce the initial position error in the background and has been

shown to yield significant improvement in hurricane track forecasts in the earlier GFS

version. However, Kleist et al., 2016 indicates that the relocation may lead to larger mean

forecast track errors within longer forecast periods in the current GFS.

In this study, we investigate the impact of relocation in the GFS/GDAS system for the

hurricane Joaquin (2015) case. As a first attempt, series of forecasts and DA experiments

have been carried out with both regional and operational models. The capabilities of different

DA schemes have been explored with the WRF model. To investigate the impact of relocation,

a set of data assimilation experiments with and without the relocation have been carried out

under an operational configuration with T670-T254 resolution. Results show that relocation

not only corrects the forecast track but also influences the forecast hurricane structure and

subsequent intensification. The mean GFS forecast without relocation has a deeper core

structure and smaller track error after 72 hours of integration. This study reveals that although



the relocation scheme can reduce the initial position error in the background, it also can be

harmful to the analysis and consequently affect the hurricane prediction.
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1. Introduction

1.1 Previous studies on hurricane initialization

The official hurricane track forecast issued by National Hurricane Center (NHC) has

shown significant improvement over the period 1970-98 with an annual rate of 1% -2% for

24-, 48-, and 72-h forecast periods (Franklin et al., 2003). The improvement primarily comes

from the refinements of numerical models and initial conditions. The use of more available

observation data (i.e. Satellite and aircraft) provides more information for the ocean regions

and upper atmosphere, improving the initial conditions in the data assimilation, and therefore

results in a more reliable model prediction. Despite the large improvement in data

assimilation algorithms and more abundant observations, initializing the tropical cyclone

properly as well as correcting the position errors in the background fields remains

challenging. Historically, three general techniques that work together or alone have been

developed for dealing with the hurricane initialization: data assimilation, dynamic

initialization, and vortex bogusing.

Vortex bogusing has been proposed and extensively applied to the hurricane

initialization for over two decades (Kurihara et al., 1993; Leslie and Holland, 1995; Pu and

Braun, 2001; Kwon et al., 2002; Kwon and Cheong, 2010; Rappin et al., 2013). A typical

vortex bogusing procedure includes three steps: (1) applying mathematical or statistical

models to construct radial and vertical structures of the flow, (2) generating a synthetic
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representation of the vortex, and (3) implanting or assimilating into the analysis. Compared to

other methods, it is relatively simple, flexible, and cheap, which accounts for its popularity as

a hurricane initialization option. However, there are several disadvantages of vortex bogusing.

First, the synthetic vortex is usually not consistent with the model formulation; thus,

additional spin-up time is necessary for the model to develop balanced flows (Pu and Braun,

2001). In addition, the symmetric characteristics of a synthetic vortex is not an appropriate

assumption when the targeted hurricane has an asymmetric structure. Secondly, in order to

insert the synthetic vortex, the existing vortex in the original model field must be removed.

The vortex extraction is another challenging topic and may also induce model imbalance.

Another strategy for the hurricane initialization is data assimilation, which has been

widely employed in the model initialization and shown significant improvement on the

weather prediction. The main purpose of data assimilation is to optimally combine the

background field and observations and obtain a more precise analysis field to improve the

model initial condition. Generally, there are two major branches of DA, variational data

assimilation and ensemble-based data assimilation. In recent years, the techniques of hybrid

and EnVar, which combine the characteristics of variational and ensemble, are also widely

used in the modern data assimilation systems. For variational system, the analysis is obtained

by minimizing a cost function to approach the minimum of the analysis error. The analysis

can be updated at a fixed time (i.e. 3D-Var) or within a short time interval by the use of an
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adjoint model (i.e. 4D-Var). A disadvantage of 3D-Var is that the balance constraint (i.e.

geostrophic balance) may be inappropriate for tropical cyclones, especially in the boundary

layer, resulting in a physically unrealistic vortex (Hendricks et al., 2011). 4D-Var has been

shown to be superior and has the capability to produce the primarily and secondary

circulations of tropical cyclones which are consistent with numerical model through the

forward integration (Zou and Xiao, 2000). However, 4D-Var is computationally expensive

and not easily portable.

Compared to the variational methods, initializing hurricanes using ensemble-based data

assimilation is more straightforward. The technique of directly assimilating the tropical

cyclone location into an EnKF has been proposed and proved to be promising for hurricane

initialization (Chen and Snyder, 2006; Wu et al., 2010). In Chen and Snyder (2006), they

proposed a simple linear updating scheme and showed that under the assumption of a small

displacement of the forecast vortex, the non-Gaussian effects can be ignored and the

observation operator can be treated as a procedure of searching the vortex center. Therefore,

under appropriate assumptions, the information of the vortex center location can be

assimilated with an EnKF and result in the correction of the position error in the background.

Following this concept, Wu et al., (2010) successfully assimilated the tropical cyclone track

(location) and structure data (10m wind from dropsounds) with the regional model (WRF) for

real typhoon cases. Results show that the track and intensity forecasts have significantly
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improved by directly assimilating the 10m wind structure (from dropsound) and the typhoon
center locations.

Dealing with the position error problem is more complicated and challenging for
variational data assimilation. For ensemble-based data assimilation, calculation of the
observation operator can be substituted by covariances derived from ensemble statistics. For
example, the P/H” = cov(x/,Hx/) and HP/HT = cov(Hx/,Hx/) are approximated
using sample covariances from the ensemble of model forecasts (Evensen 1994) instead of
being computed directly. However, for variational data assimilation, the calculation of an
observation operator for the tropical cyclone position and its adjoint is unavoidable.
Therefore, how to properly prescribe these two components is a relatively difficult problem.
Additionally, the tangent linear model which is associated with the cyclone position and used
in variational analysis equations is also an obstacle. In general, the observation operator for
cyclone position can be described as the process of searching the cyclone center. However,
this searching process (i.e. searching for the minimum sea-level pressure) is usually
non-differentiable and is not suitable for use in constructing the tangent linear model.

In recent years, many studies have proposed methods to solve the problem of reducing
the position error with variational data assimilation. One of the notable approaches is the
Feature Calibration and Alignment (FCA) technique (Nehrkorn et al., 2014). This method

aims to correct the position error by adding small displacement vectors determined by feature

14



alignment on the background (control variables). As a result, the tropical cyclone can be

gradually pushed to the target location by the add-on vectors through the inner loop iterations.

In addition, they argued that the residual of the background errors would be smaller and more

Gaussian by the use of the FCA. Other than computing additional displacement components

discussed above, another approach proposed by Kepert (2009) is aimed to explore the

possibility of directly assimilating the vortex location with variational data assimilation. In

the Kepert (2009) study, the Holland analytic model (Holland, 1980) is applied to perform a

1-D tropical cyclone pressure profile as the background. This model is differentiable and used

as the observation operator in the 3D-Var. By utilizing this model, the position information

can be conveyed by the profile parameters and digested into the variational assimilation

system. However, this study only applied the concept toward a simple 1-D profile model

rather than to a forecast model integration; therefore, more studies are required to make this

concept applicable.

