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Abstract

Data assimilation using ensemble Kalman filters (EnKF) has led to significant
improvements in atmospheric state estimation. The advantages of EnKF over common
operational assimilation methods such as three-dimensional variational (3D-VAR) methods
and its impressive performance in the assimilation of radar data at convective scales have led
to its increasing popularity. While most previous studies have involved the assimilation of
conventional observations only, this study presents an innovative approach in the EnKF
assimilation scheme that involves the assimilation of GOES -12 channel 3 (6.5 micron) and
channel 4 (i.e. 10.7 micron) brightness temperature data. In this study, the potential of the
assimilation of GOES-12 infrared brightness temperature data was explored in the context of

track and intensity forecasts for hurricane Rita from the 2005 Atlantic hurricane season.

The experiments were run at two different resolutions. In the lower resolution
experiments (60 km horizontal grid spacing) results show that the assimilation of GOES
brightness temperatures improved the representation of TC structure and produced better
track and intensity forecasts when compared to the control experiment (CTL), which
involved conventional observations only. RMS errors and calibration values of different
fields produced by the assimilation of GOES-12 brightness temperatures generally compared
well to the CTL results and in certain cases performed better than the CTL. An example of
this is the microphysical fields, where the marked improvements shown by the assimilation
of GOES radiance data is due to the close relationship between radiance and microphysics. It

is also shown that the assimilation of radiance data eliminated a spurious cyclone that



developed in the CTL experiment, which further highlights the potential of geostationary
radiance data assimilation. In the higher resolution experiments (18km horizontal grid
spacing), the improvement was much more limited. However, RMS errors for certain fields
indicated that the scheme certainly shows potential for future application in TC analysis and

forecasting.
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Chapter 1

Introduction

Tropical cyclone (TC) forecasting remains one of the most challenging areas in the
atmospheric sciences. Since Gray’s studies of TC formation in 1968, tropical cyclone
forecasting has seen a constant evolution of forecasting techniques. While TC track
forecasting skill has steadily improved due to the advances in numerical modeling and
observing capabilities, deterministic predictions of TC intensity still score poorly in mean
absolute error (MAE) verification (DeMaria et al. 2005; DeMaria and Gross 2003). The
National Hurricane Center (NHC) reports that the official 48-hr intensity forecast errors for
the Atlantic basin have decreased only by 17 % during the past 15 years (Rogers, 2006). This
is a large contrast to the 45 % decrease in track forecast errors. A dramatic example of the
need for increased skill in TC intensity forecasts was seen in 2005, in the days preceding
landfall by Hurricane Katrina. Due to the large threat that TCs present to civilization, the
ability to accurately predict the full development of these systems many hours in advance is

crucial and has been the goal that many hurricane researchers strive for.

While our knowledge of TCs has vastly increased since the initial TC studies,
intensity forecasting still presents many challenges. The limited improvement in TC
intensity forecast skill over the last fifteen years can be attributed to three main things:
limited internal TC observations; a limited understanding of TC intensification processes;

and a limited understanding of internal TC microphysics (Rogers, 2006).



Collecting an appropriate number of internal observations spanning the life cycle of
a TC is essential to understanding its development (Rogers, 2006). While TC track is
primarily determined by the surrounding environmental profile, rapid changes of storm
intensity are driven by highly variable, small scale dynamics internal to the storm. These
features are not resolved by coarse models, and are difficult to observe, both due to the high
temporal variability, but also due to the distance from land-based assets, and the difficult
conditions at the center of the storm (Houze, 2007). This lack of predictive ability leads to a
reactive stance to changing TC dynamics, such as formation of secondary eyewalls, eyewall
replacement cycles, and transition to sheared or unsheared environments. Hurricane Katrina
demonstrated the necessity of being able to anticipate such events, and understand their
implications on coastal development.

Linked to a lack of high resolution internal observations is our limited understanding
of TC intensification processes (Rogers, 2006). These challenges in fully understanding the
physical processes governing hurricane intensification makes it difficult to set up proper
physical parameterizations in NWP models (Karyampudi et al. 1998; Houze et al. 2006).
Therefore, numerous studies have focused on investigating the physical processes associated
with TC intensification in order to improve model physics (Frank 1977; Frank and Ritchie
1999; Montgomery et al. 2006). Of all the factors that contribute to TC intensification, storm
scale vortex internal dynamics, thermodynamics, and ocean surface fluxes seem to be the
essential processes that need to be captured in numerical models (Li and Pu, 2008). Certain
physical parameterization schemes that have been developed to better simulate these

processes has greatly aided in improving forecasts of TC intensity.



TC intensity, however, does not solely depend on storm physics. Previous studies
have shown that representation of cloud microphysics schemes in NWP models greatly
influences TC internal structure (Wang, 2002; Li and Pu, 2008, Zhu & Zhang, 2006). Li and
Pu (2008) found that the minimum sea level pressure (MSLP) of a TC can vary up to 29 hPa
depending on the cloud microphysics scheme that is applied. Zhu and Zhang (2006) had also
previously illustrated the sensitivity of TC intensity forecasts to different cloud microphysics
schemes in the MM5 model with the case study of Hurricane Bonnie (1998). They found that
the weakest storm was produced when all ice particles were removed from the cloud
microphysical processes while the fastest developing storm was produced when all
evaporation processes were removed. Therefore, in addition to the storm-scale physics,
accurately modeled microphysics is also essential in TC intensity forecasting.

In addition to these three challenges, it has long been argued that model resolution
would continue to limit improvements in TC intensity forecasting. However, the recently
completed High-Resolution Hurricane test (HRH), a part of the Hurricane Intensity
Improvement Project (HFIP), has demonstrated that higher model resolution doesn't
necessarily lead to better intensity forecasts (Davis. et. al, 2010; Bernadet, L., 2010). This is
not an isolated result-Li and Pu (2008) also showed that applying a 1-km grid resolution to
forecast intensity only produced a limited improvement, and that resolution failed to
reproduce the real intensity of the TC.

Although improving model physics and microphysics has significantly aided in
improving forecasts of TC intensity, these approaches cannot overcome deficiencies in model

initial conditions. Inaccurate TC representation at the initial time will significantly deteriorate



the forecast, and observations at these early stages are often lacking (Rogers, 2006). For this
reason, we have had to rely on statistical based methods, such as ensemble forecasting, to
account for the uncertainty in initial conditions when initializing model forecasts. The main
advantage of ensemble based assimilation is that in addition to providing an ensemble of
analyses, the ensemble spread provides information on the flow dependent uncertainty in the
forecast. While ensemble forecasting is not entirely new, studies which have used an
ensemble Kalman filter (EnKF) approach have been particularly successful. Successful uses
of ensemble forecasting with an EnKF include the assimilation of radar data at convective
scales (Synder & Zhang, 2003; Zhang et. al. 2004; Zhang, F., 2009) as well as the
assimilation of TC data from Hurricane Katrina (R. D. Torn and Gregory J. Hakim, 2009).
The latter was able to produce accurate TC position estimates for this storm, which as we
know, would have been invaluable in 2005.

Although improvements have been made with the advent of ensemble forecasting, TC
intensity forecasting still remains a problem due to the disadvantages that current data
collection methods present. Airborne reconnaissance remains the gold standard, but is
necessarily limited since it is not cost effective, is time consuming, and can’t begin to cover
the initial conditions of every TC that develops. Low-earth orbiting (LEO) satellites have
limited swaths and, therefore, limited sampling that does not cover much of the region of TC
genesis. Accurate TC intensity forecasting requires observations that sample the TC core and
its environment early and continuously, which is not possible with either airborne

reconnaissance or LEO satellite data sources. To have any hope of simulating intensity and



structure changes, we need to observe TCs with sufficient frequency, coverage and resolution
to capture these processes.

In order to solve this issue, this study proposes the use of data from geostationary
satellites for data assimilation with an EnKF. Geostationary platforms, as opposed to aircraft
reconnaissance and LEO satellites, offer superior coverage in time and space due to the fact
that geostationary orbits are synchronous with earths’ motion, and stationary relative to the
earth’s surface. Geostationary platforms allow us to obtain continuous data in the region of
TC development and thus capture much more detail in the tropical cyclone structure early in
its evolution. Continuous observations over the TC core and its environment provide
information of small scale features that are essential to TC intensification. In addition to this,
continuous observations could also provide information on vortex hot towers, rainbands, and
secondary eyewalls as these are also important for TC intensity changes (Guimond, 2005;
Houze 2006). GOES data can aid in further understanding TC intensification processes and

lead to significant improvement in TC forecasting skill.

In Chapter 2 of this thesis, the potential of using GOES-12 channel 4 brightness
temperature data for assimilation with an EnKF is explored. The GOES-12 10.7micron
brightness temperature data assimilation scheme is presented and the impact of employing
this scheme is assessed with the case study of Hurricane Rita (2005). This study verifies the
impact of the GOES brightness temperature assimilation scheme on hurricane track and
intensity forecasts, hurricane structure representation, and representation of microphysical

and non-microphysical fields.



Results from a 60 km low resolution run performed in this experiment showed that
the GOES brightness temperature assimilation produces improved results over the control
experiment, which involved conventional observations only. In most areas that were
examined, results from the experiments involving the assimilation of GOES brightness
temperatures surpassed those from the control run. The assimilation of GOES brightness
temperatures significantly improved the TC track forecast and also produced an intensity
forecast with less error than the control. In addition to this, RMS errors for most non-
microphysical fields were also lower than those of the control experiment. Moreover, results
showed that the assimilation of GOES-12 brightness temperatures with an EnKF shows

promise in eliminating current issues with spurious cyclone genesis.

Chapter 3 of this thesis study presents a discussion on the methodology employed for
the experiments in Chapter 2 and also introduces alternate methods that could improve upon
the obtained results. The bogussing TC initialization method is presented as a solution to
remedy issues with sparse observations. The concept of perturbing the TC vortex to create an
ensemble of analyses is also presented. Details on these procedures and their advantages are
discussed. In addition to this, an overview of the next series of experiments, which employ

the procedures discussed in this chapter, is presented.

The multiple areas of success of the low resolution run from Chapter 2 encouraged a
second run at a higher resolution of 18 km. In Chapter 4, an 18km resolution is employed for
simulations of Tropical Cyclone Rita. As in Chapter 2, GOES-12 10.7micron brightness

temperatures are assimilated with an EnKF to assess the impact of these observations in the



forecast of track and intensity, representation of TC structure, and representation of
microphysical and non-microphysical fields. A few different changes were made to the
methodology that was used in Chapter 2. First, a bogussing scheme was employed for TC
initialization in this study. In addition to this, a separate experiment was performed with the
assimilation of GOES-12 water vapor observations to determine if assimilating these
observations presented any improvement over the use of GOES-12 brightness temperatures.

Results from the experiments performed in Chapter 4 show that assimilating GOES-
12 brightness temperatures and water vapor observations produce little improvement in all
examined fields over the experiments involving conventional observations only. Track and
intensity forecasts for the experiment involving conventional observations only were superior
to those produced with the use of GOES-12 brightness temperatures and water vapor
observations. However, there were certain non-microphysical fields where experiments
incorporating GOES-12 brightness temperatures and water vapor observations outperformed
those involving conventional observations only.

In comparisons of the experiments incorporating brightness temperatures with
experiments incorporating water vapor observations, assimilating GOES-12 water vapor
observations produced overall improved results over assimilating GOES-12 brightness
temperatures. Errors for the majority of the examined fields were lower when assimilating
GOES-12 water vapor observations. Although the results from both these experiments fell
below those of the control (involving conventional observations only), there is potential for

improvement in the future.



