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ABSTRACT

Tropical Cyclone (TC) forecast metrics have two primary applications. For the human
forecaster, they suggest which numerical models and aids should be considered in the forecast
process, e.g., giving greater weight to a ‘good’ model. For the modeler, metrics define forecast
quality and help diagnose model error.

Position Error (PE; often called ‘track’ error) and Intensity Error (IE) are the current
standard TC forecast metrics but are only indirectly related to the actual TC forecast — the one-
minute-average, 10 m (surface) wind field. For both the Joint Typhoon Warning Center (JTWC)
and the National Hurricane Center (NHC), the official warnings that drive user response is the
onset of 34 kt winds. Thus, PE/IE statistics do not directly measure error in the TC forecast of
the surface wind, especially wind > 34 kt.

A metric is proposed (Forecast Error or FE) that is more directly related to the actual TC
wind field forecast based on Integrated Kinetic Energy (IKE); FE is defined to be a function of
both PE and IE. We then demonstrate that the intensity forecast contributes at most 10-12% of
total FE, i.e., a perfect intensity forecast can only improve (lower) FE at most by 10-12%. Track
is still the most important part of the TC forecast and an18-y model intercomparison shows that
the ECMWF global model makes the best PE forecasts in all basins and forecast times, despite
having the highest initial PE and IE.

Through a breakdown of PE/FE by storm we find that the not all large PE cases have large
FE and vice versa, i.e., the new metric can distinguish forecast errors with greater operational

impact.
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1. Introduction

In 2006, a wise US Navy Captain told me:
“You're only as good as what you measure’’!

This pithy statement captures the essence of metrics — quantification of quality or putting
numbers to ‘goodness.” Among the many applications of metrics two stand out: 1) ‘guidance on
guidance’ for the human forecaster — what are the ‘good’ models and how ‘good’ is the current
‘good’ model forecast?; and 2) diagnostics for model development. For mid-latitude weather
forecasting, the 5-day 500 hPa northern Hemisphere (NHEM) Anomaly Correlation (SDNAC), is
a single number found to be highly correlated with general numerical weather prediction (NWP)
skill and has had a long and strong influence on global model development most notably in the
early decades 1980-2000 (Benjamin et al. 2019 and Simmons and Hollingsworth (2002).2

Tropical cyclone (TC) forecast metrics have similar history. In the 1960s, the annual
typhoon reports from the Joint Typhoon Warning Center (JTWC see JTWC 2020a) show a
struggle to define the forecast metric and its summary statistic, but by the late 1970s two TC
forecast metrics emerged that is now our current standard: position error (PE; great circle
distance between forecast and verifying, post-season ‘best track’ (BT) position) and intensity
error (IE; difference in maximum 1-min, 10-m wind speed between forecast and best track). The

summary statistics are mean PE (mPE) and mean absolute IE (malE) at set forecast times,

typically 0, 12, 24, 36, 48, 72, 96 120 h.

! Victor Addison, Commanding Officer, Fleet Numerical Meteorology and Oceanography Center, Monterey CA

2In 1999 I developed a TC vitals assimilation scheme for ERA-40 while on secondment to ECMWF. The 5SDNAC
of runs with TCs was about 0.005 lower (worse) than without and the scheme was not used at ECMWF but was used
at JMA for the JRA-25 reanalysis. At the time there was extreme sensitivity at ECMWF for any reduction in the
5DNAC of an model update/upgrade.
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PE is often called ‘track error’ but this is both inaccurate in how PE is calculated (has
nothing to do with a path or line) and is only indirectly related to track. For example, a TC
forecast track can have a 0 n mi PE at 72 h but a very large PE at 24 or 120 h. This 0 n mi 72-h
PE would define the ‘track’ as ‘perfect’ when in fact it is not. To measure track and speed error,
PE is broken into parallel (along track) and orthogonal (cross track) components and while these
components are better related to track error they are still point-in-time measures. IE is similarly
point-in-time and a perfect intensity forecast at 72 h could be horribly wrong at 24 h and vice
versa.

A basic problem with the standard PE/IE TC forecast metrics is how they are indirectly
related to the actual TC forecast — the surface wind field defined at JTWC/NHC as the 1-min.
averaged, 10-m (above the surface) wind. Moreover, the areal extent and time-of-onset of
surface winds > 34 kts (gale force) is the basis of NWS TC warnings/watch and the US Navy
ship avoidance zone in JTWC warnings.

Given the weak connection between PE/IE and the TC wind forecast, the primary
purpose of this paper is to propose a TC forecast error (FE) metric that is more directly related to
the operationally critical TC forecast of surface winds > 34 kts. The metric is defined as a
function of both PE/IE and the BT mean radius of 34 kt winds (R34). When assuming a perfect
intensity forecast (IE=0) the FE metric, on a seasonal basis, is reduced by at most 12%. Thus,
approximately 90% of mean FE comes from PE, but not all large PE have large FE...

