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1.) Introduction

Since 1995, the GFDL Hurricane Prediction System has provided operational guidance for
forecasters at the National Hurricane Center (NHC) in both the Atlantic and East Pacific basins
(Kurihara, Tuleya and Bender 1998; hereafter referred to as KTB). In addition, a version of the
GFDL model (GFDN) has been used by the Navy to provide operational guidancefor stormsin most
of the other ocean basins as well (Rennick 1999). Although the model has shown great skill

in track prediction, the GFDL Hurricane Prediction system has shown rather large intensity biases
and limited skill in overall intensity prediction.

During the past severa years considerable effort has been made to attempt to improve the
model’ s ability to predict changesin storm intensity. To help reduce the model’ stendency to over-
intensify tropical cyclones, coupling of the atmospheric model with a high resolution version of
the Princeton Ocean Model (POM) was added to the operationa version for the 2001 hurricane
season (Bender, et. a 2001, hereafter referred to as BGMT) as numerical studies have confirmed
the importance of ocean coupling on storm intensity (Bender and Ginis 2000).

In addition, further improvements to the GFDL model have continued to be made. Since
August 2001, a new high resolution, two nested version of the model wasrunin parallel aa NCEP
(National Centers for Environmental Prediction) for much of the hurricane season in both the
Atlantic and East Pacific basins. Preliminary resultsshowed significantly superior track andintensity
forecasts. Post season analysis indicated several areas where further improvements could still be
made to this new model, particularly in the model initialization. The final version of the forecast
system wasrecently tested for aportion of the 2001 hurricane season which wasrerun using thehigh
resolution T254, 64 level AVN whichwill be operational during the 2002 season. Track errors from
these reruns will be presented and compared with other hurricane models that were operationa
during the 2001 season aswell as with the track performance of the new 2002 AVN model itself.
Finally, some selected trackswill be shown, aswell asthe new GFDL model’ sintensity verification
compared to the version of the hurricane model operational last year.



2.) Outline of changesto the GFDL forecast system in 2002

In this section, the changes to the new model are briefly outlined. With the installation of
anew generation computer at NCEP, the computer power availablefor operational forecast models
has been significantly increased. As a result, it has now become operationally feasible to run the
GFDL model with %2 degree horizontal resolution in the outer nest, which is double the current
resolution. This is also comparable to the resolution of the T254 AVN which is scheduled to
become operational this summer . Thisimportant improvement should enable the model to predict
the large scale fields much more accurately. In addition, in the new GFDL grid configuration, the
region covered by 1/6 degreeresol ution wasincreased from a5 degree square domain to 11 degrees.
Thisareacorrespondsto theregion previously covered by 1/3 degreeresolution. It isanticipated this
will lead to better representation of the storm and its interaction with the environment. Both
theoretical (Wuand Emanuel 1993; Wu and Emanuel 1995) and numerical studies(Wuand Kurihara
1996) have shown that thisinteraction can play an important rolein storm motion. An example of
the new grid configuration is shown in Figure 1 for one case of Hurricane Humberto.

A unique aspect of the GFDL system is an initialization technique that removes the AVN
vortex from the global analysis and replaces it with a high resolution, model consistent vortex
that is produced by running an axi-symmetric version of the hurricane model. As outlined in
KTB and BGMT, two filters are used to remove the original vortex from the AVN analysis. In
thefirst filter, the AVN fields (A) of wind, temperature and surface pressure are partitioned into
alarge-scale component called the basic field (B) and the deviation field denoted as the
disturbance field (D):

A=B+D )

Next, using a second filter, the disturbance field is separated into the hurricane component (H)
which will be removed from the analysis and a non-hurricane component (NH) that should be
retained. The environmental field is then obtained by combining the non-hurricane component
with the basic field over the entire model domain. In the filtering technique it is assumed that the
hurricane component (H) that is to be removed is entirely confined within afilter domain (ro) so
that the region of the global analysis beyond ro by definition remains unchanged.

However, tests have indicated that in the current operational system, the first filter is
partitioning too much of the field into the disturbance component (D). Although part of this
component may be added back into the analysisthrough the non-hurricane disturbance component,
important information was sometimes removed within thefilter domainwhich had anegative effect
on forecasts, particularly when the steering flows were weak. In the new version of the model, the
filtering characteristics have been modified by decreasing the amount of the filtering, to enable
moreof thesmaller scalefeatures of the global analysisto beretained near the storm center. It should
be pointed out that the original filter was designed to entirely remove disturbances up to 1000 km,
since the hurricane vorticesin the earlier, coarser resolution AVN anaysis were not well resolved
and were sometimes thislarge. The stormsare considerably smaller in the higher resolution AVN
but the GFDL filter was not adjusted to take this into account.