The final chapter of this thesis study, Chapter 5, presents conclusions on all the

efforts that were carried out in this study and also discusses future work.
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Chapter 2

Improving Track and Intensity Forecasts for Hurricane Rita from GOES-12 10.7

micron Brightness Temperature Assimilation with an Ensemble Kalman Filter

2.1) Introduction

Uncertainties in tropical cyclone (TC) initialization are one of the fundamental
reasons for the current lack of skill in tropical cyclone intensity forecasts (Rogers, 2006).
Observations taken over the tropical cyclone vortex by airborne reconnaissance are only
available for select storms, which makes it challenging to obtain an accurate representation of
the tropical cyclone structure during the initial state. Efforts focusing on improving model
resolution have not shown significant results (Bernadet, L, 2010; Davis et. al., 2010) and
improving model microphysics has, so far, only aided in resolving certain vortex features (LI,
X.,and A. PU, 2009). Despite the improvements made in the model physics, errors in the
intensity forecast still exist due to poor initialization. Thus, numerical weather prediction
relies on data assimilation based methods that allow the integration of all available
observations to generate a set of plausible initial conditions that are used to initialize the

forecast.

Even though many variants of data assimilation have been explored throughout the
years, the ensemble based data assimilation scheme has become more common due to the

advantages it presents over operational based assimilation methods such as 3D-VAR and 4D-
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VAR. The main advantage of ensemble based assimilation is that in addition to providing an
ensemble of analyses it can provide information of the flow dependent uncertainty, which is
captured by the ensemble spread. Results from previous studies have shown that the spread
predicted by the EnKF analysis captures well the observed distribution of error about the
initial analysis (Toth, 2001). Among the successful applications of the EnKF is the
assimilation of radar data at the convective scales (Synder & Zhang, 2003; Zhang, F., 2009).
The EnKF has also shown excellent performance in the assimilation of observations from
Hurricane Katrina and produced accurate TC position estimates for this storm without the
need of vortex bogussing and repositioning methods (R. D. Torn and Gregory J. Hakim,

2009).

However, while data assimilation schemes have greatly aided in improving TC
forecasting skill, accurate prediction of TC intensity still remains a challenge. Accurate TC
intensity forecasting requires observations that sample the TC core and its environment on
the space-time scales of the convective phenomena that must be defined in the models initial
state. This requires high frequency observations over the period of fluctuation of the
dynamical entity simulated. Airborne reconnaissance remains the gold standard, but it is
necessarily limited to short periods of storm penetration, which is insufficient to capture any
but the shortest period fluctuations. Moreover, the cost of even these observations is
prohibitive on the scale necessary to capture all possible genesis events. Low-earth orbiting
satellites have limited swaths and cannot sample with the space-time frequency necessary to

define the storm scale structure. Therefore, to have any hope of simulating intensity and
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structure changes, TC’s must be observed with sufficient frequency over space-time periods,
coverage and resolution to capture these processes.

In order to solve this issue, this study proposes the use of Geostationary Operational
Environmental Satellites (GOES) brightness temperature data for assimilation with an EnKF
in order to improve TC track and intensity forecasting skill. The geosynchronous orbit of
GOES is ideal for monitoring regions of tropical cyclone development. This allows for
observations of exceptional temporal continuity and allows observation of greater detail in
the TC structure. GOES’s continuous observations of small scale features within the TC and
its environment during intensification may also aid in further improving the understanding of
hurricane intensification processes. While GOES radiance data has not been previously
employed for TC data assimilation studies, it has proven to be successful in assimilation
studies involving cloudy sky conditions. Koyama et al. (2006) showed that temperature and
moisture-sensitive channels of the GOES infrared sounder are useful for data assimilation in
clear sky conditions and also in the presence of optically thin to moderate high level clouds.
Their results showed that that the use of infrared sounding observations in data assimilation
could improve temperature and humidity profiles below optically thin-moderate ice clouds.
Due to these promising results, the author (Koyama et. al.) encouraged the use of GOES data
under all weather conditions. In contrast to Koyama et. al. (2006), the assimilation
experiment described in this paper involves the use of GOES-12 imager observations rather
than GOES sounder data. As opposed to the sounder, the GOES-12 imager provides larger

spatial coverage that is necessary for accurate TC forecasting.
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The objective of this paper is to prove that the continuous assimilation of GOES-12
10.7 micron brightness temperatures (Tg) improves the representation of the TC structure in
the model initial conditions despite its ability to see only the upper cloud surface. At the
current time, GOES represents the only consistent source of large spatial and temporal scale
data consistent with the space-time scales that we hypothesize are critical to TC intensity
predictions. It is expected that improved dynamic representation of these TC structure at the

initial time will lead to improved forecasts and predictability of track and intensity.

Hurricane Rita represents an ideal test case for such hypothesis. This storm went
through rapid intensification as it passed over the Gulf of Mexico, where it went from
category 3 to category 5 in less than 36 hours. It was a storm that went through an eyewall
replacement cycle and also showed concentric eyewall development. Rapid intensification
and eye wall structure changes in TC’s make it challenging to obtain an accurate forecast of
intensity. Simulating such intensity and structure change can be achieved with the use of
GOES-12 Tp data. Although this would be better investigated with the use of a higher
resolution, this study employs a coarse resolution of 60 km to perform the experiments as this
is a test study that explores the potential of the use of GOES-12 data for TC predictions.
Successful results would eventually lead to further experiments that would be performed at a

higher resolution.

With Hurricane Rita identified as a suitable case study, the subsequent sections of this
paper discuss details on the implementation of the experiments performed in this study. The

second gives a brief overview of the EnKF. The third section discusses important features of
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the University of Wisconsin-Madison Non-Hydrostatic Modeling System (UW-NMS) while
the fourth section discusses the model configuration, experiment design and details of the
EnKF implementation. Results are discussed in the fourth section and conclusions and

presented in the final section.

2.2) The Ensemble Kalman Filter (EnKF) Assimilation Algorithm

The Ensemble Kalman filter (EnKF) is a Monte Carlo approximation to the original
Kalman Filter (Kalman and Bucy 1961; Gelb et al. 1974). It was introduced by Evensen
(1994) and since then it has been applied in numerous studies in the geophysical sciences.
The popularity gained by the EnKF is mainly due to its relative ease of implementation as it
requires no derivation of a tangent linear operator or adjoint equations, and no integrations
backward in time (Evensen, 2004). Moreover, it is computationally feasible and also
compares well to other sophisticated data assimilation methods of interest to the
meteorological community (e.g. 4D-VAR).

The implementation of the EnKF is very simple. Its implementation is discussed
below with equations taken from Houtekamer at Mitchell (1998). The basic analysis equation

for the EnKF at time t is:

pe=y/ + K (0-HY) i=1...,N (1)
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where ¥/ is a an m-dimensional column vector containing the model forecast, O is a p-
dimensional column vector of observations that are assimilated. H is an operator that
interpolates the true state (generated by the model) to the observed quantities (O). K is the
Kalman gain matrix. As pointed out by Lewis et. al., the Kalman gain “provides the means
for converting the discrepancy between model and observation at a particular point into a

smooth increment applied to rest of the model domain” (Lewis et. al, 2006). K is defined as:
K = PFHT[HP'HT + R]™! )

where R is the p x p observation-error covariance matrix, P/ is the m x m background-error
covariance matrix of the model forecast (¥/).

In the EnKF, P/ is approximated using the sample covariance from an ensemble of
model forecasts. However, the full matrix Pfdoes not need to be calculated and stored as it is

very impractical. Instead, P/ HT and HP/ H are estimated directly using the ensemble

(Evensen 1994; Houtekamer and Mitchell 1998).

PIHT = —— SV (¥ - W)[H(P -¥)]T (3)

HPFHT = ﬁ Z?’le(‘Pf—W)[H(‘I’f—W)] T 4

where,
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Il
I
™M

(5)

and N isthe number oénsemble member$heoverbarshown on variabledenotes the
ensemblenean

Applicationof the EnKFrequires that an initis@nsenble of model statesebdefined.

7KHVH 3PR G H Qreawaddy\WarbinBalbéstguess estimate of the initial statdter
the ensemble of initial conditions is creatdd NWP model is run once for each ensemble
member Observations arthenassimilated into thdifferent ensemble firsguess fields
where equation€3) and (4 are used to calculate and . Afterwards, equation 2

is used to calculate théalman gain , and the analysis for each ensemhbEmber is then
calculated from equatiofi). The resulbf thisis anensemble of analysehatare then
integrated forward tthe next observation time.

One of the significant advantages of the ErdEr other assimilation methodsthat it
provides information on the flow dependent uncertaimtyre forecastThe flow dependent
uncertaintyof the forecast is provided lilye covariance matrix , or ensemble spread
which serves as a measure of forecast accuidoy ensmble spread is flow dependelue
to the method that is employeddalculate . Since is calculatedrom an ensemblef
modelstatest can &/olve with the nonlinear dynamics of the NW&s opposed to the
original Kalman filter, where the Kalman gain waepagated according #linear modél
(Lewis, 2006. The ¥low dependent HUURU VWDWLVWLFV Dd&dtheD YHU\ DWW

EnKF. Although the EnKF is statistical method, it also takes into account the evolution of
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the flowand thus the error statistiese employed tdetermine theonfidence that can be
attributed to such a forecast. Methods that are purely stochaestibgt do not take into

account dynamics of the flow) would not have information on the state of the flow and
WKHUHIRUH ZRXOGQYW E Hthefdgregagttihde@QaihBNbwzihaved HrigfP LQ L Q J
overview has been given on the EnKF the next sectiorpratieed to discuss the model that

was employed for this study.

2.3) The UW-Madison Non Hydrostatic Modeling System(UW-NMS)

The primary mission of ensemble forecasting is to generate a set of plausible solutions
which encompass the true state of the atmosphere. While ensemble techniques help improve
the ability to predict the forecast uncertainty or error distribution, thétgjodthe model
and initial conditions will determine the accuracy of the predictions of the mean state of the
atmosphere. The model error is related to the systematic errors of a forecast, which can
accumulate to further degrade forecast skill. Therefraodel that accurately represents the

dynamics and physics of the atmosphere is essential to the success of ensemble forecasting.

Thenumerical model used in this study is University of Wiscoh®n-Hydrostatic
Modeling System (UMNMS) described in Tipoli (1992). The UWNMS isatime split
compressible non hydrostatic model employing a single moment explicit bulk microphysics
predictions It is used here tsimulate the interactiongween convection and mesosaale
synoptic scale phenomené usesce-liquid water potential temperature as thegmostic

thermodynamic variablsince it is coserved during all phase changestdntial
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temperature, temperature, and cloud watethadiagnostic variablesThe model is phrased

RQ DQ $UDNDZD p&fY JULG

Of paticular interest to the authare the schemes the UNMS incorporates to
effectively treat numerical accuracy issues and represent moist convective processes. Integral
constraints emphasizing conservation of kinetic energy, entropy, vorticitynatrdghy are
incorporated into the model to simulate more realistic energy spectra (Sadourny, 1969). It has
been shown that these constraints lead to a reduction in the systematic accumulation of
truncation errors that produce anomalous bifurcations fhenphysical solutions (Tripoli,

1992).

In addition to treating accumulation of truncation error, the-NWS shows marked
improvement over other models in the representation of cloud convective processes with the
use of the Modified Emanuel Convective Faegerization (CP) Scheme. This CP scheme
regards the subclotgtale drafts, instead of the clouds themselves, as the fundamental
entities of moist convective transport (Emanuel, 1991). Accounting for the effects of these
drafts is essential for accurate T®€ecasting since convective downdrafts provide a mean to
stabilize the atmosphere and therefore can weaken convection within the TC eye wall.
JXUWKHUPRUH WKHVH FRQYHFWLYH GRZQGUDIWY FDQ DOV
warm oceans (Emanudl989). The Emanuel CP scheme also addresses the issue of
accounting for the redistribution of water, such as net fallout of precipitation, by introducing

closure parameters linked to the cloud microphysics and dynamical processes. Specification
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of these prameters leads to a more accurate representation of the vertical profiles of net

heating and moistening by cloud processes (Emanuel, 1991).

Equally important to note are the major improvements that theNIV® presents over
other nonhydrostatic modelingsgems, such as its computationally efficient4Bmussinesq
framework that conserves energy during transformations between kinetic, turbulent, and

thermal energy. This proves to be essential for accurate TC forecasting.