The record-setting 31-storm 2020 Atlantic (LANT) season is first analyzed to
demonstrate how FE compares to PE/IE and how individual storms contribute to the seasonal

means. We further show the how the FE v PE relationship depends on R34 and why large PE
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can have small FE and vice versa. A challenge for model developers, using large-error cases for
testing, could be selecting the large-error metric — FE or PE?

We then broaden our examination to the three main NHEM basins: 1) the LANT; 2) the
central and Eastern north PACific (EPAC); and 3) the Western north PACific (WPAC) for the
14-y period 2007-2020. The same models used in the 2020 LANT are considered in the larger

intercomparison

iand the formulation; and additionally, how IE contributes at most 12% to FE. Second,
how mid-latitude forecast metrics that measure general NWP model skill are very different than
TC metrics and how PE is primary in measuring overall TC model forecast quality. Third, how
individual storms contribute to seasonal means and how large PE does not always imply large
FE.

The TC forecast is first defined in Section 2 and the nature of TC PE is compared to
standard Numerical Weather Prediction (NWP) metrics that are used by both forecasters (‘what
are the good models?’) and modeler developers (‘is my model getting better?’) in Section 3. We
then show that TC metrics cannot be used in the same way as NWP scores because they are
fundamentally different — an apples vs. oranges problem. More importantly, we will also see in
Section 3 that the standard TC metrics are indirectly related to the actual TC forecast of surface
wind. In section 4, the new FE metric is proposed based on error in Integrated Kinetic Energy
(IKE, (Powell and Reinhold 2007) and we demonstrate the impact of ‘perfect’ intensity forecasts
on FE. Application of TC metrics to model development is reviewed in Section 5 and how ‘bad’

PE forecasts are often different than big FE errors on an individual storm basis. In Section 6 we
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conclude with a discussion how FE gives a different view of TC forecasts and how the metric

can be applied in both operations and modeling.

2. A TC Forecast is...

I have conducted informal surveys of both laymen (e.g., my wife) and professionals
asking the question ‘what is a TC forecast?’ The answer almost always include the phrase
‘where the storm is going’ and certainly track and position are part of a TC forecast. In fact,
both the National Hurricane Center (NHC) and JTWC forecast the surface wind field (10-m, 1-
min average wind speed). The 2-D surface wind field is parameterized by position (latitude,
longitude), intensity, maximum surface wind speed (Vmax) at a radius of maximum wind
(Rmax), and the radii of gale force (34 kt, “R34”), storm force (50 kt, “R50”) and hurricane force
(64 kt, “R64”) winds by quadrant. Furthermore, the NHC hurricane and tropical storm
warnings/watches that call for action by emergency management end users typically depend on
the onset of gale forecast winds (NHC). Similarly, JTWC warnings show the areal extent of gale
force winds and defines, according to Commander Pacific (PACOM instruction ???), the ‘no-
sail” zone where US Navy ships are to avoid. Thus, the forecast of 34 kt (and greater) winds is
perhaps the single most critical aspect of a TC forecast but is traditionally not verified directly.

Examples of NHC and JTWC TC forecasts are given in Fig. 1. Supertyphoon HAISEN of
2020 was the first supertyphoon (intensity >= 130 kt) of the western North Pacific (WPAC) season
and had large impacts on the US military, as well as Japan and the Korean peninsula. The JTWC
warning in Fig 1a shows the ‘no-sail’ zone (hatched) constructed from the R34 forecast plus the
mean PE at each forecast time and the R34/R50/R64 radii. Note how the no-sail region considers

both the extent of gale forecast winds and the JTWC mean PE. In Fig. 1b we see the NHC
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equivalent for hurricane DELTA of 2020 which shows the track forecast and the forecast ‘cone’
the represents the region with the most probable track (NHC 2020b). The same NHC forecast in
Fig. 1b is converted to the JTWC form by Fleet Weather Center Norfolk that shows the no-sail
zone in Fig lc comparable to Fig. 1a. Clearly, the largest contribution to FE comes from PE,
especially at the longer lead times.

Suppose the forecaster makes a perfect R34 forecasts (i.e., gets the size of the radius of
the 34 kt winds correct), but if the PE > 2*R34 then the forecast winds will be outside the
observed extent of gale force winds and the forecast would be a (complete) ‘bust.” In this case,
IE can be anything and the forecast of the onset of 34 kt winds will be always wrong. This is the
key concept behind the proposed FE.