For current operational NWP, the bogus vortex and tropical cyclone relocation scheme

(Liu et al., 2000) are both utilized to correcting the initial position errors of tropical cyclones.

In the operational GFS/GDAS system, the GFDL tracker (Marchok, 2002) program is

running with the observed tropical cyclone vital data as a reference for identifying the

tropical cyclone information in the GDAS forecast. If no tropical cyclone is found in the

background forecast, then a bogus vortex will be generated (by assimilating a bogus wind
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field). On the other hand, if the tropical cyclone is found but at an incorrect location, the

relocation will be performed on the forecast field before assimilation is carried out. The

relocation procedure first separates the forecast field into a basic field and a perturbation field

(the latter consisting of hurricane and non-hurricane components) by applying the local

filtering operator within a regional grid area. Next, the hurricane component is relocated

(moved) to the advisory location and then superimposed on the environment field as well as

the non-hurricane component to form a complete updated field (referred as guess field). The

guess field with the relocated tropical cyclone will be applied to the subsequent assimilation

process. More details about the relocation scheme in operational GFS can be found in Liu et

al., 2000.

1.2 Motivation

The relocation scheme has been used for operational NWP as a default procedure to deal

with the hurricane initialization for many years. It has shown to significantly improve the

hurricane prediction (Liu et al.,, 2000). However, Kleist et al., 2016 have found that the

No-relocation runs generally yield better track forecasts beyond 24 hours. Statistically, the

mean GFS forecast track error of the No-relocation case is nearly 35% smaller than the

operational. The major object of this research is to investigate the impact of hurricane

relocation on the GFS/GDAS system for the hurricane Joaquin (2015) case. Through this
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study, we hope that we can provide useful information and contributions in operational

hurricane prediction, further help to explore potential solutions for hurricane initialization,

and eventually improve the general numerical weather prediction.

Beginning with the hurricane Joaquin (2015) case as a first attempt, we explored the

capability of the regional model in handling the forecast of Joaquin with pure forecasts and

different data assimilation schemes. In this part, different configurations in the WRF model

and multiple data assimilation methods involved in WRFDA and GSI are applied and

compared. The results of this part are discussed in the Chapter 2. As the main purpose of this

study, we explored the impact of the relocation on the Joaquin case under an operational

GDAS/GFS configuration (but with lower resolution). The influences of the relocation on the

GDAS analysis and the GFS forecasts are investigated and discussed in Chapter 3. Finally, a

brief summary and the future direction are given in Chapter 4.
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2. The Impact of Different Data Assimilation Schemes on Hurricane
Joaquin (2015) Case

Before investigating the hurricane initialization with the operational system, we
would like to gain a better understanding of the predictability, performance of different DA
schemes, and sensitivity of different parameterization schemes for the Hurricane Joaquin
(2015) case. In this chapter, the numerical regional model (Weather Research and Forecasting,
WRF) and the DA systems, WRFDA and GSI, are applied to investigate the capability of
handling the prediction of the hurricane Joaquin. A series of forecast runs has been carried out
and various DA schemes have been tested. Details of the model configuration are described
in section 2.1. Results of the WRF forecasts and performance of the DA schemes are

discussed in section 2.2.

2.1 Model and Data

In this chapter, the WRF v3.7.1 forecast model is utilized in combination with the
WRFDA v3.7.1 and GSI v3.6 software to perform the DA cycling run. Experiments are run
with a single domain of 240 X 360 horizontal gridpoints and 36 sigma levels in the vertical.
The horizontal model resolution is 21 km. A schematic of the model domain is shown as
Figure 2.1. The initial and boundary conditions are generated from the NCEP FNL (Final)

Operational Global Analysis data. Initial 36-member ensembles are perturbed by adding the

18



static 3DVAR error statistics (i.e. CV5 option) from WRFDA. The observed best track data

are taken from National Hurricane Center (NHC) Best Track Data (HURDAT2) which

provides six-hourly information on the hurricane location, maximum winds, central pressure,

and the size of the tropical cyclones.

The DA systems, WRFDA v3.7.1 and GSI v3.6, are used to correct the model states with

a six-hourly DA cycling. The applied DA schemes are listed in Table 2.2. For the DA

experiments with the WRF model, we avoid assimilating satellite radiances due to the

concern of radiance bias correction in the regional models and only assimilate the

conventional observations from NCEP preBUFR data.

Figure 2. 1 The single WRF model domain with 240x360 grids in horizontal, 36 levels in vertical, and the

horizontal resolution of 21 km.

2.2 Deterministic and Ensemble 5-day forecasts of the Regional Model

A series of 5-day forecasts initialized at different times is carried out to explore the

model capability of capturing the hairpin track of Joaquin. A track result with different initial

19



times is shown as Figure 2.2. It is apparent that the forecasts are not able to generate the

hairpin track of Joaquin but instead they tend to move the storm toward the East coast. Our

WREF track results are similar to much of the official model track forecasts (Berg (2016),

Figure 9). In our case, it is difficult to predict the hairpin track of Joaquin, even for the late

initialization at 0000 UTC 01 October.

Best Track and Fcst Track of Joaquin

Best Track
s 5-Day Fest 0929 00z
: . . B === 5-Day Fcst 0929 12z
36N R R FEEEEREEES I e Ry Y AR e 5-Day Fcst 0930 00z
s N : . 5-Day Fest 0930 12z
\\/ - : : : 5-Day Fcst 1001 00z
32DN ........... .......... ............ .. ..........
28N e PR B/ & PRy & e
: S
: 00z 29 Sep
: o 007 30 Sep
LIV I - e S e e
24N 567 63 Ot e o :
: 007 02 Oct :
20°N ‘ 8 2 ¢ d
80°W 76°W 72°W 68°W 64°W 60

Figure 2. 2 WRF 5-day forecast track initialized from (a) 0000 UTC 29 Sep (blue), (b) 1200 UTC 29 Sep
(red), (¢) 0000 UTC 30 Sep (purple), (d) 1200 UTC 30 Sep (cyan), () 0000 UTC 01 Oct (green), and the NHC
best track (black).

Comparing the 500mb geopotential height field of the operational GFS analyses with the
WREF 5-day forecast cold-started from GFS analysis at 0000UTC 30 September, we found
that there are two significant differences that may lead to the incorrect northwestward

direction in the track forecast. The first possible component is the trough and ridge location in

the forecasts. The southward extension of ridge of the North Atlantic High in GFS analyses
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prohibits the hurricane moving from northward and pushes it toward the south, while the

same ridge in WRF-forecast locates relatively north. Without the involvement of data

assimilation, the distribution of the trough and ridge system becomes significantly different

after 3-days of forecast integration and it therefore affects the hurricane track direction.