The following section discussestmethodology of this case study and also presents

details on the configuration of the model for this study.

2.4) Methodology

The objective of this study is to explore the potential of the assimilation of ARES
brightness temperature data to improve fearre track and intensity forecasts. HiKFis
usedto assimilate conventional (RAOB, METAR, ACARS, etc.) and GAE30.7 micron
brightness temperatureBg) observations to improve track and intensity forecasts for
Hurricane RitaTwo experiments were performed in this study, one experiment with
conventional observations only (CTL) and a second experiment assimidatimg
conventional an6OES 12 channel 4 brightness temperatures (CHHAg differences
between results from the exprents were then examined to determine how the assimilation
of GOES brightness temperatures impacts the forecasle WWilany centers possagsources

to perform data assimilation procedures, this study acknowledges computational resource



limitations assoiated with atmospheric data assimilation. Therefore, a small size ensemble
size was applied.

The CTL and CH4 experiments were performed at two different resolutions. Initially, a
coarse resolution of 60 km was applied. A full analysis of the TC track, intensity, structure
representation, as well as representation of microphysical anchicoophyscal fields was
done with the results of the low resolution run as a sensitivity test. More importantly, results
from the low resolution experiments were used to determine the forecast bias, which was
then employed to perform bias correction on the higkswlution experiments.

Upon analysis of the results from the 60 km resolution run, the experiments were run at a
higher resolution of 18 km. The analysis done with the results from the 60 km resolution run
were replicated for the 18 km resolution runwéweer, now being able to resolve the TC
core, representation of mesoscale features essential to TC development and intensification

was examined in more detail.

a. Model Configuration

The UW-NMS was initialized on a domain employing 40, 140 and 80 grid point
respectively in the vertical, zonal and meridional directions. The grid spacing wakof 60
in the horizontal directions and 250 stretched to 70 in the vertical directiorA time
step of 60s was used to integrate the model forwfasiingle momenbulk microphysics
scheme was employed for rain and snow, andriwment microphysics for cloud ice

(Tripoli, 1992).Graupel and aggregates were not predicted.



b. Observations

As mentioned previous|ytwo experiments were performed in this study, one
experiment with conventional observations only (CTL) and a second experiment
assimilating both conventional and GOES channel 4 brightness temperatures (CH4). The
CTL experiment incorporated METAR (SLHjrcraft Communication Addressing and
Reporting SystenfACARS (u, v, T), RAOB (u, v, T, T), and POES (retrieved Tg)T
data obtained from the meteorological assimilation data ingest system (MADIS); and
Vortex Information (lat, lon of TC center) data obti from the TC VITALSCloud
drift winds (AMV (u, v)) from GOES&L1 and GOES 2 are also employedhe errors
used for the conventional data are the NCEFb@& Data Assimilation SystenGDAS)

values.

The CH4 experiment incorporates the GOGESChannel 4 @7 micron brightness
temperature data (thinned to 120km), which was retrieved from the NOAA
Comprehensive Large ArradataStewardship System (CLASS). An observation error of

10K was used in this study.

c. Ensemble Initialization and generation of pertutibas

The Ensemble was initialized from the GFS analysis at 00Z on SEP 19 by perturbing
the stream function and computing corresponding u, v and T perturbations with the

method described by MH (Mitchell and Houtekamer, 2002). A 32 member ensemble was



created around that analysis. The procedure for generating perturbations is documented in

detail in MHO2 but will be discussed briefly in this paper for completeness.

To begin assimilating data it is necessary to have a model,s%ﬂe;that will
represent the most accurate estimate of the true state of the atmosghgréMitchell and
Houtekamer, 2002). The true state of the atmosphere is unknown. Therefore, to obtain the
model state that best represents the true state of the atmosphéng@ydrom HM 98
(Houtekamer and Mitchell, 1998) can be used:
CERIL,¢R;EN=J@RBEAHI®
where the random field represents a random perturbation field added to the true state. Even

though the true perturbation value is unknowsetof solutions, s:B; E , T can be

generatedo include the truth, f/fpr an error distribution, "that has the random perturbation

field within the estimated digbution. That is, it should satisfy:

LR PLgRIE, T (2

The random perturbation field consists of u, v and T perturbations at each model
level and al perturbation. To obtain perturbations that are quasi geostrophically balanced,
these u, v, T, andperturbations are derived from a random stream fungioturbation
that is generated as a realization of a multivariate probability distribution (Mitchell et. al,

2002). The method to generate these stream function perturbations is discussed in detail in

MHO2 (Mitchell and Houtekamer, 2002).

Upon adding tk perturbation field to, s:R; a model state EE R ;is obtained.

This model state serves as the central state for the pair of initial ensemble of first guess fields
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(Mitchell and Houtekamer, 2002). To obtain a pair of N member ensembles of first gues

fields at timeR, two sets of random perturbations are added @Fﬁ;as in equation (8) of

HM 98:
L ERL g:a; E"t"Se“Eeci Sy, U
where the spread in the ensemble will represent the uncertaint)gtra -

Now that the generation of the ensemble has been discussed the assimilation procedure
will be describedA 27 hour spin upvas allowed before beginning the assimilation of
observations. For both CTL and CH4,-&durly cycle was employed, meaning 9 total
assimilation cycles between 03Z September 20 and 03Z September 21. To ascertain the
impact of GOESL2 channel 4 brightness temperatures, the difference between the ensemble
mean solutions of CH4 and CTL were examined. Details on the procedure for the

assimiation of GOES brightness temperatures are discussed in the following section.

d. Assimilation of GOES Brightness Temperatures

The procedure used to assimilate GOESs the same procedure that was applied to
assimilate all other observations. The maodas integrated forward and the Community
Radiative Transfer Model (CRTM) was then used to compute nideld estimates of the
10.7 micron brightness temperature observations.

Some additional schemesere incorporated in the implementation of the EnKF to

improve imbalances introduced by tt@variance localizatiom the assimilation results. One
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of the schemes applied was the Ensemble Square Root Filter method (EnSRF) developed by
WH (Whitaker and Hamill, 200%ince it hashown to producenproved numerical
SUHFLVLRQ DQG VWDELOLW)\ RiNotithmTKeHENBRF2In®1&ds Gie. DO P D Q
sampling error associated with perturbed observations and thus produces an analysis
ensemble with an ensemble mean error that is lower thamtié t6r the same ensemble

size (Whitaker and Hamil, 2002). In addition to this, a covariance relaxation technique with
alpha=0.2 was applied (Zhang et al., 2004) furtherimprove the efficiency of the EnKF

and filter distantdependent covariance estites, the Gaspafohn covariance localization
(Gaspari and Cohn, 199@salsoapplied (90Gkm conventional, 248m satellite). This

method involves reducing the magnitude of covariance estimates more as the distance from
the observation is increased.this study, only data points withthe specified knfrom the

observation point can affect the analysis.

2.5) Resultsand Discussion
Nine total assimilation cycles between 03Z SEP 20 and 03Z SEP 21 were
performed to assess the impact of the assimilation of GOES brightness temperatures on the
VLPXODWLRQ RI 5LWDYfVY WUDFN LQWHQVLW\ DQG hHSUHVH
performance of the CH4 experiment on the representation efmmmophysical and
microphysical fields is examined by comparisons of the ensemble mean solutions of the CTL
and CH4 experiments and remeansquare (RMS) analysis error. Results from bditkg

and 18 km resolution runs are presented and discussed below.



a. Tropical Cyclone Track Forecasts
First, hetrack forecasts for the CTL and CH4 experinsesntecompared to the best
track positions to determine how well each of the experimmgartermed in the forecast of

+XUULFDQH ShévéEsdite avé showiNn Figure 1.

latitude

719

18°

longitude

Figure 1. Track forecast for best track data in black, CTL experiment in red, and the CH4 experiment in blue.
The data is plotted at every 3 hour intervals fromt&aper 20 035S5eptember 21 03Z.



The best track data was originally available at 6 hour intervals from 0Z SEP 20 to
6Z SEP 21while the CTL and CH4 results were available at 3 hour intervals from 03Z SEP
20 to 03Z SEP 21. The best track data was iotated with splines to obtain the
corresponding values at 3 hour intervals so the results could then be compared to those
obtained for the CTL and CH4 experiments. As shown in Figuseth,the CTL and CH4
results ompared well to the best track. Howeuwtie CH4 experiment performed
significantly better than the CTL. Both experiments had similar initial values and remained
similar for the first 3 times. After 12Z SEP 20, the track values for the CTL and CH4
gradually changed. Both remained close to thet tsack values throughout most of the
simulation. However, at the final time the CH4 experiment results converged towards the
same coordinates as the best track while the CTL results deviated further from the best track.
Even with the large difference the initial values between the best track and the two
experiments, the final CH4 simulation results matched the best track. The CTL experiment,
on the other hand, had the same initial values as the CH4 experiment but did not converge
towards the best tracksults at the final time. The average track error for the CTL
experiment was 36.69 km, while the average track error from the CH4 experiment was 23.36
km. These results show that the CH4 assimilation experiment produced a better analysis of

5L W D 1 vventhelperid under consideration. .

b. Tropical Cyclone Intensity Forecast
After examining track results, the performance of the experiments in the forecast of

+XUULFDQH 5LWDYV L QWakiuhlvividl farecestsi fgrdhe KT \and GH40
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experimerg werecompared to thenaximum wind results for thieest trackat 3 hour

intervals The results are shown in figure 2 below.
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Maximum Wind Speed [kn]
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0\& o S o o o Y K 2
3 ) A 0 ¥ v ~ 0 N
Day/Time

Figure 2. Maximum wind speed forecast irotg(kn) for best track data in black, CTL experiment in red, and

the CH4experiment in blue

The best track values were interpolated with the same method used to make the
track figure above. From the figure, it is apparent thaCffie and CH4 results are

somewhat similabutare both significantly below the basick results The best track
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results are two times greater than the results obtained from our simulations. This large
discrepancy is partly due to the fact that this was a coassdution simulation and intensity

was not assimilated. In addition, tagithe intensity from the ensemble mean gives a
somewhat greater underestimate than taking the mean of the intensities of the individual
members. Despite the fact that this was not a high resolution experiment, it is evident that the
intensity errors forlte CH4 brightness temperature assimilation experiment are significantly
lower than the intensity errors for the CTL, which is very encouraging. Maximum wind

speed RMS errors were 7.82 kn for the CTL experiment and 4.82 kn for the CH4 experiment,
which shove marked improvement. It is also interesting to note that the CH4 experiment
produced a better simulation of the intensification that took place from15Z SEP 20 to 0Z SEP

211

!

c. Tropical Cyclone Structure Representation

After compaing track and intensity eors, it was appropriat® compare the

observation and simulation results for the CH4 experiment at the beginning, middle and end
of the assimilation window in order to assess the overall impact of the assimilation of
brightness temperatures in the repreaation of the TC structur€igure 3shows theCTL,
CH4 experiment simulation, and observatiesults in columns 1, 2 and 3 respectivelihe
data is plotted for three different times: 03Z SEFRn row 1, 18Z SERQIn row 2, and 12Z

SEP21in row 3
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CTL CH4 OBS

y (latitude)
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Figure 3. CTL, simulation, and observation results of GOES Channgl T DW WKH EHJLQQLQJ PLGG
end of the assimilation windouGOES Channel 4 CTL data is plotted in column 1, simulation results are
plotted in column 2, and observations are plotted in column 3. The data is plotted for 03Z September 20 (row

1), 18Z September 20 (row 2), and 12Z September 21 (réw 3).