Historically, FE was defined as only equal PE until the 1980s when IE was also assessed
in the JTWC Annual Typhoon/Tropical Cyclone Reports dating from 1959-present. In the early
era of TC forecasting (1960/70s) mean 24-h PE was order 150 n mi and the typical R34 in both
WPAC and the Atlantic (LANT) basins was around 100 n mi (see Fig. 7). Thus, forecasts were
essentially worthless when PE > 200 n mi. Of course, there is great variability in PE for
individual storms and/or seasons, but this scaling argument shows the importance of PE

(mathematically positive definite and unbounded) relative to R34 (physically bounded).

3. Nature of the TC PE forecast metric

In this section we compare a standard mid-latitude metric (anomaly correlation
coefficient or ACC) to TC PE to show important differences that can confound interpretation of
TC forecast quality. The essential problem is that the mean ACC has the same number of

forecasts or cases at each lead time over the same area (e.g., northern Hemisphere) and at the
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same pressure level (e.g., 500 hPa). Further, the ACC score comes from the model solution (a
continuous process) whereas TC PE is calculated from a ‘cyclone tracker’ as a feature in the
model solution. Further, the number of cases at each tau will be different with the possibility of
two or more storms verifying at single time. From these considerations alone, statistics of mid-

latitude ACC are very different than statistics of TC PE — a classic ‘apples’ v ‘oranges’ problem.

a. Mid-latitude die off curve

As introduced in Section 1, the SDNAC (5-d NHEM 500 hPa ACC) has been used to
measure progress in operational global NWP models over the last 40 y (Simmons and
Hollingsworth 2002) and is a headline score still used to by NWP centers for monitoring (e.g.,
detecting ‘dropouts’) and for model intercomparison. Synoptic meteorologists have also found
that when SDNAC goes below 0.6, the model has little or no skill for deterministic weather
forecasts (Hollingsworth et al. 1980).

Fig. 2 gives a recent 30-d time series of SDNAC, and the mean value, for the ‘big 5’ global
modeling systems. Figure 2 shows that for this period that the United Kingdom Meteorological
Office (UKMO) had the highest ACC score (0.919) followed by the European Centre for
Medium-Range Weather (ECMWF) (0.917) forecasts and the National Centers for
Environmental Prediction (NCEP) Global Forecast System (GFS) (0.909). The mean anomaly
correlation for lead times 0-192 h are then plotted to show how skill degrades in time. This so-
called ‘die off” curve is given in Fig. 3 where the 0.6 line is added to indicate the ‘no-skill’
forecast time. For this 30-d period ECMWF has the longest skill lead time ~ 8.5 d. We also see

that the UKMO has a higher mean at day 5 (120 h from the time series in Fig.2) thus showing
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how a single mean, while useful as a benchmark/standard, only partially represents model

forecast quality and error growth.

b. TC mean PE curve

For TC PE we analyze the historic 2020 LANT season featuring a record number of
storms (31), with many of them making landfall over the US (3 in Gulf of Mexico). Three
models are considered: 1) HWRF (Hurricane Weather Research Forecast model run at NCEP
using GFS initial and lateral boundary conditions see DTC 2018); 2) GFS (EMC 2020) and 3)
the deterministic run of ECMWF IFS called HRES (ECMWF 2020). Over the last 15 or so
years, ECMWEF has been the ‘best’ model and is the gold standard for TC forecasting as will be
discussed below. We also note that we are comparing two versions of the GFS — the global
model itself and the GFS solution as dynamically downscaled by the HWRF limited-area model.

Fig. 4 gives two versions of the TC equivalent of the mid-latitude ‘die off” curve; i.e.,
how the mean error grows as a function of forecast lead time. Fig. 4a shows the traditional line
plot as would be found in the yearly NHC verification reports e.g., Cangialosi 2020. The forecast
tracks for HWRF and the GFS come from NHC and the ECMWF tracks were calculated locally
using near-native resolution grids and the GFDL tracker (Marchok 2021). The post-season
reanalysis or ‘final’ best track is not yet available; we use instead the ‘working’ best track, as
analyzed by the NHC Hurricane Specialists during the forecast process. While the final post-
season, best track will differ from the operational working best track, there will be little change
in the mean PE mostly because of the many ‘fixes’ (e.g., observational position/intensity
estimates from aircraft, satellite, and radar) available in 2020 make the working best track more

accurate than in the best tracks for previous years, especially for position.
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The basic result is that all three models have similar error growth, and that ECMWF has
generally lower mean PE, but this standard plot (Fig 4a) is not as informative as Fig. 4b which
shows the distribution of PE and the median. Here, the median is similar in the short range of 0-
36 h, but at the longer lead times (72-120 h) HWREF has a higher median at 72 and 96 h, but at
120 h HWRF has the lowest median. A basic difference in the 24 and 120 h mean PE is that the
number of cases is much lower (~60) at 120 h than at 24 h (~260). Another difference is that the
comparison in Fig. 4 is heterogenous (all cases) vice homogeneous (only cases in common are
included) for two reasons. The model tracker will not always find a TC vortex at all verifying
times because of communication and/or tracker failures but more commonly because the model
dissipated the storm. The other reason is that the more models in a homogeneous comparison,
the lower the number of cases so that a homogeneous mean is conditioned on al// the models
being available simultaneously. The heterogeneous comparison better represents the individual
model statistics. In contrast to even 10 y ago, the probability of detection (forecasting the
observed storm) is around 90% for all the models at 120 h, i.e., the models almost always make a
forecast.