With the present filter disturbances of larger wavelengths were aso strongly damped (Fig.
2). For example, in the present operational system, only 40% of a2000 km disturbanceintheregion
of rowasretained in the global analysis(Fig. 2, red line). However with the new filter (Fig. 2, black



line), about 65% of a 2000 km disturbanceswill now be retained. To ensure that the global vortex
isstill properly removed, thefilter strength isincreased at the lower levels (e.g., below 700 hPa)
asafunction of storm size and storm strength, The blue dashed-dotted line indicates the maximum
damping that can occur in the lowest 150 hPa, for the deepest and largest storms (e.g., initia
minimum surface pressure lower than 971 hPa or average storm size greater then 600 km).

In many cases thisimproved filtering has led to dramatically better track forecasts. Figure
3 shows the large improvements for 2 forecasts of Tropical Storm Barry, which was embedded in
aweak steering flow and eventually turned north, landfalling over extreme western Florida. We
speculate that recent improvementsinthe AV N assimilation system have enabled more small-scale
features to be correctly represented in the analysis which have contributed to the dramatic
improvementsin the AV N forecasts, and these features now need to beretained in the GFDL initial
condition.

As summarized in KTB, during the next step of the initialization, a model-compatible
specified vortex is generated and inserted back on to the environmental field at the correct storm
position. The specified vortex is generated from the timeintegration of an axi-symmetric version of
the hurricane prediction model. At the end of the axi-symmetric spin-up, the deviation of the water
vapor mixing ratio at each point from the value at the outer storm region is added back onto the
environmental moisturefield to obtain thefinal moisture. Asdiscussedin BGMT, it wasfound that
thisoften led to excessive amounts of humidity in the storm region which contributed to the positive
intensity bias during the first 12-24 hours of the forecast. To help remedy thisin the version made
operational in 2001, the amount of moisture added to the initial condition was made a function of
storm intensity and the previous 6 hour intensity change (e.g., equations 4-5 of BGMT). However
post season anaysis indicated that this correction was too excessive and often lead to humidity
values that were too dry near the interior of the storm. To correct this, the constant .5 in equation
(5) of BGMT was modified to .65:

pbase = .65 + bint (2

The extent of the filter domain (ro) is computed at 24 radial points surrounding the AVN
vortex, determined by testing theradial profiles of thetangential component of the disturbancewind
from the vortex center outward. The algorithms were tuned to minimize the extent of the analysis
that needed to be modified, while guaranteeing that the globa vortex was properly removed.
However, post-season analysis indicated that these algorithms needed to be adjusted since in a
number of forecasts part of the global vortex was retained causing distortion in thewind field. This
negatively impacted anumber of forecastsduring the 2001 season. It isspeculated that thisproblem
may have arisen due to changes in the AV N vortex since implementation of its vortex relocation
package (Liu et a., 2000). In the adjusted agorithms, a size of 200 km was set for the minimum
value of roin any given radia direction. Also, the algorithms were modified that determined a
reasonablevaluefor theradial distancewherethesearchfor roisinitiated. (Appendix A of Kurihara
eta., 1995).

Finally, the computation of the asymmetric part of the GFDL vortex that isdetermined from
the previous 12h forecast was improved to remove numerical noisein thewind field that arose due
toinconsistencesinthehorizontal interpolationsusedininterpolating theenvironmental fields from
the coarse resolution to the inner nest. This may have also negatively impacted some forecasts.



3.) Summary of Results

Thetest period in which the high resolution T254, 64 level AVN model wasrerun began on
1200 UTC 27 August and ended on 0000 UTC 8 October, 2001. The AVN forecast fields were
availableevery 12 hours. Forecastswere made using the new GFDL model for al stormsinthe East
Pacific and Atlantic basins of tropical storm force or greater, as well as for several forecasts just
before the stormswere upgraded to tropical storm status. In addition, AVN fieldswere availablefor
Hurricane Michellefor the 0z synoptictime. Intotal, 77 forecasts were made in the Atlantic and 55
forecasts in the East Pacific.

First, comparisons were made between the current operational GFDL model and the new
GFDL model for all cases. The track error normalized with respect to CLIPER (Climatology-
Persistence) isshownin Figure4. Reductionintheaveragetrack error occurred at all forecast time
levelsin both the Atlantic and East Pacific. The average improvement at 48 and 72h ranged from
16 and 14% respectively in the Atlantic to 15 and 28% in the East Pacific. Note also that the average
number of caseswith superior performancein theoneto three day forecast period ranged from 65%
inthe Atlanticto 68% inthe East Pacific, with several of theforecast periods showingimprovements
for over 70% of the forecasts. Fig. 5 indicates the spread of forecast errors in the 48 and 72h
forecast period and shows the large number of forecasts which exhibited significant reductions in
forecast error with the new GFDL model.