The second possible reason for the incorrect track prediction is the hurricane intensity.

The predicted hurricane is much weaker than the observed hurricane in all the forecast runs.

As shown in Figure 2.4, the forecast hurricane became weaker and weaker, having difficulties

sustaining its intensity at the tropical cyclone level, and it finally dissipated after 3 forecast

days. During its weakening phase, it was attracted by the low system of the trough near the

east coast of United States and tends to drift northwestward. Note that this northwestward

drift also happened in the operational GFS forecast (Berg (2016)). In Berg (2016), he found

that the GFS 120-hr forecast Joaquin is slightly further north than in the ECMWF 120-hr

forecast, which makes it closer to the low pressure system associated with the trough near the

east coast of United States, resulting in the northwestward movement of forecast Joaquin due

to the attraction between two lows.

For the trial of ensemble forecast, the 36 initial ensembles are perturbed by adding

perturbations generated from WRFDA (i.e. 3D-Var error statistics) to the GFS analysis and

initialized at 1200 UTC 30 September. Results indicate that most of the ensembles failed to

depict Joaquin’s atypical southwestward motion toward the Bahamas from 0000 UTC 28
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September through 1800 UTC 01 October (Figure 2.3).

In terms of the central sea-level pressure (SLP) and maximum 10m wind speed, Figure

2.4 shows that most of the ensemble members did not substantially strengthen; no members

reached Category 3 hurricane intensity. Moreover, many of the ensemble vortexes weakened

as tropical storms (maximum wind speed < 104 km/h) after 0000 UTC 03 October. Hurricane

Joaquin is a rapid intensification case which is hard to predict in current numerical models.

There are several factors that would affect the prediction of rapid intensification, for example,

the coupling effect of the air-sea interactions, the vertical environmental wind shear, and the

low-level jet in inner core region. In addition, the mechanisms of rapid intensification are not

completely known. Therefore, the inadequate capability of current forecast models in

interpreting Joaquin’s rapid intensification must be considered in this study.
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Figure 2. 3 WRF 5-day forecast track initialized at 1200 UTC 30 Sep for 36 ensembles (cyan). Ensemble

22



mean track is presented as thick blue line and the thick black line represents the NHC best track.
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Figure 2. 4 Time series of intensity of WRF 5-day forecast initialized at 1200 UTC 30 Sep. (a) Central sea
level pressure (top panel), and (b) Maximum wind speed (lower panel) of the best track (black), 36 ensemble

forecasts (cyan), and the ensemble mean (blue).

2.3 Impact of parameterization schemes on Joaquin prediction

We tested the WRF model forecasts with different parameterization configurations.

Experiment settings are listed in Table 2.1. Results of the track are shown in Figure 2.5.

Table 2.1 Configuration tests of WRF forecast

EXP Name Default HWRF NCAR Daily Manual

Description Currently used NCAR’s real-time NCAR daily real-time Default but change

hurricane runs in 2012 runs over the US the cu_physic

Microphysics Lin et al. scheme WREF Single-Moment 6-class New Thompson et al. Lin et al. scheme

scheme scheme
Longwave Radiation RRTM scheme RRTMG scheme RRTMG scheme RRTM scheme
Shortwave Radiation Dudhia scheme RRTMG shortwave RRTMG shortwave Dudhia scheme

Cumulus

Parameterization

Kain-Fritsch scheme

Tiedtke scheme

(U. of Hawaii version)

Grell-Freitas (GF) scheme

New Simplified

Arakawa-Schubert
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Overall, all these configurations are not able to capture the hairpin track and rapid

intensification of Joaquin, although different parameterization schemes have impacts on the

prediction of the track and the intensity. Among these configurations, the HWRF

configuration yields the best track result compared to other configurations. We would like to

note that the performance of the parameterizations is influenced by many factors like model

resolution. Since the resolution we utilize for our model is not very high, it would affect the

performance of some of the parameterization schemes, especially for those associated with

cloud physics. Therefore, more trials will be needed in the future to arrive at a more precise

conclusion. Nevertheless, the results shown here can provide some insights into how the

configurations can affect the track prediction and the importance of the parameterization in

WRF model forecast on this Joaquin case.
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Figure 2. 5 WRF 5-day forecast track initialized at 1200 UTC 30 Sep for configuration of (a) default (blue),
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(b) HWRF (red), (¢) Manual (purple), and (d) NCAR Daily (cyan).

2.4 The Impact of Regional Data Assimilation on Hurricane Joaquin (2015)

The results in the previous sections highlight the importance and necessity of the
involvement of the data assimilation in the hurricane prediction with the WRF model. In this
section, we investigate the impact of different data assimilation schemes on the hurricane
Joaquin case. For the DA experiments, WRF has been integrated with GSI and WRFDA as a
joint DA system to perform DA cycling runs. Multiple DA schemes have been applied, such

as 3D-Var, Ensemble Kalman Filter (EnKF), and Hybrid.

2.4.1 The Data Assimilation System and Experiment Setup

In this section, two data assimilation systems have been applied, the WRFDA v3.7.1 and
GSI v3.6. For the purpose of performing sequential DA cycling runs, the GSI-WRF DA
system has been developed and tested. This system is designed for DA cycling run with WRF
6-hr forecast (single/ensembles) and GSI data assimilation (Var / EnKF). Details of the DA
experiments can be found in Table 2.2.
The initial conditions (both single and ensembles) are generated from the GFS analysis at
0000UTC 30 September. The first data assimilation cycle begins at 0012UTC 30 September
after a 12-hour model spin-up. The updating cycle is 6 hours and the DA experiments end at

0000UTC 05 October. For the EnKF ensembles initialization, details can be found in section
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2.1. A schematic figure and details for the experiment setup can be found in Figure 2.6 and
Table 2.2. Note that in both WRFDA and GSI, only conventional observations from NCEP

preBUFR are assimilated.

No DA Run — WRF fcst

GFS amalyms Spin-up nnnn +« DA —WRF Cycling Run
i

12hrs  : DA cycle =6hr
i 1 | [ )
i i } | 1 T 1 _
09/30 122 10/01 10/02 10/03 Time

Figure 2. 6 A schematic of DA experiments.