Our experimentvas not high resolution buthee are still notable improvemerits
the resultsOverall, the CH4 results compare very well to the observation results and present
marked improvements over the CTL resulise assimilation of GOES2 brightness
temperature produces a more realistic TC cloud field relative to the CTL. In addition to this,

the brightness temperature structure throughout the rest of the domain also compared well to
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the observations. The superior performance of the CH4 experiment is espacdeiyt

when comparing the brightness temperature structure produced by both experiments in the
Tropical Pacific region. The CTL experiment produced a very large cloud field that is not
present in the observations. On the other hand, the CH4 producttdracloeid field due to

the fact that it involves the assimilation of GOES observations that are taken at a greater
frequency. Observations taken at a greater frequency aid in producing an improved
representation of the TC and the environment in theeiadial conditions, which

eventually leads to produce accurate TC sizes and structures for all times.

The comparison done above for the GEGESCH4 T field was also done for the
GOES 12 channel 3gT The CTL and CH4 observation and simulation resarisshown in

figure 4, in columns 1, 2, and 3 respectively.
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Figure 4. CTL, observation, and simulation results of GOES Channel T DW WKH EHJLQQLQJ PLGG
end of the asaiilation window.CTL data is plotted in column 1, simulation resultsg@ogted in column 2, and

observations are plotted in column 3. The data is plotted for 03Z September 20 (row 1), 18Z September 20 (row

2), and 12Z September 21 (row 3).

Even though GOE32 channel 3 data were not assimilated, the assimilation of GOES

chamel 4 Ts produced improvements in the simulated results of GOES changelA3 Tn
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the case of the CH4gTthe simulation produced TC sizes and structures similar to what was
produced by the observations. The brightness temperature structure producgiacihirthe

rest of the domain also compared well to the observed. So far, the results have shown that the
assimilation of GOES CH4glproduces remarkable improvement in the TC representation

and this improved representation leads to a better forecaathkfand intensity.

Improvements can still be made with the use of other techniques to reduce some of the noise
evident in the assimilation results. However, these techniques will not be discussed since the
focus of this paper is to show the potential @ #ssimilation of GOE32 CH4 Tg in the
representation of TC structure. In the remainder of this paper, the impacts of the assimilation

on all the simulated fields will be quantitatively assessed and discussed.

d. Microphysical Field Representation

A microphysical field, precipitable water content, was also selected to determine if
the relationship between reflectivity and microphysics leads to an improved representation of
microphysical fields. The differences between the CTL and CH4 results fofielacwere
examined. Results are shown in figure 5. The figures were made by subtracting the CTL
results from the CH4 and plotting these differences. The u and v wind components were
plotted for the 1176m level. CTL SLP was contoured over each fieldgm@030hPa at
5hPa intervals to determine the location of the storm center and determine how well the

assimilation performed in the storm center.
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y (latitude)

X (longitude)

Figure 5. CTL and CH4 differences for u wind component at 1176m height (a), v wind component at 1176m
height (b), SLP (c), and Precipitable Water (d). SLP for the CTL experiment was contoured over each field

from 9761030m at 5m intervals.

Overall, the results of the CTL and CH4 experiments are very similar upon
examining the differences. The CH4 experimgerformed very well in the case of SLP.
There is very little difference between the CTL and CH4 results, especially in the TC center.
It is interesting to note that in the lower left hand portion of the SLP figure, the CTL had
produced a spurious cyclanghich disappeared upon assimilation. Spurious TC genesis is
often a problem with numerical weather predictions so this result further supports that the

assimilation of GOES brightness temperatures produces results that compare well to the



#
observations. & the u and v wind components however, the CH4 underestimated the results
in certain portions of the storm center. Some localization tuning may be necessary to improve

the representation of the u and v wind components.

e. NonMicrophyscal Fields Representdon
As a final analysishie RMS error of the ensemble mean for 14 diffeofrserved
fields was examinetb quantitatively assess the overall impact of the assimilation of GOES
CH4 Tg on the forecast of each fieldhe RMS error (RMSE) indicates tharecast error and

is defined as follows:

1 ALlh 6
415" L 8 Rigk F T30 (4)

where T and T§are respectively the forecast and analysis values at grid (@anid &is

the number of grid point§.he RMSE resultaresummarized in tableThe errorsn table

lwere calculated as the average RMS errors over all times for each field.

Observation Type Experiments
RMS Errors Calibration

CTL CH4 CTL CH4

Max Wind (kn) 7.82296 4.81562 7114 4561
AMV u (m/s) 3.83035 3.88645 7694 .7819
AMV v (m/s) 3.463313 3.492188 .6903 .7019
SLP(hPa) 1.623869 1.633578 .8133 .8223
RAOB U (m/s) 2.8721 2.89735 .7286 7551




RAOB V (m/s) 2.8309 2.93345 .7354 7612
RAOB Z (m/s) 15.19825 14.30715 4499 4413
RAOB T (K) 1.1726 1.1366 7291 .7098
CH3 6, (K) 6.864388 6.338338 .7626 .7165
CH4 6, (K) 13.08631 11.54479 7225 6773
ACARS U (m/s) 3.533533 3.502156 .8403 .8390
ACARS V (m/s) 1.569522 3.473933 .8230 .8304
ACARS T (K) 1.569522 1.554422 1.0575 1.0516
Vortex Latitude | 0.262911 0.122589 .6661 .3229
Vortex Longitude | 0.161456 0.146244 .2560 2511

Tablel. RMS errors ad calibration values averaged over the nine assimilation cycles for each field. Errors for
max wind, AMV u, AMV v, RAOB U, RAOB V, RAOB Z, ACARS U, and ACARS V are in m/s. Errors for
SLP are in hPa. Errors for ACARS T, RAOB T, CH3, and CHI €,are in K.

The CTL performedlightly better inmost cases but the CH4 experiment
performed significantly better in the maximum wind forecast, as was shown in figure 2 of
this paper. This was a very encouraging regsjpeially since this wasat a highresolution
assimilationexperimentIn addition to this, the CH4 brightness temperature assimilation
experiment also performeslightly better than the CTL with respect to the RAOB geo
potential heights and temperatures as well as vortex pastienCTL experiment,rothe
other handperformedsignificantlybetter in capturing the ACARS V wind field. For the
most part, however, RMS errors for the CTL and CH4 experiments catnpaleto each
other.

Calibration values were calculated, in aduhtio the RMS errors, since these also
serve as a quantitative measure that further aids in assessing the impact of the assimilation on

the results. The calibration is defined as the square of the innovation divided by the square of
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the ensemble spread. dmnovation and ensemble spread are defined by the following

equations:

EJJKR=REKK F * &:PIIINIIm(6)

AJOAlx:H_ANAL:@ R L FT® (7)

where K:is the observation vector, N is the number of ensemble meniQgdssthe nth

ensemble member, ants the ensemble average. The innovation represents the residual
between the observation and forecast while the ensemble spread represents theedifferenc
between the ensemble members and ensemble mean. Ideally, the innovation and ensemble
spread values are comparable and the calibration value would be close to unity. The
calibration was calculated as the average calibration over all times for eachitieleksults

of this calculation are shown on the right side panel of Table 1. In general, the calibration
values for the CTL and CH4 experiment compared well to each other. Results show that the
CH4 experiment performed exceptionally well in the casesfdB and AMV u and v wind
components. The CH8, and CH4 6, calibration results of the CH4 experiment also

compare well to the results for the CTL, even though they are slightly lower. The only case
where the CTL outperformed the CH4 was maximum widerall, the results of the
experiments performed in this study show that the assimilation of QB#Eghtness
temperatures leads to an improved representation of TC structure and simulated fields as well

as a better forecast of hurricane track and sitgn !
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2.6) Conclusions

The results obtained in thesgperimentdhiave shown that the assimilation of
GOES12 channel 4 brightness temperatures with an BmidgBuces track and intensity
errors lower than simulations that involve conventional observations only. The temporal
continuity of the data produces a more realistic TC structure at the initial time. This improved
representation at the initial time allogtge simulation to generate more accurate track and
intensity forecasts. In addition to this, the assimilation of GOES brightness temperatures
produced an improved representation of microphysical anadmaorophysical fields. The
SLP field shows evidencd the improvement in the representation of maicrophysical
fields since the assimilation of GOHEg eliminated the spurious cyclone that developed in
the CTL experiment. Therefore, in addition to producing more accurate track and intensity
forecasts, ssimilation of GOESG, shows promise in eliminating the existing numerical
weather prediction issues with spurious cyclone genesis.

Improvements can always be made to obtain better assimilation results. One
method that is usually employed to improymn assimilation results and eliminate spurious
correlations is covariance localization, which can be done in the horizontal and in the
vertical, and in time (Campbell and Bishop, 2009). While horizontal covariance localization
was applied in this studyertical covariance localization may have further aided in
improving results. Theovariance models that are currently applied are stayicaral
assume uniformity in theertical, which is not necessarily true for observatioear the

surface. As opposdd integrated quantities, neaurface parameters have weaker
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connectiongo the flowcomponents abov&hus,the performance of stationary covariance
models can be limited if observations near the surface are incorpdtatetis reason,

vertical locailzation may be crucial to obtain more accurate results when the ensemble
assimilation involves the use of surface data (Hacker et. al. Z0fig)could prove to be
especially beneficial in the assimilation of intensity. Experiments involving the application of
different localization schemes are currently in progress.

In conclusion, GOES2 channel 4 micron brightness temperature data shows
promise in becoming an alternate method to the use of conventional observations to forecast
TC track and intensity. The temporal continuity of this data presents many advantages over
the use of conventional observati@msl may in further understanding Ti@ansification
processesven though a higher resolution would have been desirable to perform the
experiments in this study, the results obtained are very promising. Thetk&eaeithor
encouragethe use of GOE32 channel 4 data in assimilation expeents to forecast TC
track and intensityrurther research should be done to continue exploring the potential of the

assimilation of radiance data from the differemhicnels on GOES2.
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Chapter 3

BogussingMethods for Quantification of Uncertainties in the Tropical Cyclone

Vortex Structure

Environmental flow and tropical cyclone vortex structure are the two main factors
that determine tropical cyclone motiddf these two factors, environmental steering is the
most important as it caexplain a large part of the TC motion, especially when thwe ifo
strong. Studies blgiorino and Elsberry1989) have demonstrated that TC motion is not very
sensitive to the intensity and inrere structure, but depends more on the ectes
velocity profile. The fact that TC track isot very dependent orortex structure has a
positive impact on TC track forecasting. The NHC reports that improvementdi2-B4rack
forecast errors for the Atlantic basin have beenaediy about 50% the lastl5years
(Franklin, 2010) Thisaccomplishment in TC track forecastiwwguld not be possible if
cyclone motionwere highly dpendent on vortex structure as TC inner core structamaot
be determined accurately from the sparse observations over the tomgiaak Heavily
relying onvortex structue to forecastrackwould introducea significant amount of error
into TC track forecasts

The limited sensitivity of TC motion to vortex structure is what led to the improved
track forecast (over the intensityrézast) in the experiments discussed in Chaptéhe

experiments described in Chapter 2 focused on perturbing only the environment to create an
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ensemble of initial conditions that were employed to initialize the model. Therefore, the
ensemble mean prowed a better estimate of TC track than each ensemble member
individually while the ensemble spread provided a measure of the uncertainty in the
environmental flow. While producing an accurate forecast is always important and is the
main goal, knowledge ohe uncertainty associated to the factors that determine TC motion
is also essential as this will help determine the confidence that can be attributed to such a
forecast.

Although the environmental flow uncertainty was determined in the set of
experimentglescribed in Chapter 2, the methods that were employed do not provide
information about the uncertain#gsociated witthe TC vortex structure. Accurately
representing TC structure in the model initial conditions has always been a challenge. The
lack of doservations over the ocean surface and the near the TC core region makes it difficult
to capture detail in the tropical cyclone structure and produce a realistic vortex. Initial
vortices produced by the large scale analysisifoperational centers anedk, poorly
defined, and in some cases misplaced (Zou, 1®allerrors invortex position, motion,
strength, anénvironmental floncanleadto inaccur&e shorttermforecasts of TC track and
intensity(Kurihara et al. 1993High resolution experiments have been implemented in an
attempt to address this issue but have proven that due to the difficulty of observation, it is not
certain whether the accurate structure of the TC is available at higher resolution (Kwon,
2009). Cosequently, employing a method that remedies issues with sparse observations in
the TC vortex as well as quantifitee uncertainty associated witie vortex structure is

crucial.