Next, the average track error of the new GFDL model was compared with several of the
other track models that were operational during the 2001 season (Fig. 6). The operational GFDL
model performed similar to the UKMET global model in the Atlantic while NCEP's AVN global
model performed admirably, with over 50% skill relative to CLIPER in the entire 24 to 72h period.
It is encouraging that the new GFDL model performance was quite comparable to the last year's
AVN inthelater time period with the skill relative to CLIPER also exceeding 50% at 72h. On the
other hand, in the East Pacific, although the new GFDL was dramaticlly better than the operational
GFDL at all time periods, it was still considerably less skillful than the AVN at 72h. Thiswas due
to aseverenorth biasthat the operational GFDL model exhibited (e.g., Fig. 7, bottom) near the coast
of western Mexico. Thisbiaswas significantly reduced with the new model, but still wasevident in
some of the forecasts. Nevertheless, in many of the cases in the East Pacific, the new GFDL
performed the best of all of theavailablennumerical guidanceand should be an excellent complement
to the AVN model in the upcoming season (e.g., Fig. 7 and Fig. 8). For example, although the early
GFDL forecasts of Hurricane Juliette exhibited problems due to the northward bias that turned the
storm into the Mexican coast during the first several days, the rest of the forecasts were extremely
accurate. While most of the rest of the numerical models including last year’ s operational GFDL
model incorrectly turned the storm away from the Baja the new GFDL model correctly indicated
that the storm could impact the extreme southern Bgja (Fig. 8).

Inthefinal set of track verifications, ahomogenous comparison was made between the new
GFDL model andthenew AVN (Fig. 9). Inthe Atlantic, thenew AV N performed significantly better
thenthenew GFDL model inthe 12-24hforecast period. However, similar to the current operational
AVN, inthe48-72h forecast period the performance of the new GFDL and new AVN modelswas
guitecomparable. Indeed, at 72h thefrequency of superior performancewasnearly identical between
the two models. In the East Pacific, the two models performed quite similarly during the first 48h
with degradation of the GFDL model in the 72h period, again due to the north biasin anumber of
the forecasts.



Finally, acomparison was made of theintensity predictions between the new and old GFDL
models in the Atlantic. One of the most disappointing aspects of the performance of the GFDL
model during the 2001 season was that the model did not show skill inthe Atlanticinits prediction
of intensity despite the operational implementation of the ocean coupling. This may have been due
to the unusually high frequency of cases during the 2001 season in which the storms underwent
strong vertical shear. The GFDL model’s current physics, in particular the convective
parameterization, is unableto properly represent the influence of strong vertical shear on the storm
intensity. However, it isencouraging that thenew GFDL model showed considerableimprovement
in the intensity prediction compared to the operational model, asindicated in Figure 10. In the 24
through 48h period the model averaged about 10-15% skill relative to SHIFOR, and even
outperformed the operational SHIPS model (Statistical Hurricane Intensity Prediction System). At
72h, the intensity forecasts tended to degrade due to the over-intensification of the storms,
particularly in the sheared situations. However the model still showed considerable improvement
compared to the current operational GFDL model at that time period as well.
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FIGURE 1. An example of the new two nested grid
configuration for one case of Hurricane Humberto.
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FIGURE 2. Damping characteristics of the current operational profile (red line), the proposed
dampingprotile in the new GFDL model (black line), and the maximum lower level damping in
the new model {blue dot-dashed line) whichis a finction of storm strength size, strength and
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TROPICAL STORM BARRY
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FIGURE 3. Forecasted 72h storm tracks for two cases of Tropical Storm Barry
using the 2001 operational GFDL. model {green line), the new two nested GFDL
model {blue line), and the 2001 operational AVN model (red line). The actual
storm track is indicated by the black line with the storm position at 12h intervals
indicated by the hurricane symbol. Both GFDL. forecasts were made using

the 2001 operational AVN model az the boundary condition.
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FIGURE 7. Forecasted 72h storm tracks for two cazes of Hurricane Ivo in the
East Pacific, using the 2001 operational GFDL model (green line), the new GFDL
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FIGURE 8. Forecasted 72h storm tracks for two cases of Hurricane Juliette in the
East Pacific, using the 2001 operational GFDL model {green line), the new GFDL
model (red line), the 2001 AVN model (blue line) and the 2001 UKMET model
(yellow line). The actual storm track is indicated by the black line with the storm
position at 12h intervals indicated by the hurricane symbol.



Warm Season 12h PoP - CONUS
Apr 2001 - Sept 2001, 0000 UTC Cycle

0.12
o 0.11 ff'rfgi::;fs
a
(g
ko
5 010 |
000 : : :
24 36 48 60

Forecast Hour

4 NGM MOS -e AVNMOS - ETA MOS

Figure 9. Game as Fig. 8, but for 12-h PoP guidance.



SKILL RELATIVE TO SHIFOR

MOST
SKILL

ATLANTIC INTENSITY PREDICTION (STORMS ONLY)

NUMBER OF CASES: (B9, BB, 61, 55 44)

40 - —_ 2001 OPERATIONAL GFDL ]

— 2002 GFDL WITH 2002 AVN
— SHIPE

30

20 r

10 ¢

_20 1 1 1 1
12 24 3B 48 80 72

FORECAST HOUR

FIGURE 10. Average intensity etrror normalized with respect to SHIFOR. for a
homogenous comparison of all Atlantic cases run with the new GFDL model
{red line) compared to the 2001 operational GFDL model (black line) and the
2001 operational SHIPS model (blue line).