For statistical significance tests, homogeneous statistics should be used, but for
forecasting purposes even small (~10%) differences in mean PE that may not be statistically
significant are observable by the forecaster (based on personal experience at both NHC and
JTWC). Further, the change in number of cases with forecast time makes assessing general

model quality difficult as discussed below.

c. R34 distribution as a function of forecast time

10
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To show how cases in a 72-h forecast are different that at 24 or 120 h consider the
histogram of R34 in Fig. 5. The histograms at 24, 72 and 120 h were constructed from best
track data in the LANT 2010-2020 by finding the verifying R34 assuming a forecast is made
from each time in the best track and following the standard verification rule that the storm must
be classified as a TC initially and at the verifying time. Initially there will be 100% cases, but
for short-lived storms (say 48 h) there would be no verifying R34 at 72 h, so the percentage of
‘forecasts’ always decreases. For the LANT basin and in the 10-y period, the percentage of
verifying 24, 72, and 120 h is 85%, 51% and 31% respectively and while not shown, the number
of storms at these forecast times will also decrease to the point that one or two TCs could
dominate the seasonal mean PE at 120 h.

The fundamental problem is that the 120-h mean PE represents a different class of TCs
than at 24 h. Thus, the PE error growth curves cannot be interpreted in the same way as ACC die
off. From the histogram in Fig. 5 we see that the median R34 at tau0 is 85 n mi (not plotted), at
24 h 90 nmi, at 72 h 112 n mi and 120h 128 n mi. Not only are the number of cases and number

of storms different, but the storms are structurally different.

d.. TC mean IE curve

Intensity (Vmax) forecasts have many issues, but the main one for a model is that Vmax
is strongly dependent on spatial grid resolution. Lower resolution models will always have
lower intensity forecasts (Walsh et al. 2007). A solution used in operations is to start the model
intensity forecast from the same point through a bias correction procedure that applies an ‘offset’
or the initial model-observed intensity difference to subsequent forecasts. The full offset is

applied at tau 0 and then is decreases linearly to O at a later tau. For global models, the 0 offset

11
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tau is 72 h, for limited-area models is 24 h. The procedure used here is identical to that in
NHC/JTWC operations.

The standard IE statistic is the absolute mean because unlike PE, IE can be both positive
(too strong) or negative (too weak). The mean IE (mlE) is thus a bias and for most models (bias
defined as model-observed) is negative. Fig. 6 gives the bias-corrected IE for the same cases as
in Fig. 4 except that we plot both the standard absolute mean (amlE; lines) and the distribution as
well (mIE; bars). All models have nearly 0 mean abs IE initially because of the bias correction
but by 72 h the amlIE has nearly the same magnitude as the bias (thick horizontal black lines in
the mIE box-and-whiskers) for the global models, except for HWRF which is nearly unbiased.
This is truly remarkable. Unlike the global models, the HWRF amlE does not come from bias.

We also show in Fig. 6 the ECMWF intensity forecast from their tracker (dark gold) and
the one run locally using lower resolution grids (light gold). Somewhat surprisingly, the local
tracker, using 0.25 deg grids v the ECMWF tracker using ~0.10 deg grids, has very similar bias
although at 120 h the ECMWEF tracker bias is somewhat less.

Another feature of the IE curves is that curves plateaus around 36-48 h unlike PE which
always grows in time. There must be fundamental difference in this metric as discussed by
(Kieu and Moon 2016) but in operational verification IE is treated in the same way as PE and is

seemingly given equal weight when assessing overall forecast skill or FE.

e. PE relative to a baseline
Another way to compare model PE is to calculate the percent improvement relative to a

baseline as in equation 1:

%IMPPE — (MPEpaseline=MPEmodel) . 100 (1)

MPEpgseline

12
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If the model mPE is less than the baseline (lower PE) then %IM Py will be positive and bounded
to 100%. Conversely, a negative %IM Ppr means the model has a higher mPE and is unbounded.