Table 2. 2 Table of DA experiments

EXP name DA System /Scheme Description
3DVAR 3DVAR With CV5 background error
ETKF WRFDA ETKF 36 ensembles, perturbed by adding errors generated

from WRFDA (3DVAR error statistics)

Hybrid Hybrid 50% 3DVAR + 50 % ETKF
GSI 3DVAR 3DVAR With NAM background error statistic
GSI EnKF GSI - WRF EnKF 36 ensembles, perturbed by adding errors generated
from WRFDA (3DVAR error statistics)
No DA Pure WREF forecast Cold start from FNL reanalysis

2.4.2 Real Case Experiments with WRF model: Joaquin (2015) case

A series of DA experiments have been carried out by utilizing GSI-WRF and
WRFDA-WRF with schemes of 3D-Var, EnKF, and hybrid for investigating the impact of

different DA schemes on the Joaquin case (Table 2.2).
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We compare the result with the analysis hurricane track (Figure 2.7), intensity (Figure

2.8), and the structure (Figure 2.9). Overall, compared to the control run (No DA), the

hurricane track is significantly improved by assimilating conventional observations. However,

both the WRFDA and the GSI cycles bring Joaquin to the west of the Best Track positions

and have difficulties in generating the rapid intensification over the 0000 UTC 30 September

to 0000 UTC 02 October period, even though dropsonde data from the surrounding

environment and inner core region have been assimilated (included as conventional sounding

observations). As shown in Figure 2.8, all the analyzed hurricanes are too weak in contrast to

the observed maximum wind and minimum SLP. Moreover, the analyzed TC structure

(Figure 2.9) is also vertically shallow in much of the DA runs compared to the no-DA run.

We also found that the analyzed structure of GSI with NAM background error covariance is

weaker compared to the WRFDA outputs.
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Figure 2. 7 Analysis track initialized at 1200 UTC 30 September of (a) WRFDA 3DVAR (CV5) (blue), (b)
WRFDA ETKEF ens-mean (red), (c) WRFDA Hybrid (purple), (d) non-DA (cyan), (¢) GSI 3DVAR (yellow), (f)
GSI EnKF (green), and (g) NHC best track (black).
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Figure 2. 8  Analysis hurricane intensity of (a) central sea level pressure (upper panel), and (b) maximum
wind speed (lower panel) of WRFDA 3DVAR (CV5) (blue), WRFDA ETKF ens-mean (red), WRFDA Hybrid
(purple), non-DA (cyan), GSI 3DVAR (yellow), GSI EnKF (green), and NHC best track (black).
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Figure 2. 9 Vertical cross section of potential vorticity of analysis hurricane of experiments of (a) WRFDA
hybrid, (b) No DA, (¢) WRFDA 3DVAR with CV5, (d) WRFDA 3DVAR with CV3, and (d) GSI 3DVAR with
NAM.

For the Joaquin case, the hurricane intensity would have a significant influence on the

performance of its track. As discussed in Berg (2016), the deepening of the cyclone and the

location of western Atlantic Ridge play important roles in predicting the southwestward

motion of Joaquin. In ECMWEF’s forecast, Joaquin has a deeper structure compared to the

GFS, with a deeper-layer flow subsequently pushing Joaquin southwestward (Berg, 2016).

Therefore, in terms of dealing with the hurricane initialization problem, improving the

deepening structure of Joaquin in its early generation will be one of the essential tasks in the

prediction of Joaquin.
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3. The Impact of the Relocation Scheme on the GFS/GDAS system

In this part, the operational GDAS (Global Data Assimilation System)/ GFS (Global
Forecast System) system with 4D-EnVar and 80 ensemble members (Wang et al. 2014; Kleist
and Ide 2015) have been applied to investigate the impact of relocation scheme on the

hurricane Joaquin (2015) case.

3.1 Experimental Setup

The model and data assimilation system applied in this study is the GFS / GDAS, a
product from NCEP (National Centers for Environmental Prediction) EMC (Environmental
Modeling Center). More information about GDAS/GFS can be found at

http://www.emc.ncep.noaa.gov/gmb/gdas/ and http://www.emc.ncep.noaa.gov/GFS/. The

implementation we applied is a port of the NCEP 2016 operational version. The codes and

scripts have been modified to work on a Linux machine and have been combined to work on

NOAA S4. Tests showed that the small differences obtained from the port are within the noise

level  (reference:  online user guide for the GDAS/GFS on  S4,

https://groups.ssec.wisc.edu/groups/S4/s4-community-content/gdas-gfs-user-guide/?searchter

m=GFS).

In this study, two experiments have been carried out, the Control (with relocation) and

the noRELOC (without relocation). The only difference between these two experiments is the

use of the relocation scheme. A brief introduction of the relocation scheme can be found in
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section 1.1. The configurations applied in this study follow the NCEP operational
GFS/GDAS system (2016 version) on S4 but they are run with a lower resolution of
T670-T254 due to the computational constraint. The experiment period runs from 0000 UTC
Sep 21, which is one week in advance to the genesis of Hurricane Joaquin, to 0000 UTC Oct
05, 2015. Initial conditions are from operational GDAS analysis and they are downscaled to

the resolution of T670. A chart of the relocation information is listed in Appendix L.

Table 3.1 Experimental Setups

EXP name Control noRELOC
Relocation Yes No
DA System GDAS/GFS System on S4, with 4D-EnVar and 80 ensembles
Initial Condition Operational GDAS analysis (downscaled to T670)
Running Resolution T670 —T254
EXP Period 0000 UTC Sep 21 to 0000 UTC Oct 05, 2015

In the following discussion, we will examine the first relocation cycle (0000 UTC Sep
29, 2015) and mainly focus on the relocation cycle of 0000UTC Sep 30. The 0000 UTC Sep
30 cycle is significant because the largest relocation displacement (after reached tropical
storm intensity) happened at this cycle and it is the beginning of the rapid intensification of
Joaquin. Note that in the discussion below, the forecast field represents the 6-hr forecast
integrated from the last DA cycle, the guess field is the output of the relocation and the input

to the subsequent assimilation procedure (i.e. for the noRELOC, the forecast and the guess
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field are the same).

3.2 Result comparison of Operational and the DA experiments

As a first step, we compared the analysis and forecast results obtained from the

GDAS/GFS system on S4 with the Operational GDAS/GFS data (data downloaded from:

https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-data-assimilation-s

ystem-gdas) in order to gain a general understanding of the performance differences between

our experiments and the operational forecast. Since one of the main configuration differences

is the horizontal resolution, a series of GFS forecasts have been carried out to explore the

impact of horizontal resolution for this case. The summary of the experimental settings is

listed in Table 3.1.

Table 3.2 The configurations of operational data and DA experiments

EXP name Model description Model running TC Output Resolution
resolution relocation
cnt_Joaquin Yes
(Control) GDAS/GFS on S4 T670 — T254 0.5 degree / 47 isobar level
noRELOC_Joaquin 64 vertical levels No
(noRELOC)
Operational Operational GDAS T1534 Yes 1.0 degree (for analysis) / 26 isobar level
data 64 vertical levels 0.25 degree (for GDAS 9-hr forecast)
cnt_GFS GDAS/GFS on S4 T670 — T254 (Fest only) 0.5 degree / 47 isobar level

64 vertical levels
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Figure 3.1 (a), (b), and (c) shows the GFS forecast track initialized from 0000UTC Sep

28, Sep 29, Sep 30, and Oct 01 for the Control (a), noRELOC (b), and Operational (c),

respectively. Results implied that the all the forecasts initialized before 0000 UTC Oct 01

failed to predict the southwestward hairpin track but instead generate a northwestward track

moving toward the US east coast. Moreover, the forecast hurricanes initialized on 0000 UTC

Sep 28 and 0000UTC Sep 29 are not able to develop and deepen enough to reach hurricane

intensity (Figure 3.2).