While improving vortex structure representation and quantifying the undgrta
associated with it is important for determining TC motion, it is even more important for TC
intensity forecastingShortcomingsn the collection of TGnner-core data makes it difficult
to provide reatime estimates of TGtructure and intensity forecasterand forassimilation
into the NWPmodels Limitations in observing capabilities near the TC inner core are one of
the main reasons that have contributed to the limited improvement in TC intensity
forecasting skill (Rogers, 2006). Therefdaiehave any hope of accurately simulating TC
intensity, issues with sparse observations need to be addressed as dédsdiassimethods
by themselves (without enough observations) are not sufficient to produce significant
improvement in TC intensity fecasts.

One method that has been implemented by the Geophysical Fluid Dynamics
Laboratory (GFDL) to get past issues with sparse observasithe 3SERJXV"~ YRUWH[ PHW!
The GFDLbogussingnethod involves substituting the original weak vortex from thgela
scale analysis with a more realistic synthetic vortex. To remove the poorly resolved vortex
from the large scalanalysis, two spatial filters are applied. The specified vortex to be placed
in the environmental field consists of a symmetric vortexaandsymmetric flow. The
symmetric component is generated from a time integration of an axisymmetric version of the
hurricane prediction model, with an observationally derived constraint imposed on the
tangential flow. The generated symmetric wind is usdtie computation of the asymmetric
component using a simplified barotropic vorticity equation, thus providing consistent
symmetric and asymmetric components. The mass field is then recomputed using a static

initialization method in which the generatechdifield is not nedified. This TCbogussing
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initialization method haked to significant success when applied in operational TC
forecastingKurihara et al. 1993, 1995; Bender et al. 2007 jhasalso significantly
improvedthe accuracy of T@ack and intensity predictiorf$hu andKrishnamurti 1992;
Serrano and Unde«n 1994, Leslie and Holland 1995; Bender et al. 2007).

More recently, a new approach to the B&yussingnitialization method
denominated bogus @aassimilation (BDA) has beemvkloped This method usesfaur-
dimensional variational data assimilation (4DVAR) technique in combination with the bogus
surface pressure (Zou and Xiao 2000; Pu and Braun 2001; Zhang et al. 2007; ang et
2008. BDA suppresssthe incorporation of tasyntheticvortexto a minimumwhile
producinga TC with variables that are dynamicallydgphysically balancedVhen
compared to cases without TC initialization, forecasts with BDA have shown improvement
in both intensity and structurespresentationf TCs.

Besides showing promise in solving issues with limited observatiogsissing
method also allow quantificatiof the uncertainty associated witie TC vortex structure
when applied in ensemble forecastiAgcording toCheung and Chan (1998he addition
of sucha vortexcan beviewed as part of the model configurati@onsequentlyan
ensemblahat iscreatedoy perturbing he bogusortex cansample the vortex uncertainties
better when compared with the methods that create an ensemble by perturbing the
environmentaflow. The ideabehindthe bogussing methad %o consider how errors in the
observed quantities (e.g., position and intensitg)transferred to the various components of

the vortex, as was pointed out by Cheung and Chan (1998).



Although results obtained in BDA studiesveadeen successful, Kwon and Cheong argue
that cetail in thestructures of BDA simulated TCsuggestshat tre results would improvig
abogus vortex of a realistic threfmensional structureere appliedKwon and Cheong,
2010). Such schente produce a bogus vortex of a thhdienensional structure for TC track
and intensity predictions was implemented by Kvaod Cheong (2010). This scheme is
similar to the GFDL bogus initialization method. Howeveemploys a different methad
derive theradial profiles of the surface pressure and tangential wind and to derive the
asymmetric component (beta gyre), whak the most important factors to derive the TC
initial structure.In their scheme, a spherical highder filter with double~ourier series
capable of giving a sharp cutoff is applied to split the disturbance from the basic field in the
global analysis.n addition to this, empirical formulas for the variables in the axisymmetric
componerg are also employed. Kwon and Cheamdjcate that making such modifications
to bogus and BDA schemes are possitsdldong as the qualitative structure of the(f&her

than the detailed structyris thought to be important as the initial condition.

.ZRQ DQG &KHRQJTV ERJIXV 7& IpQuektt BeGUckPsaflRQ VFKHP
thestudy of typhoons in the North Pacific and East China during the year 20éin
study, track errors improved over forecasts without TC initialization by 46%, improvements
over the operational center at RSMC were of 49%, and errors of minimum SLP were reduced
by 55% compared to the operational forecasts of RSMC (Kwon and Cheong, 2010). Suc
feats make this schena#tractive for application in ensemble forecasting schemes and thus

will be applied in our study



The focus of th@ext series of data assimilatierperiments will changigom the
environmental flow to the TC vortex structurebdgussingnethod implemented by Kwon
and Cheong is applied for TC initialization and the ensemble members are created via
perturbations bthe TC vortex structuréSOES12 channel 4 10.7 micron brightness
temperature observations will be assimilated a$ ageGOESL2 channel 3 water vapor
observationslt is expected that GOES data in combination with the Kwon and Cheong
bogussingnethod will lead to an improved representatdi C structure, which will
hopefully lead to an improved forecast of TC trankl antensity. The next chapter discusses

the details of the experiments and also presents results.
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Chapter 4

Assimilation of GOES-12 Brightness Temperatires and Water Vapor Observations

with an EnKF and Bogus Vortices for Simulations of Tropical Cyclone Rita

4.1) Introduction

In the fird part of this study (Chapter 2), an EnKF schevas applied to assimilate
GOES12 channel 4 10.7 micron brightnéemperatureand produce track and intensity
forecasts for Tropical Cyclone Rita. The performance of the scheme in the representation of
TC structure, microphysical, and ramcrophysical fields was also examined. In this EnKF
scheme, the ensemble memb&ese created via perturbations of the environment.
Thereforethe ensemble mean provided a better estimate of TCdratktensitythan each
ensemble member individually while the ensemble spread provided a measure of the
uncertainty in the environment#w. The most interesting of the result was the elimination
of the spurious cyclone upon assimilating G@ESchannel 4 brightness temperatures.
Although the experiments were performed at a coarse resolution of 60 km, results showed
that the assimilatioof GOES12 brightness temperatures with an EnKF scheme shows

potential in improving TC forecasts and eliminating issues with spurious cyclones.

However, a significant downside of the experiments performed in Chapter 2 is that they
do not provide a measeiof uncertainty in the TC vortex structure, which is useful for TC

intensity forecasting. Observing capabilities are extremely limited in the region of the



tropical cyclone vortex, which makes it diffictit produce an accurate representation the TC
inner core structuran the model initial conditions. The inability to accurately represent TC
structure in model initial conditions is one of the main reasons that explains the limited
improvement in TC intensity forecasting (Rogers, 200@&hasges in ston intensity are

driven by highly variable, small scale dynamics internal to the sGimen the sparse

amount of observations that sample the TC inner core, a measure that quantifies the
uncertainty associated with these observations is useful. Empynmaghod that treats

issues with sparse observations and allows ensemble members to capture different possible

states of the TC vortex structure may aid in improving TC intensity forecasts.

One methodhat has been implemented to treat issu#ls sparse bservations is the
SERJXV’™ YR UWKdrfh&adetaK ROG3, 1995)his method is applied by the
Geophysical kiid Dynamics Laboratory (GFDL) andvolves substituting the original weak
vortex from the largecale analysis with a merealistic synthét vortex. This GFDL
bogussingnitialization method hasugcessfully been applied tperational forecast of TCs
(Kurihara et al. 1993, 1995; Bender et al. 2007 hasalsosignificantly contributed to
improving the accuracy of T€ack and intensity forecagf§hu and Krishnamurti 1992;

Serrano and Unde«n 1994, Leslie and Holland 1995; Bender et al. 2007).

More recently, a new approach to the B&@yussingnitialization method denominated
bogus da assimilation (BDA) has been adoped This method uses four-dimensional
variational data assimilation (4DVAR) technique in combination with the bogus surface

pressure (Zou and Xiao 2000; Pu and Braun 2001; Zhang et al.\@d@; et al. 2008). The
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objectof this methods to suppresthe incorporation of theynthetic vortex to a minimum
while producingl Cs with variables that are dynamicaliyd physically balance#Vhen
compared to cases without TC initialization, forecasts with BDA have shown improvement
in both intensity and structures of TG&xme researchers (Kwon and Cheaargjue,

however, thathedetail in the structure of the TGamulated with BDA ould improvewith a

bogus vortex of a realistic threfmensional structur@Kwon and Cheong, 2010)

Such scheme to produce a bogus vortex of a-tiraeensional structure for TC track
and intensity predictions was implemented by Kwon and Cheong (2010). bieadsa
variant of the GFDL method with certain modifications made to the méthaefive the
radial profiles of the surface pressure and tangential wind and to derive the asymmetric
component (beta gyregs discussed in Chapter 3ZRQ DQG &KBRTQITV E
initialization scheme hgsroven to be successful in thidy of typhoons in the North
Pacific and East China during the year 20007 improvement produced by their scheme in
the reduction of errors in track and minimum SLP over RSMC and fosewétbbut TC
initialization makes this methodittractive for application in ensemble foreoag schemes

and thus was chosen four study.

In this study, the Kwon and Cheong TC initializatlmegussingnethod is applied in
conjunction with the EnKRo assimilate GOE32 channel 4 10.7 micron brightness
temperatures and simulate tropical cyclone Rita. It is hypothesized that applying the Kwon
and Cheong T®ogussingcheme in conjunction with the continuous assimilation of GOES

12 brightness temperaes will lead to an improved representation of TC structure in the
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model initial conditions. With an improvement in TC structure representation at the initial

time, improved forecasts and predictability of track and intensity are also expected.

In addiion to the experiment described above, a separate experiment is performed
where GOESL2 channel 3 water vapobservations are assimilatédoisture sensitive
channels on GOES (as well as temperature sensitive channels) are useful for assimilation in
clearsky conditions and also in the presence of optically thin to moderate high level clouds
as was shown by Koyama et. al.(2006). Restom their study showed th#tte use of
infrared sounding observations in data assimilation could improve temperaturenaiaiity
profiles below optically thirmoderate ice cloud®\lthough Koyama employed GOES
sounder observations instead of GOES imager observations, it is expected that assimilating
GOES12 imager water vapor observations will have a positive impact ostrtiCture
representation, track and intensity. Results for this experiment will be compared to the
brightness temperature assimilation experiment to determine which observations lead to a

more significant improvement.

The details of the experimenin this chapter are described in the following sections.
Section 4.2 discusses (a) the model configuration, (b) observations, (c) TC initialization, as
well as (d) the methodology to generate perturbations of the TC vortex and (e) assimilate
GOES data. &ction 4.3 presents the results obtained from the analysis and discussion. These
include the results for (a) track forecasts, (b) intensity forecasts, (c) TC structure
representation, (d) microphysical field representation, (e) non microphysical field

representation. Finally, Section 4.4 presents conclusions and future work.



4.2) Methodology

The objective of this researchto build upon the study described in Chapter 2 and
further explore the potential of a GOHES3 brightness temperature assimilation scheme
improve TC track, intensity, and structure repraation. @rtain modifications were made to
the methodologyescribed in Chaptertd determine if further improvement can be obtained.
The modifications that were made to the methodology are diremtentds improving the
representation of the TC structure. Hopefully this will lead to more accurate forecasts of TC
track and intensity.

The first modification made in this study was to the method employed for TC
initialization and to create the ensembfeanalyses. In Chapter 2, the ensemble members
were created via perturbation of the environment. In this study, a bogussing method is
applied for TC initialization and the ensemble members are now created via perturbation of
the TC vortex. The idea behitlois approach is that this will allow better quantification of
the uncertainty in the TC vortex structure. Knowledge of this uncertainty is essential given
the difficulties in observing capabilities near the TC core.