NHC uses the ‘no-skill” CLImatology and PERsistence model CLIPER (Abserson 1998)
as the baseline so that %IM Ppp represents ‘skill.” In the 1970s few aids had ‘skill” or were
unable to make predictions with mPE lower than CLIPER. Another reasons for using a CLIPER
baseline is in how the seasonal CLIPER mPE can represent the year-to-year variation in forecast
difficulty. For example, a season with mostly ‘straight runners’ (i.e., TCs that follow an
essentially linear path) will be more climatological (when averaging tracks in a 30-y period) and
CLIPER mPE will be lower. The problem with using CLIPER circa 2020 is that current the
official and model mPE is now almost 30% that of CLIPER whereas in the 1970s forecasters
could rarely ‘beat” CLIPER. Consequently, %IM Ppg in the annual NHC reports is
approximately 50-60% for most models making inter-model comparison more difficult.

A better alternative is to use a global model as the baseline; to measure improvements
relative to the global model that drives all forecasts, especially limited-area models such as
HWREF. In Fig. 7 we show the %IMPpr for HWRF and ECM WF relative to the GFS for the
same basin/year as in Fig. 4 (the 2020 LANT season). The effect of vortex initialization in the
HWREF is clearly seen in the much lower initial PE (HWRF mPE of 8 n mi v GFS mPE of15 n
mi and a %IMPpg > 50% from Fig. 4 table). However, ECMWF is better than the GFS (~10%)
at all lead times which is remarkable given that ECMWF does no TC vortex initialization in
operations (and never has). Further, a mPE of ~100 n mi at 72 h in the LANT is incredible when
in the 1980s the mPE for any model was ~360 n mi!

To gain perspective on the operational significance of this massive reduction in mPE,

consider the area covered by a radius of mPE in Fig. 8. In the 1980s, a 72-h forecast of a storm

13
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in the middle of the Gulf of Mexico could make landfall almost anywhere because its mPE was
360 n mi, whereas in 2020 the forecast would be much more accurate due to the reduction in
mPE to 100 n mi. In terms of area, this is a 92% reduction in the threat zone and must be
considered a singular and perhaps one of the greatest NWP success stories of the last several
decades.

To further put perspective on the 2020 mPE we plot the %IM Ppg from 2007-2020 and
for the main northern Hemisphere basins in Fig. 9a. ECMWF had better mPE than the GFS at all
forecast times not only in the LANT, but also in the other basins. Furthermore, ECMWF was
better than the GFS in all three basins and at all 5 lead times (i.e., ‘ran the board’) in 2010, 2011,
2015, 2017, 2018, and 2020.

Other notable features:

e Since 2012, HWREF rarely outperformed the global model providing its lateral
boundary conditions (GFS) and in 2020 only at tau 96 and 120 in the WPAC and
LANT. This is noteworthy as limited-area models are not expected to provide
long-term guidance when the TC forecast track is dominated by the lateral
boundary conditions, and thus suggests that the skill of the GFS is actually
decreasing at these longer forecast hours.

e The big change from 2007 to 2008 in the ECMWF mPE can be attributed to
change in physics as discussed in Fiorino 2009.

e The GFS improvement (ECMWEF less green) from 2011 to 2012 can be mostly
attributed to improved data assimilation used in the GFS (hybrid 3DVAR-EnKF).

e The exception to ECMWEF providing the best short-term guidance (tau 12 & 24)

was in the WPAC in 2019.

14
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Applying the same analysis to the latest ECMWF reanalysis ERAS (Hersbach et al. 2020)
and the operational run of the model (ECMWF HRES) is show in Fig. 9b. Note the vertical bar
to the right of the box plot and horizontal bar below. These give the mean for the 14-y period
(vertical) and the yearly mean (horizontal) where we can clearly see how ERAS forecasts are
better than from the real-time run. The ERAS model and data assimilation are representative of
the operational model circa 2016 with a resolution of ~ 31 km and more notably is a coupled
reanalysis using the latest 4DV AR data assimilation with a window that looks forward 12 h (not
possible in operations). The 2007 problem (Fiorino 2009) is gone in ERAS and all years and tau-

basins are greener, especially before 2016 but even into 2020.

4. TC forecast error metric

We have seen that error growth curves of TC mean PE, while visually similar to AC die
off plots, represent very different measure of model forecast error because TC PE is for a unique
and discrete event (the TC) in the model solution whereas AC is calculated from the continuous
model solution itself. Also, the number of events in mean PE not only decreases with increasing
forecast time but come from a different class of storm. But perhaps the larger problem with using
PE and IE to measure forecast quality is the indirect relationship to the ‘actionable’ part of the
TC forecast — the onset and areal extent of 34+ kt winds that can range from near 0 n mi for
weak tropical storms or greater than 200 n mi for large (and generally intense) hurricanes.