The impact of the GFS running resolution can be assessed with the cnt GFS and

Operational experiments, since the only difference between them is the running resolution

(the output grid resolution is the same). The cnt GFS experiment is initialized with the

operational GDAS analysis but the running resolution is reduced from T1534 to T670.

Results of the comparison in the intensity and the structure between the Operational and

cnt_GFS can be found in Figure 3.2 and Figure 3.3. Figure 3.3 shows that even though both

began with the same initial conditions, the 72-hr forecast hurricane structure of the cnt GFS

struggles to 1) have the hurricane maximum 10m wind speed as strong as in the operational

forecast and 2) have the hurricane central pressure deepen to 950 mb. This result indicates

that the running resolution plays an important role in the hurricane development and that it

would affect the performance of the hurricane intensification. With higher resolution,

convective scale patterns associated with the tropical cyclone inner core dynamics can be
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better interpreted and therefore provide a more realistic depiction of the tropical cyclone

structure. Stronger convection in the inner core region provides more energy from a larger

amount of latent heat release to further support tropical cyclone intensification. The

importance of the running resolution in the hurricane forecast also has been mentioned in

Zhang et al. 2016. In their study, they showed that the GFS track prediction of Hurricane

Joaquin (2015) is significantly more accurate with higher vertical resolution.

Despite the fact that the running resolution applied in this study is lower than that of the

operational GFS, we obtained very similar results for the forecast track (Figure 3.1) and the

deepening trend (Figure 3.2) compared to the operational run. Therefore, we believe that the

T670 resolution is sufficiently fine for exploring vortex relocation impacts on the Hurricane

Joaquin (2015) case.
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Figure 3. 1 Best track (black) and the GFS 3-day forecast track initialized at 0000UTC Sep 28 (blue),
0000UTC Sep 29 (red), 0000UTC Sep 30 (purple), and 0000UTC Oct 01 (cyan) for (a) the Control, (b) the

noRELOC, and (c¢) Operational.
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Figure 3. 2 The central sea level pressure of Joaquin of the Best track (black) and the GFS 3-day forecast for
the Control (blue), the noRELOC (red), the Operational (purple), and the cnt GFS (green) which initialized at (a)
0000UTC Sep 30 and (b) 0000UTC Oct 01.
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Figure 3.3 The vertical cross section of the potential vorticity (color) and corresponding potential temperature

(dash line) for the GFS initial condition of (a) the Operational, and (c) the cnt GFS, and for the GFS 72-hr
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forecast of (b) the Operational and (d) the cnt_ GFS.

3.2 Impact of relocation on GDAS analysis

In this section, we compare the GDAS analyses generated by the Control and noRELOC
experiments to investigate the impact of relocation on GDAS analysis. The experimental
setup of Control and noRELOC is listed as Table 3.1.

The result of the analysis track is shown in Figure 3.4 (a). The analysis hurricane center
locations are obtained from the GFDL Tracker v 3.9a and the Best Track position is from the
NHC track data archive. Figure 3.4 (b) shows the central SLP analysis of the two experiments
and the Best Track positions. In terms of the track analysis result, both the Control and the
noRELOC perform reliable estimates of the hurricane location with a 6-hr DA cycling. Even
though assimilating dropsonde and central SLP improves the analyzed hurricane structure and
intensity, both DA experiments are still too weak compared to the Best track, in terms of
central SLP, and both experiments have failed to simulate the rapid intensification of Joaquin
between 1200UTC Sep 30" and 1200UTC Oct 01. As discussed in the section 3.2, the weak
bias may be associated with the coarser running resolution that affects the rapid
intensification of Joaquin. Note that for the 1800UTC Oct 03 DA cycle, no relocation took
place due to an error in the operational TC vitals data conversion. To be consistent with the

operational forecast, we ignore this error here and that is the reason why the hurricane
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location at 1800UTC Oct 03 of the Control is not overlapped with the Best track in Figure 3.4
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Figure 3. 4 (a) The Best track (black) and the GDAS analysis forecast track initialized at 0000UTC Sep 28 for
the Control (blue) and the noRELOC (red). (b) The central sea level pressure of Joaquin of the Best track (black)
and the GDAS analysis forecast for the Control (blue) and the noRELOC (red).

Figures 3.5 shows the impact of the relocation on the analysis increments within one

assimilation window. Due to the use of 4D-EnVar, the relocation information would exist in

the time steps within the assimilation window like 3-hr and 9-hr increments and affect the

analysis result. Comparisons of the analysis, the guess field, and the analysis increment

between the Control and the noRELOC for the first relocation cycle (0000UTC Sep 28) and

0000 UTC Sep 30 are shown as Figure 3.6 and Figure 3.7, respectively. Although there is no
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relocation in the noRELOC to correct the hurricane position, assimilating the central SLP
also provides the information of the vortex center and consequently corrects the hurricane
location through DA (Figure 3.6 (b)(e)(h)). Moreover, assimilating the hurricane central SLP

in every DA cycle also helps to improve the hurricane intensity forecast (Figure 3.5 (h)).
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Figure 3. 5 The differences of relative vorticity (color) and MSLP (contour) between guess field and (a) 3-hr
forecast, (b) 6-hr forecast, and (c) 9-hr forecast, between analysis and (d) 3-hr guess field, (e) 6-hr guess field,
and (f) 9-hr guess field, and analysis between (h) 3-hr forecast, (i) 6-hr forecast, and (j) 9-hr forecast at
0000UTC Sep 30, 2015.
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Figure 3. 6 The 850 mb wind speed (color) and MSLP (contour) for the (a) the guess field of Control and (b)
the guess field of noRELOC, (d) the analysis field of Control and (e) the analysis field of noRELOC, the
differences of (c) guess fields (Control - noRELOC), and (f) analysis fields (Control - noRELOC), (g) the

analysis increment of Control and (h) the analysis increment of noRELOC , and (i) the difference of analysis

increment (Control - noRELOC) at 0000UTC Sep 28, 2015.
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Figure 3. 7 The 850 mb wind speed (color) and MSLP (contour) for the (a) the guess field of Control and (b)
the guess field of noRELOC, (d) the analysis field of Control and (e) the analysis field of noRELOC, the
differences of (c) guess fields (Control - noRELOC), and (f) analysis fields (Control - noRELOC), (g) the
analysis increment of Control and (h) the analysis increment of noRELOC , and (i) the difference of analysis

increment (Control - noRELOC) at 0000UTC Sep 30, 2015.