In addition to modifying the TC indlization and the method employed to create the
ensemble members, the experiments in this study are run at a higher resolution of 18km. In
Chapter 2, the experiments were run at a coarse resolution of Bdkithanalysis of the TC
track, intensity, strcture representation, as well as representation of microphysical and non

microphysical fields was done with the results of the low resolution run as a sensitivity test.
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More importantly, the low resolution experiments performed in Chapter 2 were esgential
determine the forecast bias in the GOES CH3 and CH4 observations, whiemplaged to
perform bias correctiom respect tahe CH3 and CH%bbservations in thkigh resolution
experiment®f this chapterWith a higher resolution, now it is possibtelietter resolve the
TC core, which allows examination wiesosale featuregn more detail.

As in Chapter 2 ie EnKF is used to assimilate conventional (RAOB, METAR, ACARS
etc.) and GOES2 brightness temperaturesg]lobservations to improve the representation,
track, andntensity forecasts for Hurricane Rita.control experiment (CTL) with
conventional observations only and a CH4 experiment, which assimilates both conventional
and GOESL2 channel 4 brightness temperatj are performed in this studyhe
differences between results from the experiments were then examined to determine how the
assimilation of GOES brightness temperatures impacts the forecaddition to the CTL
and CH4 experiments, a third experirhaasimilating GOES.2 channel 3vater vapor
observationgCH3) is also performed. Further details on this third experiment are discussed

later on. Details on the methodology employed in this study are presented below.

a. Model Configuration

TheUW-NMS was initialized on a domain employing Z4@0and 1% grid points
respectively in the vertical, zonal and meridional directions. The grid spacing Wasof
in the horizontal directions ar800-m stretched to 70@n in the vertical directionA time

stepof 60s was used to integrate the model forward. The bulk microphysics scheme applied
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uses two liquid (rain, cloud water) and two ice (snow, pristine crystals) species with a single

moment scheme (Tripoli, 1992). A covariance relaxation factor of 0.2 vpdie@p

b. Observations

Three different experiments were performed in this study. The two main experiments are
the control (CTL), which incorporates conventional observations only, and the CH4
experiment, which incorporates GOES channel 4 brightness tenmesrat addition to
conventional observations. However, a third experiment, denominated CH3, is performed in
this study, and involves the assimilation of GGESchannel 3 water vapor data and

conventional observations.

The CTL experiment incorporat84ETAR (SLP),Aircraft Communication Addressing
and Reporting Syste(CARS (u, v, T), RAOB (u, v, T, ), and POES (retrieved T4l
data obtained from the meteorological assimilation data ingest system (MADIS); and Vortex
Information (lat, lorof TC center) data obtained from the TC VITALSoud drift winds
(AMV (u, v)) from GOES11 and GOESH 2 are also employed. Different from the CTL
experiment in chapter 2, this experiment assimilated vortex maximum surface winds
knots. The errorssed for the conventional data are the NCHéb@& Data Assimilation

System GDAS) values.

The CH4 experiment incorporates the GEGESChannel 4 10.7 micron brightness

temperature data (thinned to 120km), which was retrieved from the NOAA Comprehensive
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Large ArraydataStewardship System (CLASS). An observation error of 10K was used in

this study.

The CH3 experiment incogpates the GOE$2 channel 3 6.5icron water vapor
observations, which were also retrieved from NOAA CLASS. An observation errdslof 2

was used.

c. TC InitializationBogussingMethod

The TC initialization method employed for this experimisrgimilar to that employebly
Kwon and Cheon@010) In summary, The Kwon and Cheong TC initialization method
consists of four steps: 1) Inputtbfe Regional Specialized Meteorological Center (RSMC)
information and splitting of the global analysis data into basic field and disturbance, 2)
determining TC domain in the disturbance field, 3) design of an idealizeddinneasional
axisymmetric vorte, and 4) merging the axisymmetric vortex with the disturbance within the
TC domain, and modification of the relative humidity (Kwon and Cheong, 2010). However,
instead of using RSMC information as Kwon and Cheong did in step 1, tropical cyclone
vitals (TcVitals) were employed for the purpose of our study.

.ZRQ DQG &KHRQJYV 7& LQLWLDOL]DWLRQ PHWKRG LV DY
initialization method (Kurihara et. al. 1993, 1995). While the first two steps are very similar

to what is done inthe GFDLInNBOL]DWLRQ WKH WKLUG VWHS LV XQLTX?
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VWXG\ 7R DYRLG DQ\ FRQIXVLRQ .ZRQ DQG &KHRQJfV LQL\
hereafter as KC initialization method.
7KH .& 7& LQLWLDOL]DWLRQ PHWKRGRO Ratola@gpueRKRVHQ R
the encouraging results obtained by Kwon and Cheong in their 2010 study. They
implemented and employed such initialization method to produce forecasts of track and
intensity of typhoons observed in 2007 over the western North Pacific an@liaa. From
their study, track errors improved over forecasts without TC initialization by 46%,
improvements over the operational center at RSMC were of 49%, and errors of minimum
SLP were reduced by 55% compared to the operational forecasts of RSM@ édd/o
Cheong, 2010). There are a few factors in the KC initialization methodology, different from
WKH *)'/IV WKDW OHG WR WKHVH LPSURYHG UHVXOWY DQG
our study.
The first factor is the balance among variables th&aken into account during the
construction of the three dimensional bogus vortex to maintain gradient wind balance,
hydrostatic balance, and mass balance. All the variables of the bogus vortex are determined
in analytic functions on input of the basiafgarameters provided by TcVitals best track
data: central pressure, positions of the TC center, radial distances of tangential wind of 30kt,
and the maximum wind. However, two additional parameters, ambient mean surface pressure
and the averaged tempanad at the surface pressure level, are added to the TcVitals
parameters to match the data over which the bogus vortex replaces the disturbance field.
These six parameters explicitly include the information about the size and intdribity

storm. This ladsthe bogus vortex to accurately reproduce important featia¢sre
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specific to the tropical cyclone of interest. Imbalances among variables of the bogus vortex
can cause abrupt charsge TC intensity, which would causgstematic bias in the foret¢as
model (Kwon and Cheong, 2010).

J)LEQDOO\ WKH VHFRQG IDFWRU WKDW OHG WR WKH LPSUR
the method that was employed to specify the radial flow. Usually, the radial flow in TC
initializations is obtained through the tinmtegration é an axisymmetric model with
tangential wind forcing (lwasaki et. al. 1987, Kurihara et. al. 1993, 1995).In this study, the
radial flow is determined empirically based on observations. An appropriate specification of
the radial flow thamainiins mass balareis believed to facilitateertical motion especially
near the centeof the TC In the absence of either the inflow or outflow, the vertical motion
may not be sufficiently organized into the magnitude necessary to develop the TC. The
authors (Kwon and Cheongdelieve that the success of their scheme for the TC track and
intensity prediction in a variety of ranges in horizontal scales and intensity seems to have
been achieved by the flexibility of the bogus vortex whose vertical ancohtalzscale are
specified automaticallyponinput of the TcVitals information.

$OWKRXJIK .ZRQ DQG &KHRQJYV 7& LQLWLDOL]DWLRQ PHW
their study, a slightly different approach was taken in this study to separaistthibance
from the global analysis. For the purpose of this study, the scale separation was done with the
method employed by GFDL. In the GFDL method, the scale separation is done by filtering
the horizontal two dimensional grid point data with a diditedr, which consists of a three
point spaial operator. It is a one dimensional spatial operator that is applied to the zonal

direction first and then to the meridiorthtection. The KC method, on the other hand,
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employs a sharp cutoff filter for tieplitting of the disturbance from the basic field in the

global analyses. The spectral filter applied in the KC method is isotropic on the spherical

surface since it gives the same damping rate for the disturbances of a certain horizontal scale
regardles®f their meridional locations. As the filter order increases, a sharper splitting of the

global analysis is achieved. Whaesharpcutoff filter is useful in cases where a global
VSHFWUDO PRGHO LV HPSOR\HG DV LQ .ZRQ iDQdzr& KHRQJ T\

apply in cases where a regional model in being employed (as in our study).

d. Perturbations of the TC vortex toeate and Ensemble ohalyses

The ensemble of analyses was created by perturbing maximum velocity gleitdd
longitudedeterministically. Maximum velocity perturtban values that ere used are/, -5,
0, 5, 7 knwhile -1, 0, and degrees were used for latitude and longitude. The ensemble of

initial conditions was created using all possible combinations of these values.

e. Assimilation of GOES2 Brightness Temperatures
The method to assimilate GOH channel 4 brightness temperatures was the

same that was used in Chapter 2. This procedure is discussed in Section 2.3 e) of Chapter 2.

4.3) Results and Discussion

Eight total assimilation cycles were performed to assess the impact of the assimilation of

GOES12 channel 4 brightness temperatures on the simulation of tropical cyclone Rita
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during thetime period between 15Z SEP 20 and BEP 21. As opposed to the expeents

from Chapter 2, these experiments were performed at an 18km resolution and the ensemble
members were created via perturbations of the TC voiéxough the methodology applied

in this study is different than that of Chapter 2, the methods entptoyenalyze the results

are similar. First, the impact of assimilating brightness temperatures on the simulation of TC
track, intensity, and TC structure is discussed. Then, the performance of the CH4 experiment
on the representation of nomicrophysicaland microphysical fields is examined by

comparisons of the ensemble mean solutions of the CTL and CH4 experiments and root
meansquare (RMS) analysis error. The impact of assimilating water vapor observations

(CH3 experiment) is also discussed.

a) TC Track Forecas

In this section, the track forecast of the CH4 and CTL experiments are analyzed to
determine how well the results compared to the positions given by the best track. As in the
experiments of Chapter 2, the best track data was only availableat éitenals from 0Z
SEP 20 to 12 SEP 21 while the CTL and CH4 data was available at Bihtarvals from
03Z SEP 20 to 12 SEP 21. Therefore, the best track data was interpolated with splines at 3
hour intervals so the times matched those of the GILGH4 experiments. The results
obtained for the track forecast are shown in Figure 1 with the best track data in black, CH4

data in blue, and CTL in red.
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Figure 1.Track forecast for best track data in black, CTL experiment in red, and the CH4 experiment in blue.
The data is plotted at 3 hointervals from September 20 1&&ptember 21 2

The track forecasts for both, the CTL and CH4 experiment, do not cerwedl to the
positions given by the best track. Although the initial times for both experiments were similar
to that of best track, the results do not converge to the same position as the best track during
the final time. There is only one occasion whte CTL converges to the same position as

the best track, which was at 0Z on SEP 21. The CH4 experiment never converges to the same



#
positions as the best track. Overall, the CTL positions compare better to the best track. The

average track error of ¢hCTL is 26.57 kmwhile the CH4 average traekror is of 29.38 km

It is interesting to note, however, that although the CTL experiment produced a better
track forecast than the CH4, there were only two times where the values give by the CTL
were differenfrom that of the CH4 simulation. The CTL and CH4 positions were the same
at the first four times (not shown) and they also converged to the same value at the sixth and
final time. The positions at the fifth and seventh time were what led to the improuitd re

of the CTL over the CHA4.

The track forecast from the CH3 experiment was also compared to the positions given
by CTL and best track for the same time period. The results are shown below in Figure 2

with the best track in black, CH3 in blue, and Chlréd.
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Figure 2. Track forecast for best track data in black, CTL experiment in red, and the CH3 experiment in blue.
The data is plotted at 3 hoimtervals from September 20 1&&ptember 21 12 !