To overcome these deficiencies we propose a metric FE that depends on R34 and is a
function of both PE and IE. First, we only require the model forecast position and intensity and
use the best track R34 as the forecast R34 (a perfect R34 forecast). We also use the best track

radius of maximum wind (Rmax) for the model forecast (a prefect Rmax forecast) when

15
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available. When the best track Rmax is not available a statistical relationship between Rmax and
Vmax is used (Quiring et al. 2011). To restate, by using the verifying R34 (and Rmax) we only
require the model forecast position and intensity and the proposed FE metric is a lower bound.
We then construct a symmetric wind profile used by Fiorino and Elsberry 1989 and
shown in Eq. 2 below that only requires two (v, r) points to analytically specify the winds from

r=0, R34:

v(r) = Voo (7o) o0 G- G} @)
For the FE metric we use the ordered pairs (V;,,qx » Rimax) and the (34 kt, R34) to solve for b.
Given the wind profile, we integrate the square of v(r) from r=0, R34 and to calculate the
Integrated Kinetic Energy (IKE) (Powell and Reinhold 2007) for the model and best track.
Whereas IKE in Powell and Reinhold extends past R34, we only consider the kinetic energy of
the significant winds (>= 34 kt).

FE is the defined as the error IKE which is the IKE outside the overlap or ‘symmetric
difference’ as shown in Fig. 10. Python is used for the integration of the analytic wind profile
and to find the area outside the overlap. When PE = 0, FE = 0 even if 1E=0 because there the
two R34 circles perfectly overlap — assuming a perfect R34 forecast. When PE = 2R34, FE is
maximized and there is no overlap. For PE > 2R34 we assume FE grows linearly from the 2R34
FE with increasing PE. The FE defined here is a lower bound for the best case of perfect R34
and Rmax forecasts.

The FE for the same models/season are shown in Fig. 11. Fortuitously, the magnitude of

FE in TJ is the same order as PE in n mi; simplifies intercomparison.
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5. Application to Model Development

Recently, advances in TC forecasts have largely been made via improvements to the data
assimilation (DA) methods and physics parameterizations; this section describes how TC metrics
can be used to aid in these developments. There are many ways to measure DA aspects and it is
naturally assumed that TC vortex initialization would be critical for good TC forecasts. Perhaps
the easiest way to measure the quality of TC vortex analysis and initialization is to quantify the
initial mPE and mIE. In Fig 13a. we find that over the 14-y period 2007-2020, HWRF mPE is
10 n mi, GFS is 14 n mi, ECMWF (HRES) and ERAS are 19 and 18 n mi, respectively. For
initial mIE (Fig 13b), HWREF has a very slight negative bias of -1 kt, GFS is -14 kt, ECMWF
HRES is -18 kt and ERAS is -20 kt.

Clearly, HWREF has a superior vortex initialization — the lowest initial PE and a nearly
unbiased initial intensity. However, even 12 h into the forecast both ECMWF(HRES) and ERAS
have lower PE than HWRF/GFS (Fig. 9b). If forecasting is the ‘acid test’ of an analysis, then
ECMWEF must have the better vortex initialization, but they do not assimilate the TC ‘vitals’ or
TC position, motion and structure as analyzed in the real-time by the human forecasters (Trahan
and Sparling 2012). HWRF/GFS do assimilate TC vitals, although ‘vortex relocation’ was
recently turned off in the GFS (EMC 2020).

The inescapable conclusion is that for TC track forecasting model physics and DA are
critical, especially in the global models. Further, it is not obvious how TC metrics can be used in
model development, except possibly for identification of systematic physics errors for ‘large” TC

forecast errors.

a. 72-h PE and FE
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In Section 2 we discussed how the day 5 NHEM AC is a standard metric in global NWP.
For TCs, it is argued that a best single number metric is a day 3 or 72 h on two grounds. First,
the number of verifiable forecasts at 72 h is greater the 50% (i.e., 61% in the LANT and 67% in
the WPAC as shown in Fig. 5) and that by 72 h the forecast is less constrained by the initial
conditions and more determined by the model physics. The second reason is human forecast
process itself.

Typhoon Duty Officer (TDO equivalent of NHC hurricane specialist) training at JTWC
emphasizes that TC track forecast is a ‘connect-the-dots’ problem. Most of the time in a warning
cycle is devoted to analyzing TC location and structure — a process that involves the qualitative
assimilation of many observational and disparate data sources from ship reports to satellite
imagery that are often not assimilated in the models. Given a solid initial position (and motion),
the deterministic forecast problem is where will the storm be in 72 h (if we forecast the TC to
exist for 3 or more days)? Once that is set, typically constrained by the 72-h consensus forecast
and the previous warning, the issue is how to connect the initial and 72 h points and then to
extrapolate from 72 h to 120 h (day 5) in a way the makes both physical and synoptic sense.