In the GDAS algorithm, relocation moves tropical cyclones to the corresponding
observed locations and changes the guess field that is used in the subsequent observation
quality control procedure. Therefore, the observation assimilated in the DA and the O-B

statistics (i.e. the differences between the background and the observation at the observation
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space) may be different due to the use of relocation. Figure 3.8 and Figure 3.9 compare the

number of conventional observations used in the first outer loop at 0000UTC Sep 30 and

0000UTC Oct 01 for the Control (blue) and noRELOC (yellow) experiments. The regional

area in panel (b) of Figure 3.8 and Figure 3.9 is defined by the region shown in Figure 3.10.

The major differences in the number of observations used are for the variables U and V. Since

the background circulation has been altered after relocation, the observation selection in the

quality control procedure would also be different. Further, the O-B statistics would be

different due to the different guess field that feeds into the DA system, resulting in statistical

differences and that would influence the final analysis. The number of radiance observations

assimilated for the Control and the noRELOC experiments is almost the same (Figure 3.13).

However, changes in the temperature field due to relocation would affect the solution of the

calculation of brightness temperature in the radiance transfer model, and consequently alter

the O-B statistics. Figure 3.14 shows the observed brightness temperature of AMUSA on

Metop-B (channel 4) and the O-B (with bias correction) statistics of the two DA experiments

at 0000UTC Sep 30. The reason we pick channel 4 as an example is that it detects the

temperature and humidity at the lowest layer of the troposphere (except for the surface).

Figure 3.14 (d) shows a significant relocation pattern near the hurricane center in the O-B

statistics differences.

A good example of how the O-B differences affect the analysis increment can be found
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in Figure 3.10 and Figure 3.11, which show the O-B difference and analysis differences
between the Control and noRELOC, respectively. There is a significant O-B difference near
the Gulf of Mexico at the upper levels (Figure 3.10 (b) and (d)) which corresponds to the
analysis wind speed differences that are associated with the jet stream flow at 300mb (Figure
3.11, at the left bottom). In this case, the relocation tends to shift the jet stream zone
associated with the synoptic trough system and make it narrower and locally stronger. In
addition to the upper level jet stream, the lower level stirring flow also changed, especially on
the northwest and southwest side of the hurricane (Figure 3.12). As a result, the changes in
the synoptic pattern will affect the environmental steering flow and therefore have impacts on

the hurricane track forecast and development in the later stage.

(a) 4 10° Number of Obs Used in 1st DA loop (Global) at 0930002
5 DIt 2 o Control
= 3l :InDRELOCV
2
g
o
2 Diff: 1 1
=]
it Diff: 15
2 1+~ Diff 4 4
z -
E .ﬂ Diff: -1
0 f 1l ||
PS T Q uv GPs
(b) Variables
" 10° Number of Obs Used in 1st DA loop (Regional) at 093000Z
Diff: -20
10| I Control
[ 1noRELOC

Diff: 1

Diff: 1

- .ﬂ Diff: 0 Diff. -3 |
Ps Q

Number of Observation

uv GPS
Variables

Figure 3.8 The number of conventional observations used in the first DA loop at 0000UTC Sep 30 within (a)

global domain, and (b) regional domain.
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Figure 3.9 The number of conventional observations used in the first DA loop at 0000UTC Oct 01 within (a)

global domain, and (b) regional domain.
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Figure 3. 10 The O-B diagnosis differences (the Control — the noRELOC) within the regional domain of
variable (a) PS (mb), (b) U (m/s), (¢) Temperature (K), and (d) V (m/s) at 0000UTC Sep 30.
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Figure 3. 11 The GDAS analysis of wind field (wind barb), the mean SLP (contour), and the wind speed
differences (the Control — the noRELOC) (color shaded) at 300 mb at 0000UTC Sep 30. Red and black color
represent the Control and the noRELOC analysis, respectively.
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Figure 3. 12 The GDAS analysis of wind field (wind barb), the mean SLP (contour), and the wind speed
differences (the Control — the noRELOC) (colorshaded) at 1000 mb at 0000UTC Sep 30. Red and black color
represent the Control and the noRELOC analysis, respectively.
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Figure 3. 13 Number of radiance observations within the regional domain (shown in Figure 3.10) assimilated
in the 1% iteration at 0000UTC Sep 30, 2015. The first and the second panels are the Control and the noRELOC
EXP, respectively. The final panel is the number of observations difference (Control - noRELOC).
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Figure 3. 14 The brightness temperature (K) of the channel 4 of AMUSA (Metop-B) for (a) observation, (b)
O-B (with bias correction) of the noRELOC, (c) O-B (with bias correction) of the Control, and (d) the O-B
difference between the Control and noRELOC at 0000 UTC Sep 30, 2015. The black cross represents the

observed hurricane center.

The changes in the analysis humidity environment is another good example of how

relocation can affect the analysis increment as well as the analyzed hurricane structure

(Figure 3.15 and Figure 3.16). The humidity, which is related to the latent heat source and is

associated with the hurricane intensification, is an important component to investigate,

especially for the analysis cycle of 0000UTC Sep 30 since it is the day that Joaquin reached

hurricane intensity and began its rapid intensification. Figure 3.15 shows the horizontal and
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vertical impacts of relocation on the humidity increment at 0000UTC Sep 30. It is apparent

that the environment near the hurricane became drier after relocation (Figure 3.15 (a)). Even

though data assimilation tended to provide a positive impact on the humidity correction

(Figure 3.15 (h)), the dry impacts from the relocation remain in the final analysis increment

(Figure 3.15 (c) and (i)). Comparing the analysis result with the noRELOC, the 850mb

specific humidity field of the Control analysis is significantly drier near the hurricane center

(Figure 3.16 (f)). Moreover, the Control analysis also has significant drier impact at multiple

analysis cycles that have larger relocation displacements, such as 0000UTC Sep 28, and

1200UTC Sep 30 (Figure not shown). As mentioned in the previous studies related to the

rapid intensification hurricane cases (Smith et al. 2017; Montgomery and Smith 2012), the

requirement of sufficient moisture in the inner core region is one of the important

components of thermodynamic support for hurricane spin-up. The dry analysis increment

would cause a drier environment in the inner core region and inhibit the rapid intensification

of the hurricane. In addition to the humidity, the 850mb temperature field also has a cooling

impact after the relocation at the DA cycle of 0000 UTC Sep 30. Figure 3.17 shows Control

and noRELOC differences (Control - noRELOC) in 850 mb temperature in the forecast, the

guess field, and the analysis. It is apparent that the difference in the temperature becomes

more significant after the relocation (Figure 3.17 (a)(b)), which indicates a cooler background

near the core region in the Control. This cooler environment in the Control remains after the
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analysis and it could possibly affect the hurricane intensification in the GFS forecast