Overall, the CH3 experiment produced a trémiecast that compares well to the CTL.
The only exception is at the second time, where the CTL position compares better to the best
track. It is interesting to note, however, that the CH3 converges to the best track position at
0Z SEP 21, which was noteomplished by the CH4. Although the CTL outperforms the

CH3 experiment in the track forecast, the TC track positions giyehe CH3 still present
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improvement over the CHZ he track error foCH3 is given by 29. 49 kiwhile the erroifor

CH4 is 29.3&m.

b) TC Intensity Forecast

Next, we proceeded to analyze the performance of the CH4 and CTL experiment in the
IRUHFDVW RI +XUULFDQH 5LWDYV ,QWHQVLW\ 7KH PD[LPXP
CH4 and CTL experiments were compared to the maximurd wafues given by the best
track. The best track maximum wind values were interpolated with splines at 3 hour
intervals, as was done for the TC track, so the times would match those of the CTL and CH4.
The results of the maximum wind forecaate shown irfigure 3with the best track in black,

CH4 experiment in blue, and CTL in red.
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Figure 3. Maximum wind speed forecast irofs(kn) for 15Z SEP 2€612Z SEP 21. The best track data is
shown inblack, CTL experiment in red, and the CH4 experiment intblue

From the results it is evident that there are very large discrepancies between the best
track and the two experiments. At the initial time, both the CH4 and CTL experiments show
very high maximum wind values. The initial CH4 maximum wind value®eeeesimated
by approximately 4 knots while the CTL overestirtes the maximum wind values bg 1
knots. The opposite happens at the final time. At the final time, both the CTL and CH4
converge towards the same value of approximately 92 knots but they fdiksigthy below

the best track, which indates maximum wind speeds of 1ts.



Although this was a higher resolution experiment than the one performed in Chapter
2, there are a few reasons that could explain the lack of improvement shown in the results.
TC intensity was not assimilated in these experiments, which affects the resattdition
to that, the intensity is taken from the ensemble mean. This will give a greater underestimate
or overestimate than taking the mean of the intensities of the individual members. However,
it is important to note that although there are ovéaadje discrepancies between the
forecasted and best track maximum wind values, there are two times where the CH4 shows
similar values tdhe best track. This occurs at 21Z SEP 20 ardSBP 21. However, the
CTL still outperforms the CH4 in this simulatienth a root mean square error (RMSE) of

7.92 knots compared to a FB#& of 10.18 knots for the CHA4.

The maximum wind speed values for the CH3 experiment were also compared to the
CTL and best track estimates for the same time period. The results areltsiowin

Figure 4 with the best track in black, CH3 in blue, and CTL in red.
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Figure 4. Maximum wind speed forecaskimots kn) for 15Z SEP 2612Z SEP 21. Theest track dat&s in
black, CTL experiment in red, and the CH3 experiment in #lue.

The sane issues that both the CTL and CH4 showed in estimating maximum wind
speeds are presented by the CH3 experiment. During the first few times the maximum wind
speeds are significantly overestimated and at the final times the results fall significantly
below the best trackCH3 does not converg®ewards the wind speeds given by the best track

atany of the times while the CTL converges towards the best track value at 00Z .SEP 21
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Although the CTLhas lower errors than the CH3, the CH3 presents improvementhever t

CH4 with a RMSE of 9.46 kn compared to 10.1&&nCHA4.

c) Representation of TC Structure

After compaing track and intesity errorspbservation and simulatiaesults for the
CH4 expeimentwere comparedtthe beginning, middle and end of the assimilation window
in order to assess the overall impact of the assimilation of brightness temperatures in the
representation of the TC structuFégure 5shows theCTL, CH4 experiment simulatig and
observatiorresultsin columns 1, 2 and 3 respectiveljhe data is plo#d for three different

times: 1% SEP20in row 1, 0Z SEP21in row 2, and 12Z SEP1in row 3
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Figure 5. CTL, simulation, and observation results of GOES Chadrifel U. DW WKH EHJLQQLQJ
middle, and end of the assimilation window. GOES Channel 4 CTL data is plotted in column 1,

simulation results are plotted in column 2, and observations are plotted in coltima @ata is

plotted for 15Z September 20 (row 08Z September 2(tow 2), and 12Z September 21 (row 3).

Overall, the TC structure shown in the CTL and CH4 figures is very similar. There
are only a few differences that can be noticed. For the second time, the CTL shows that the
TC extends further soutbelow Cuba than in shown in CH4. At the final time, however, the
size of the TC shown by CH4 is much larger than the @kher than this, brightness

temperature values for both experimentsaerall the same in the alttgions of the storm.



There ae a few differences that are more evident when comparing the results given
by the observations (panel 3) with the CTL and CH4 resliiis.eye of the storm in the
observations is much smaller than the one produced by CH4 andl@6d kkainbands also
covera larger area in the observations than in the CTL and diHére is a small low
pressure region in the Pacific (near Mexico) that was produced by the observations. Although
the CH4 and CTL also produced this featuires not an intense as shown by the
observationsHowever, the CH4 and CTL brightness temperature values in the region of the

TC compare well to those produced by the observations.

The sane analysis of TC structure that was performed for the CH4 observations was also
done for CH30Observation and simulatiaiesults for the CH3 experiment were compared for
the same time periods assess the overall impact of the assimilation of brightness
temperatures in the representation of the TC structineresults are shown in Figure 6
below.The CTL, CH3 experiment simulation, and observatasultsare shown in columns
1, 2 and 3 respectivel¥he data is plotted for 15Z SE®in row 1, 03Z SEP 21 in row 2,

and 12Z SER1in row 3
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Figure 6 CTL, observation, and simulation reswfsGOES Channel 3sT U. DW WKH EHJLQQLQJ
middle, and end of the assimilation window. GOES Channel 3 CTL data is plotted in column 1,

simulation results are plotted in column 2, and observations are plotted in collitma @ata is

plottedfor 15Z Septerber 20 (row 1), 03Z September @bw 2), and 12Z September 21 (row 3).

7TKHUH ZHUHQMW PDQ\ PDUNHG GLIIHUHQFHV EHWZHHQ Wk
representation of TC structur@heonly evidentdifference is thestorm radiuswhichis a bit

lager for the CH3 experiment, especially at the end of the assimilation widber. than



the storm radius, both experiments produced the same features in the same locations and

brightness tempenaite values are overall the same.

However, therare significant differences when comparing the CH3 and CTL results
to the observationg:irst, the storm radius (eyesymuch large(smaller)in the observations
than in the CH3 and CTLln addition to thisthe low pressure region shown by the
observaibns is not as intense in the CH3 and CThis was also the case with the CH4
observations. The most evident difference, however, is in the storm internstgtorm
produced by the CH3 drnCTL is much weaker than the one produced by the observations.
Brightness temperature values produced by the observations are significantly lower than

those shown by CH3 and CTespecially in the region closest to the TC core

d) Microphysical Fields

A few different variablesvere selected to examine the performanitine CH4
experiment relative to the CTih the representation of these fieldte selected fields are u
wind component, v wind component, and sea level pres&urécrophysical field,
precipitable water, as also selected to determine if the relagobstween microphysics and
brightness temperatures leads to an improved representation of théHieldifferences
between the CTL and CH4 experiment are examined by subtracting the CTL from the CH4

results and plotting these differenc&be results arshown in Figure 7
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Figure 7. CTL and CH4 differences for u wind component at 1176m height (a), v wind component at 1176m
height (b), SLP (c), and Precipitabéater (d). SLP for the CTL experiment was contoured over each field

from 9701030m at 5m intervats
From the results it is evident that there are significant differences between the CH4 and
CTL results for all the selected field&he u wind component, wind component, and

precipitable water show the largest differences. Both experiments show disagreements in

different portions of the storm center. Since the ensemble members are created via
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perturbations of the TC vortex, adifferences in the vortex pi®n, regardless of how

small,will lead tosignificant differences in theesults

In the case of the SLP field, the maximum difference between the CTL and CH4 results
is of approximately 1.5 hPa and occurs in the TC center. The CH4 experiment produced
lower SLP values than the CTL in the TC core. Although the CH4 SLP values were overall
lower than those of the CTL, and lower SLP values are correlated to a weaker storm, it still
was not sufficient to produce an accurate forecast of maximum winds foitthlktimes

where the storm was still weak, as was shown in Figure 3.

The representation of the selected variables by the CH3 experiment was also examined.
The differences between the CTL and CH3 experiment were examined by subtracting the

CTL from theCHS3 results and plotting these differences. The results are shown in Figure 8.
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Figure 8. CTL and CH3 differences for u wind component at 1176m height (a), v wind component at 1176m

height (b), SLP (c), and Precipitable Water (d). SLP for the CTL expetiwes contoured over each field

from 9761030m at 5m intervals

Overall, the differences between the CTL and CH3 results are larger and are mostly
confined to the eye and a portion of the inner eye wall of the TC. The only exception is in the
precipitablewater field, where the discrepancies between the CH3 and CTL extend

significantly past the inner eye wall. However, the differences between the CH4 and CTL are

still smaller in all the cases.



e) Non-Microphysical Fields

As a final analysis, theoot mearsquare RMS) error of the ensemble mean for 14
different observed fields was examined to quantitatively assess the overall impact of the
assimilation of GOES CH4glon the forecast of each field. The RMS error (RMSE)
indicates the forecast errand was daulated using equation (4) on Chapter 2. The errors
were calculated as the average RMS errors over all times for eaci fielRMSE results

are summarized in the left side panel of Table 1.

Observation Type Experiments
RMS Errors Calibration
CTL CH4 CTL CH4

Max Wind (kn) 7.9163 10.1829 1.0179 1.3737
AMV u (m/s) 3.6772 3.7023 .7965 .7952
AMV v (m/s) 3.3111 3.3154 .7120 7119
SLP(hPa) 1.3230 1.3673 8171 .8445
RAOB U (m/s) 2.8465 2.8197 .7910 .7708
RAOB V (m/s) 2.7331 2.7569 7629 .7593
RAOB Z (m/s) 10.6690 10.2128 4318 4073
RAOB T (K) 1.0688 1.0589 .6598 .6564
CH3 6, (K) 5.1392 3.8410 .9793 .9358
CH4 6, (K) 6.3151 6.0438 .3884 .3787
ACARS U(m/s) 3.2543 3.2744 .8627 .8675
ACARS V (m/s) 3.0690 3.1053 .8157 .8233
ACARS T (K) 1.4180 1.4244 1.0328 1.0363
Vortex Latitude .1878 2175 1.4311 1.5963
Vortex Longitude 1355 1336 .9438 .8769
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Table 1.RMS errors and calibration values for the CTL and CH4 experiment averaged over the eight
assimilation cycles for each field. Errors for max wind, AMV u, AMV v, RAOB U, RAOB V, RAOB Z,
ACARS U, and ACARS V are in m/s. Errors for SLP are in hPa. Errol&aG#RS T, RAOB T, CH3€,, and
CH4 €, arein K.

#

Overall, the RMS errorshow that there was littienprovement produced by the
assimilation of GOES CH4 brightness temperatures. The RMS errors for the CTL are lower
than the CH4 for most of the fields. The only fields where the CH4 outperformed the CTL
were RAOB U, RAOB T, RAOB Z, vortex longitude, CH#8)d CH4. Interestingly, the field

where the CH4 presented the most improvement over the CTL was for CH3 water vapor.

The RMS errors for all the fields were also examined for the CH3 experiment. Results are

shown below in the left panel of Table 2.

Observaton Type Experiments
RMS Errors Calibration
CTL CH3 CTL CHS3

Max Wind (kn) 7.9163 9.4553 1.0179 1.1441
AMV u (m/s) 3.6772 3.6184 .7965 .7884
AMV v (m/s) 3.3111 3.3151 .7120 .7144
SLP(hPa) 1.3230 1.3375 .8171 .8276
RAOB U (m/s) 2.8465 2.6904 .7910 .7805
RAOB V (m/s) 2.7331 2.8284 .7629 .7832
RAOB Z (m/s) 10.6690 10.5203 4318 4077
RAOB T (K) 1.0688 1.0624 .6598 .6634
CH3 6, (K) 5.1392 3.6014 .9793 .9026
CH4 6, (K) 6.3151 5.8298 .3884 3757
ACARS U (m/s) 3.2543 3.3070 .8627 .8760
ACARS V (m/s) 3.0690 3.1132 .8157 .8263
ACARS T(K) 1.4180 1.4215 1.0328 1.0353
Vortex Latitude .1878 .1910 1.4311 1.4157




Vortex Longitude .1355 .1601 .9438 1.0547
Table 2.RMS errors and calibration values for the CTL and CH3 experiment averaged over the eight
assimilation cycles for each field. Errors for max wind, AMV u, AMV v, RAOB U, RAOB V, RAOB Z,
ACARS U, and ACARS V are in m/s. Errors for SLP are in hPa. Erroil&GRS T, RAOB T, CH3€,,, and
CH4 €, arein K.