As discussed in Section 4, when the PE is > 2*R34, IE only changes the magnitude of FE
not the location component, i.e., the forecast high-wind area is outside the observed high-wind
area. This property of FE is a consequence of the perfect R34 forecast assumption and therefore
PE > 2*R34 represent a bound on usefulness in terms of wind > 34 kt. If a typical R34 is 100 n
mi and PE is 100 n mi and if the PE can be either left or right of the TC center then a PE 100 n
mi would be 200 n mi and equal to 2*R34. The forecast time when PE is around 100 n mi is
around 72 h as seen in Fig. 4a. For FE, note that the error growth in mean FE is linear between

0 and somewhere between 48 and 72 h in Fig. 11a. The similarity between the PE and FE
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growth curves is not surprising given that the contribution of IE to FE is around 10% as shown in

Fig. 12. Thus, the 72 h lead time can be considered the ‘linchpin’ of the track forecast.

b. large 72-h errors — PE v FE

We identify problem storms/cases by plotting the tau72 mPE and mFE for each
individual storm in Fig. 14 where mFE by-storm is normalized by the ratio of LANT 2020
season 72-h mPE/mFE (1.5) so that the units and scale of FE is approximately the same. First
note that the number of TCs contributing to the 72-h mPE/mFE is 21 or a rate of 68% for the
total of 31 storms in the 2020 LANT season. This rate is substantially higher than the 10-y rate
of 51% (Fig. 5) indicating an active season. However, the number of cases per storm also varies
so that high PE/FE may make only a small contribution to the total (season in this paper) mean.
In Fig. 15, we first convert the PE/FE to %IM Py or contribution to the total mean following Eq.
1 and then normalize by the (number of cases per storm / total number of cases). This variable
more explicitly shows how each storm contributes to the seasonal mean.

Comparing Fig. 15a (PE) to Fig. 15b (FE) we see a different distribution of problem
storms. For example, the biggest problem storm (longest bar below the 0 line) for the GFS was
29L..2020 (the 29" TC in the atLantic in 2020 or hurricane ETA). For FE, 29L.2020 was
slightly below the 0 line, but TCs 17L.2020 (hurricane PAULETTE) and 20L.2020 (hurricane
TEDDY) were the larger problem storms. Table 1 summarizes these problem storms for PE v
FE and gives URLs for track plots that highlight the 72-h position. An example from the track
plot site is given in Fig. 16 for 14L.2020 (hurricane MARCO) at 2020082112 (12 UTC 21 Aug

2020) when the GFS had the largest 72-h PE error as the storm entered the Gulf of Mexico.
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The storms with large 72-h FE in Table 1 are cases when the verifying TC was both large
(R34 > 100 n mi) and intense (Vmax > 65 kt). Table 2 shows how IKE varies as a function of
size (R34) and intensity. For a moderate hurricane (90 kt) the IKE for a large storm is over 10X
that of a small storm with an R34 of 50 n mi. Thus, FE will be large even for ‘good’ PE at 72 h
(~seasonal mPE) and furthermore, these storms would be more significant operationally because
the high IKE means greater storm surge and wind impacts.

To reiterate, examining error by TC using both the traditional PE and the new FE metric
may help to queue the modeler to find possible model problems and, perhaps more importantly,

identify TC forecasts errors that have the greatest operational significance.

6. Summary and Conclusions

At both JTWC and NHC, the extent and onset of 34 kt winds drives the warning process
and defines ‘actionable’ intelligence for impacted users. Thus, a TC forecast is a field of 1-min
(10-min average is the WMO standard) 10-m or surface wind and the new metric of Forecast
Error (FE) is based on Integrated Kinetic Energy (IKE; Powell and Reinhold 2007) within the
TC circulation of wind > 34 kt.

The new metric for TC forecast quality is a function of both traditional metrics of PE and
IE. Current operational verification treats PE and IE separately (e.g., Cangialosi 2020) even
though TC intensity is physically related to track. Furthermore, science-based forecasting
demands a holistic consideration of TC structure, not just where the storm is going. Another
point of departure is how we compare models against a model baseline vice a no-skill CLIPER-
type baseline and how we breakdown the seasonal means by TC to identify how each individual

and unique storm contributes to the overall mean.
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We considered two global models for the historic 2020 LANT hurricane season:

e NCEP GFS
o the operational version of the GFS itself
o the GFS dynamically downscaled by the limited-area HWRF model

e ECMWEF global model
o the operational version that makes the 10-d deterministic run (called HRES)
o the circa 2016 version of HRES model cycle used in the latest ECMWF

reanalysis ERAS.