initialized from 0000 UTC Sep 30 as shown in Figure 3.18.
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Figure 3. 15 The (a)(b)(c) horizontal differences of 850 mb specific humidity (color) and MSLP (contour),
(e)(f)(g) 1-D cross section (yellow line) of the 850 mb specific humidity, and (h)(i)(j) vertical differences of 850
mb specific humidity (color) and wind speed (contour) at 0000UTC Sep 30, 2015. Left panel: Guess minus 6-hr

forecast; middle panel: analysis minus Guess; right panel: analysis minus 6-hr forecast.
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Figure 3. 16 The MSLP (mb), 850 mb wind, and specific humidity (kg/kg) of (a) the forecast (6-hr), (b) the
guess, (c) the analysis, (d) the difference between guess and the forecast, and (e) the vertical cross section of the
yellow line in (d) at 0000UTC Sep 30, 2015. (f) is the analysis difference between the Control and the
noRELOC. The blue cross and black cross in (a)(b)(c) represent the hurricane center of the Control forecast and
the Best track, respectively. The green cross in (d) and (f) is the Best track hurricane center. The red and black

triangles in (f) represent the analysis center of the Control and the noRELOC, respectively.
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Figure 3. 17 The difference (Control - noRELOC) of the 850 mb temperature and the MSLP in (a) the forecast
(6-hr), (b) the guess field, and (c) the analysis at 0000 UTC Sep 30, 2015.

A comparison of the analyzed hurricane vertical PV structure in the Control, the

noRELOC, and the operational experiments at 0000UTC Oct 01 is shown as Figure 3.19. The
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result implies that the noRELOC has significantly better development and deeper structure

than the Control, especially in the layer of ~800mb. With a more accurate hurricane structure,

noRELOC can be expected to generate a more reliable GFS forecast (results shown in section

3.3). However, the analyses of both experiments are not deepening Joaquin enough compared

to the operational forecast, in which the coarser running is one of the possible reasons.
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Figure 3. 18 The vertical cross section of the potential vorticity (color) and corresponding potential
temperature (dash line) for the GFS (a) (c¢) 00-hr forecast and (b) (d) 72-hr forecast started from 0000 UTC Sep
30, 2015. The upper panel is the results of Control and the lower panel is the results of the noRELOC.
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Figure 3. 19 The vertical cross section of the GDAS analysis of potential vorticity (color) and corresponding

potential temperature (dash line) for (a) the Control, (b) the noRELOC, and (c) Operational at 0000UTC Oct 01.

In addition, we found that the relocation would affect the upper level even when the

cyclone is in fact shallow and weak. Figure 3.20 shows the difference (Control - noRELOC)

of the 300 mb U field at the first relocation cycle (0000 UTC Sep 28, 2015). For the first

relocation cycle, the forecasts (i.e. field before relocation) of the noRELOC and the Control

are the same such that the difference in the guess fields (i.e. field after relocation) come from

the relocation. At 0000 UTC Sep 28, Joaquin had just attained tropical depression status. At

this early stage, the cyclone structure was still shallow and weak and had not extended to the

upper levels (i.e. 300 mb). However, relocation perturbed the upper level vortex structure as

shown in Figure 3.20 (a). The perturbation due to the relocation would affect the O-B (Figure

3.20 (b)) and remain in the analysis (Figure 3.20 (c)).
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Figure 3. 20 The difference (Control - noRELOC) of 300 mb U wind of (a) the guess field, (b) the O-B
(100-300 mb), and (c) the analysis at 0000 UTC Sep 28, 2015. The green cross is the Best tack hurricane center

and the black cross is the forecast hurricane center.

3.3 Impact of the relocation on the GFS forecast

Although previous studies have claimed that relocation can correct the position error in

the background and improve the hurricane analysis and prediction (Liu et al., 2000), it also

can have harmful impacts on the analysis and consequently lead to a worse track forecast

with a longer lead time (Kleist et al., 2016). In the Joaquin (2015) case, we also found the

same situation as indicated in Kleist et al. 2016. Figure 3.21 shows the 5-day Control and

noRELOC GFS track forecasts initialized from 0000UTC Sep 29, 0000UTC Sep 30,

0000UTC Oct 01, and 0000UTC Oct 02, respectively. Figure 3.22 shows the mean track error

of the four forecasts shown in Figure 3.21 for the two experiments. The mean absolute- and

cross- track errors of noORELOC GFS forecast are significantly smaller than those of Control,

especially after the 72-hour lead time. As we discussed in the previous section, although the

relocation corrected the position error in the background, altering the guess field would also

affect the O-B statistics in the assimilation and it could be harmful to the environment and
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hurricane structure analysis.
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Figure 3. 21 Best track (black) and the GFS 5-day forecast track initialized at 0000UTC Sep 28 (blue),
0000UTC Sep 29 (red), 0000UTC Sep 30 (purple), and 0000UTC Oct 01 (cyan) for (a) the Control, and (b) the
noRELOC.
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Figure 3. 22 The time series of (a) mean cross-track error, and (b) mean absolute-track error of the GFS

120-hr forecasts for the Control (blue) and the noRELOC (red) experiments during Sep 29 to Oct 02, 2015.
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The hurricane structure in the GFS 00-hr, 72-hr, and 120-hr forecasts initialized from

0000 UTC Oct 01 for the two experiments is shown in Figure 3.23. With a more reliable

estimate of the hurricane structure as an initial condition, the hurricane structure of the

noRELOC indicates a better development compared to Control after a 72-hr forecast. Note

that the 120-hr forecast hurricane in both experiments has transitioned into an extratropical

cyclone; thus the warm core structure at the lower levels has weakened and disappeared

(Figure 3.23 (c) and ().
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Figure 3. 23 The vertical cross section of the potential vorticity (color) and corresponding
potential temperature (dash line) for the GFS (a) (d) initial condition, (b) (e) 72-hr forecast,
and (c)(e) 120-hr forecast, which initialized at 0000UTC Oct 01. The upper and lower panels
represent the Control and the noRELOC, respectively.
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4. Conclusion

4.1 Summary of Research

In this study, a series of DA experiments have been carried out to investigate the
performance of regional and operational DA systems in the problem of hurricane prediction
and initialization. As a first attempt, the regional WRF model has been utilized in the forecast
and the DA experiments. We found that the track forecasts of hurricane Joaquin are sensitive
to different parameterization schemes in WRF. Among all the configuration options, the
HWREF configuration has the best performance in the track prediction. However, even with
the HWRF configuration, we still failed to capture the atypical hairpin track of Joaquin at the
early stage. Furthermore, the poor performance of the hurricane intensity in WRF forecasts
also indicates that the hurricane is not able to successfully develop in the model integration,
even with the analysis cold start. Therefore, the involvement of data assimilation is
essentially necessary to improve the model state.