Although the errors of the CTL experiment are still lower than those of the CH3, the CH3
RMS errors are overall lower than the CH4s for 7 different fields. Also, the CH3 presents
marked improvement ovelné¢ CTL in CH4 brightness temperatures, CH3 water vapor,

RAOB T, RAOB Z, RAOB U, and AMV u. The most significant improvement was in the

CH3 water vapor field.

In addition to RMS errors, calibration values were calculated to further assess the impact
of theassimilation on the results. The calibration is defined as the square of the innovation
divided by the square of the ensemble spread. The innovation and ensemble spread are
defined by equation (6) and (7) on Chapter 2. Calibration values were calculdbed a
average calibration over all times for each field. The calibration results for the CH4 and CTL
experiments are found on the right side panel of Table 1 and those for the CH3 are found on

the right hand panel of Table 2.

According to the calibratiomalues, the CH4 performed better than the CTL in the
ACARS U, ACARS V, and SLP cases. The AMV u and AMV v results also compare well to
the CTL, even though the CTL results were better. In the CH3 case, the AMV v, SLP, RAOB
V, RAOB T, ACARS U, ACARS V and ¥rtex Latitude present marked improvement over

the CTL. Vortex longitude is the case where the CTL significantly outperforms the CH3.
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Upon analysis of the calibrations, the CH3 presents significant improvement over the CH4.

The CTL, however, presents oviéthe most improved results.

4.4) Conclusions

An EnKF data assimilation scheme incorporatnigogus vortex TC initialization method
was employedo simulate Hurrica@ Rita for the time period of 15Z SEP 20 t&Z1SEP 21.
Three experiments were performed to determine if assimil@&DBS12 observations along
with conventional observations would prmg an improvement in TC forecasts and
representation of vortex structure over experiments incorporating convémiisesavations
only. The CH4 experiment incorporated conventional observations and G@Bfghtness
temperatures, the CH3 experiment incorporated conventional observations andlGOES
water vapor observations, and the final CTL experiment incorporateecbonal

observations only.

Overall, esults from thexperiments shoedthat the assimilation of GOER
brightness temperatures and water vapor observations produce limited improvement in all
fields that were examinaghencompared to the experimehtat incorporated conventional
observations onlyCTL). In the track forecast, average track errors for the CH4 and CH3
experimeng exceeded the CTL errorg B.81 kmand 2.2 kmrespectivelyFor intensityand
all other fields that were examined, RMS errors for CH3 and @Weéte also above CTL

errors for most casefhere are a few exceptions, however, where RMS errors for CH3 and



#

CH4 are lower than those for the CTBased on RMS errordi¢ CH4 experimenterformed
better than the CTL iRAOB (U, Z, T), vortex longitude, and CH3 and CH4 brightness
temperatures. The CH3 experiment, on the other hand, performed better than the CTL in
RAOB (U, Z, T), AMV (u), as well aCH3 and CH4 brightness temperatuifés: the most
part, CH3 and CH4rmpduced improved results over t6&L in the representation of the

same variables.

Although the CTL produced overall the best resa$similating GOES.2 water
vapor observations produced more improvement éisaimilating GOES.2 brightness
temperature observatiomsmost cases that were examin€ti4 performed better than CH3
in the track forecast. However, CH3 outperformed CH4 in the intensity &neth an
RMS error of 9.45 kn compared to 10.18fanCH4. RMS errors for the rest of examined
fields arealsooverall lower for CH3CH3 producedRMS arors lower tharCH4 for 100of
thedifferent fieldsexaminedn Table 1 and 2CH3 observations are expected to produce
more improvement than CH4 observatidds/y WKH 3Z D W H U ger2ialRdantaink D Q Q H O
information about the middle druppeftropospherén clearsky conditions, and about the
cloudtopsin cloudy conditionsCH4, on the other handan only see the surface in clesiay

conditions.

There are certain things that can be improved dpohetter assimilation resultdn
alternateapproach that could be employedcreate an ensemble of analyset® perturb
both the environment and the TC vort&kis would allow quantification of thensemble

spread in both the environmental flow and TC vortikhout spread in therevironment,
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observations can only impaitte vortex itselfWhile perturbing only the TC vortex allows
decouplingof the environmentascde and vortexscale impactst also has the effect obt
allowing any communication between the vortex and the environment and the observations.
In reality, theinteraction between the envimment and TC vortex is a hightpmplicated
feedback proces3herefore, prturbing bothhie environment and vortex structure wohél

awaytoDFFRXQW IRU WKH HQYLUR(@FicWefs’).LPSDFW RQ WKH 7

Despite the results obtained in this stuthg assimilation of GOES$2 infrared data
shows potentidior application in assimilation schemes with an EnKF for TC forecasting.
Results from the experiments performed in Chaptelearly support this hypothesBRMS
errors for certain fields that were examinedhis Chaptealso showthat GOES
observationshow potential for TC intensity forecastinilodificationsin methalology,
however,are necessary to optimize the performance of this schachase the GOE&
information efficiently. Work is already being done to improve upon the methodology
describedn this study. Further research should be done to continue exploring the potential
of the assimilation of radiance data from the differdra@mels on GOE32 as the temporal

and spatial continuity of these observations can be alusibla asset for TGofecasting
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Chapter 5

Conclusions

5.1) Summary and Future Work

This thesis studgxplored the potential of GOER 10.7 microrbrightness
temperatures and 6rbicron water vapor observatiofs use in an EnKF schemeitaprove
forecasting angredictability of tropical cyclone§wo studies were performed determine
if assimilation of GOESL2 observations in conjunction with conventional observations
would lead to improved results ov@ischeme that assimilatesnventional observations
only. The impact ofissimilating GOESQ.2 observations was examined viwbsis ofTC
track & intensity forecast TC structure representatioand representation aficrophysical
and noamicrophysical fields.

In the first study(Chapter 2) GOES12 10.7 micron brightness temperatures were
assimilated with an EnKF scheme wiiensemble members created via perturbations of the
environmentThe results obtainefilom this coarse resolution experiment showet the
assimilation of GOES.2 channel 4 brightness temperatures with an Emi¢Buces track
and intensity errors lower than simulations that involve conventional observation3loaly
temporal continuity of GOE8ata produces a more realistic TC structure at the initial time.
Suchimproved representation at the initial time alfothe simulation to generate more
accurate track and intensity forecasts. In addition to this, the assimilation of-GDES

brightness temperatures produced an improved representation of microphysical-and non
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microphyscal fields. The SLP field showeslidence of the improvement in the
representation of nemicrophysical fields since the assimilation of GOEXliminated the
spurious cyclone that developed in the CTL experiment. Therefore, in addition to producing
more accurate track and intensity forésaassimilation of GOES®, shows promise in
eliminating the existing numerical weather prediction issues with spurious cyclone genesis.
In the secondet of experiments performed in this thesis study (Chapt&Q@ES12
brightness temperatures and &ratapor observations were both assimilated with an EnKF
The goal in this study wae determinavhich set of observatioriassimilated in conjunction
with conventional observationg)ould produce moremproved results over the CTL
experimentDifferent from the experiments in Chapter 2, a higher resolution of 18km was
employed as well as a bogussing schéond C initialization.In addition to thisensemble

members were createdh paturbations of the TC vortex.

An additional differencéo note between the experiments in Chapter 2 and Chapter 4
is that the CH3 and CHehtelliteobservatios inChapte 4 were bias correctetlWP
models are not perfect and therefdrayesystematic biases that may make the model state
drift towards the model climatologyhisgenerate simulated observations that significantly
differ from the real world climatologfDelworth et al., 2005;Collins et al., 200&at is,
observations thatra biased Bias correctiorcan then be employed to correct this bigas.
minimizes the error of the next forecast using bias from past eBiasscorrection is

extremely importanas forcing the model towards the observations would affect the model
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prognostic variablesin the case of brightness temperatures\peréure, mixing ratio and
vertical velocity would be impacted.

Overall, results from the experiments showed that the assimilation of GOES
brightness temperatures and water vapor obsensroduce limited improvementhen
compared to the experiment that incorporated conventional observations only (CTL).
Average track and RMS errors were significantly higher for the experiments that assimilated
GOES12 brightness temperatures and water vapservationsHowever, herewere a few
exceptionavhere RMS errors for CH3 and CH4 wdoaver than those for the CTIhis was

the case foRAOB (U, Z, T),and CH3 and CH4 brightness temperatwaasables

Although theexperiment assimilating conveotial observationproduced overall
the best results, assimilating GOES water vapor observations produced more
improvement than assimilating GOHS brightness temperature observations in most cases
that were examined. CH#Aay haveperformed better tha@H3 in the track forecasbut GH3
outperformed CH4 in the intensity foretavith an RMS error of 9.45 kn compared to 10.18
kn for CH4. RMS errors fothe rest of examined fields weaso overall lower for CH3.

Given the mixed resulthat wereobtained from both studies, more
experimentation is required in order to reach more conclusive results. Theeetaire c
modificationsthat can be made this scheme that may aid in improving assimilation results
Covariance localization is often appliedstudieso improve upon assimilation results and
eliminate spurious correlatioff€ampbell and Bishop, 2009). While horizontal covariance

localization was applied in this study, vertical covariance localization may have faidbdr
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in improving reslis. Currentcovariance radelsare stationgy and assume uniformity in the
vertical, which is not necessarily true for observatioear the surfacdhus,the
performance of stationary covariance models can be limited if observations near the surface
areincorporatedFor this reason, vertical localization may be crucial to obtain more accurate
results when the ensemble assimilation involves the use of surface data (Hacker et. al. 2007).
This could prove to be especially beneficial in the assimilationtehsity

A second modification thatan be made to our schemédo use perturbations of both
the environmental flow and the TC vortex to create the ensemble mefhesnsemble
members in the first set of experiments ensemble members were creggeduwiations of
the environmental flow while in the second set of experiments they were created via
perturbations of the TC vorteEmploying a method that combines both methods could lead
to significant improvement as the uncertainty associated withdootttegenvironmental
flow and TC vortex) will be included in the analyses of ensemble menWeéike TC track
is mostly driven by environmental steerifigC intensitycould benefit fromaccounting the
uncertaintyassociated withoth sources.

Finally, more case studies are necessary to further assess the impact of incorporating
GOES12 observations for TC forecastinighis single case study proved that there is
potential in this scheme. Howevall storms are different arttlere are countlestenarios
that could leado significantly different resultaVith a larger sample afCsit would be
possible to reach more definitive conclusions on the impact of this scheme.

In conclusion, althougthe second set of experiments was as successfusdhe

first, the assimilation of GOE$2 radiance data still shows potential for improving forecasts
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and predictability of tropical cyclones. GOH3 data provides the temporal and spatial
continuity that can be an asset ifmproving representation of T@s the model initial
conditions.GOESprovides continuousver the region of tropical cyclone genesis and
development. More importantly, GOES provides continughservations of the TC core

region, which is not viable with any othexisting data collectiomethod. Observations

over the TC core region aceucial for TC intensity forecasting and alsditbgaps in the
currentunderstanding of TC intensification dynamibfodifications must be made to the
experiments to further optize the use of these observations as this was only an exploratory
study. Further research should be done to explore the potential of AQBHEghtness
temperatures and water vapor observations as well as other observations from the different

channels n GOES.
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