In order to explore the performance of different DA schemes in handling the Joaquin
case, we compare the analysis results of 3D-Var, ETKF, and Hybrid in WRFDA and 3D-Var
and EnKF in GSI. Track results show that most of these schemes are able to correct the track
and generate a hairpin track. However, all of the analysis tracks have a westward
displacement compared to the Best Track. In terms of the intensity, all DA schemes failed to

depict the first rapid intensification period (Sep 30 to Oct 02) of Joaquin but they
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demonstrated the subsequent second intensification period (Oct 03 to Oct 04). Note that the

overall analysis hurricanes are still weaker than the observed minimum SLP.

For the second part of this study, we explore the impact of the relocation scheme on

GDAS/GFS analysis and forecasts. Although relocation is capable of reducing the initial

position error in the background, it could be harmful to the analysis. We found that the

relocation has an influence on the lower level steering flow and the upper level jet. In the

Joaquin case, the upper level jet stream became narrower and locally stronger after relocation.

These changes in the jet stream are expected to have impacts on the development of the low

system associated with the trough near the east coast of US and as a result affect the synoptic

pattern after few days. Taking the changes in the jet stream as an example, we found that this

change is consistent with the O-B statistics differences in the wind field. Since the relocation

altered the background state, the O-B calculation would also be different. As a result, the

analysis state changes, even for areas that are not close to the hurricane. Another issue of

relocation that we found in the Joaquin case is the humidity and temperature increment. We

found that the inner core region in the background became significantly drier and cooler after

the relocation at some analysis cycles. These dry and cold signals would remain in the

analysis and consequently affect the forecast hurricane development, especially for the rapid

intensification that partially depends on the inner core dynamics. With less moisture, and

therefore less latent heat release, the efficiency of the hurricane development would be
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influenced and lead to a weaker structure. Although the overall environment is not

continuously drier over the hurricane lifetime period, the dry pattern in the core region due to

the relocation happened at the beginning of the rapid intensification period on Sep 30 and

therefore would prohibit the hurricane from undergoing rapid intensification.

Relocation not only affects the GDAS analysis but also impacts the GFS track forecasts

with long lead time. In the Joaquin case, we discovered that the track error of the relocation

case is larger than the non-relocation case after a 72-hr forecast. Additionally, the forecast

hurricane without relocation is stronger than that with the relocation after 72-hr integration.

This result of the GFS forecast again indicates that the relocation could be harmful to the

analysis and therefore could consequently lead to a worse forecast.

4.2 Future Direction

While the Hurricane Joaquin case is a good example of how relocation can affect the

hurricane analysis and forecast, more different types of hurricane cases should be included in

the future experiments to obtain a more comprehensive understanding and robust conclusion.

Another issue in dealing with the hurricane initialization is the running resolution. The

running resolution plays an important role in hurricane development due to the performance

of the cloud physics and the inner core dynamics. For a hurricane rapid intensification case

like Joaquin, a finer resolution is necessary for providing a better representation of the

non-balanced dynamics in the inner core region within the boundary layer. In addition, the
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impact of the relocation would be expected to differ with running resolution. We have not
explored the effect of different resolution on the relocation and the hurricane initialization
due to the computational resource limitations, but we recommend considering the impact of
resolution on the hurricane initialization problem.

Based on the current result we analyzed, we would suggest reconsidering the necessity
of using relocation in the operational GDAS DA system. Instead of utilizing the relocation,
other methods such as the Feature Calibration and Alignment (FCA) technique (Nehrkorn et
al., 2014) in WRFDA or the technique of assimilating the TC center in an EnKF are potential
solutions to reduce the initial position error. However, how to appropriately apply these
concepts on the operational 4D-EnVar system would be another challenging topic that needs

to be explored.
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Appendix I The relocation information during the experiment period

TIME NAME/STA Observed Model Field DISPLACEMENT (DEGREE)
TUS LON LAT LON LAT LON LAT Displacement
(degree)
2015/09/28 00 | NHC 11L 291.40 27.40 289.80 27.90 1.60 -0.50 1.68
2015/09/28 06 | NHC 11L 291.20 27.40 291.00 27.70 0.20 -0.30 0.36
2015/09/28 12 | NHC 11L 290.90 27.40 290.80 27.80 0.10 -0.40 0.41
2015/09/28 18 | NHC 11L 290.00 27.50 290.40 27.60 -0.40 -0.10 0.41
2015/09/29 00 | NHC 11L 289.80 26.80 290.00 27.10 -0.20 -0.30 0.36
2015/09/29 06 | JOAQUIN 289.60 26.60 289.70 26.90 -0.10 -0.30 0.32
2015/09/29 12 | JOAQUIN 289.40 26.50 289.40 26.60 0.00 -0.10 0.10
2015/09/29 18 | JOAQUIN 289.20 26.00 289.00 26.40 0.20 -0.40 0.45
2015/09/30 00 | JOAQUIN 288.50 25.80 288.90 26.00 -0.40 -0.20 0.45
2015/09/30 06 | JOAQUIN 288.00 25.60 288.30 25.60 -0.30 0.00 0.30
2015/09/30 12 | JOAQUIN 287.70 24.80 287.40 25.20 0.30 -0.40 0.50
2015/09/30 18 | JOAQUIN 287.10 24.50 287.30 24.70 -0.20 -0.20 0.28
2015/10/01 00 | JOAQUIN 287.00 23.90 287.30 24.20 -0.30 -0.30 0.42
2015/10/01 06 | JOAQUIN 286.50 23.50 286.60 23.60 -0.10 -0.10 0.14
2015/10/01 12 | JOAQUIN 286.30 23.10 286.20 23.40 0.10 -0.30 0.32
2015/10/01 18 | JOAQUIN 285.80 23.00 286.00 23.20 -0.20 -0.20 0.28
2015/10/02 00 | JOAQUIN 285.60 22.90 285.60 22.90 0.00 0.00 0.00
2015/10/02 06 | JOAQUIN 285.30 23.00 285.20 23.20 0.10 -0.20 0.22
2015/10/02 12 | JOAQUIN 285.20 23.30 285.20 23.40 0.00 -0.10 0.10
2015/10/02 18 | JOAQUIN 285.20 23.80 285.20 23.80 0.00 0.00 0.00
2015/10/03 00 | JOAQUIN 285.70 24.30 285.90 24.30 -0.20 0.00 0.20
2015/10/03 06 | JOAQUIN 286.30 24.90 286.40 24.90 -0.10 0.00 0.10
2015/10/03 12 | JOAQUIN 287.40 25.60 287.50 25.70 -0.10 -0.10 0.14
2015/10/04 00 | JOAQUIN 290.50 27.40 290.20 27.40 0.30 0.00 0.30
2015/10/04 06 | JOAQUIN 291.80 29.00 291.70 28.80 0.10 0.20 0.22
2015/10/04 12 | JOAQUIN 292.90 30.40 292.70 30.30 0.20 0.10 0.22
2015/10/04 18 | JOAQUIN 293.40 31.70 293.60 31.90 -0.20 -0.20 0.28
2015/10/05 00 | JOAQUIN 294.20 32.60 293.90 32.70 0.30 -0.10 0.32
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