The basic result is that all the models did well in 2020 regarding mean PE (e.g., relative
the 2015-2019 mean), but when using the GFS as a baseline, we found that ECMWF had
superior PE, expressed as a percentage improvement, at all forecast times except the model
initialization time (0 h). We analyzed a 14-y period (2007-2020), including the main NHEM
basins, and found that HWRF rarely improves the host model GFS TC track forecast. ECMWF
on the other hand was generally superior in its forecasted track relative to both GFS and HWREF.
We then compared the ECMWF HRES forecasts to ERAS reanalysis forecasts, again using the
operational GFS as the baseline, and found substantially better and more consistent year-to-year
improvements in the ERAS over the real-time HRES model. The conclusion is that the model
very much matters for TC track prediction and more so than low initial position and intensity
error (vortex initialization aspects).

The new metric of FE was defined as the IKE outside the union of two circles spanned by
the forecasted R34 and the observed R34 but offset by the PE as illustrated in Fig. 10. We
assumed the forecast R34 was the same as observed to make FE only a function of PE and IE.

The mFE error growth curves are similar to mPE growth, except mFE grows faster when the PE
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is greater than 2R34 after tau48. However, the more important finding is that if the model makes
a perfect intensity forecast, the forecast error is only reduced 10-12% and mostly for the early
forecasts (0-48 h). In other words, track is still 90% of the TC forecast problem.

Application of the standard PE and new FE metric to model diagnosis and verification
was then considered. If the quality of the TC vortex analysis is measured by initial PE and initial
IE, the HWRF forecast would be considered the best. However, ECMWF had the highest initial
PE/IE but the best 12- and 24-h PE which implies that the HWRF vortex initialization degrades
the short-term forecasts and hence the initial motion and development of the TC. What is
particularly impressive is that the mPE of the ECMWF forecasts at 12 h is about 25 n mi, which
is close to observational uncertainty in TC location itself (Landsea and Franklin 2013)!

We then considered how each storm contributed to the seasonal mean at 72 h — a critical
forecast time for storms predicted to last more the 3 d. In 2020, 68% out of 31 TCs in the LANT
had one or more verifying positions at 72 h. This is greater than the previous 10-y mean of 51%
as shown in Fig. 5. The most important conclusion regarding FE is that large (R34 > 120 n mi)
and intense (Vmax > 90 kt) storms will have much higher IKE error (FE) for a PE that is close to
the mPE. All storms are not equal in how they affect the seasonal mean error.

Finally, the FE analysis presented here gives a different view of TC forecast error.
Application to other basins and years should help identify the big and operationally significant

TC forecast error to guide model and forecaster development.
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TABLES AND FIGURES

Table 1. Problem storms for the GFS as defined by 72-h PE and FE for 2020 LANT season

Error Comments URL for track plots
TC
Type
PE GFS too far West and South http://tctrkveri.wxmap2.com/trk-
14L (MARCO) as storm entered the Gulf of 141L.-2020-MOD-CUR .htm
Mexico
17L FE Large R34 increases makes http://tctrkveri.wxmap2.com/trk-
FE larger than PE 171L.-2020-MOD-CUR.htm
(PAULETTE)
FE Large R34 as with 17L, http://tctrkveri.wxmap2.com/trk-
20L (TEDDY) particularly before 20L-2020-MOD-CUR.htm
extratropical transition
29L (ETA) PE FE | Two cases of PE > 700 n mi http://tctrkveri.wxmap2.com/trk-
29L.-2020-MOD-CUR .htm
31L (IOTA) FE R34 > 100 n mi http://tctrkveri.wxmap2.com/trk-

31L-2020-MOD-CUR.htm
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597
598
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600
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602

Table 2. IKE (TJ) for various Vmax and R34 using the Quirling et al. (2011) Vmax minus Rmax
relationship and the wind profile from Fiorino and Elsberry (1989)

Vmax (kt) R34=50 n mi R34 =100 n mi R34=150 n mi
65 5 35 76
90 8 56 108
130 15 79 148
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Figure 1: a) 18UTC 04 September 2020 (2020090418) JTWC warning (equivalent to NHC
advisory) for Typhoon HAISEN; b) 00 UTC 08 October 2020 (2020100800) NHC advisory for
hurricane DELTA; and c¢) Navy equivalent of same DELTA advisory which shows the no-sail

zone and the wind radii.
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616  Figure 2: The 30-d time series of SDNAC for 7 modeling systems over the period 20200912-

617 20201012 courtesy of https://www.emc.ncep.noaa.gov/gmb/SATS vsdb/
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Figure 3: 500 hPa ‘die off” curve from the mean of the time series in Fig. 2. The 0.6 line is
drawn to show the point the point in time where the model forecast cannot be distinguished from
climatology, i.e., no value in deterministic weather forecasting. Available from:

https://www.emc.ncep.noaa.gov/gmb/STATS vsdb/
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Figure 4. 2020 atANTic mean position error (PE) at standard forecast times for the HWRF, GFS

and ECMWF models for 00/12 UTC only. The comparison is heterogeneous. Panel A is the

traditional line plot similar to the 500 hPa dieoff curve. Panel B gives a box-whiskers version of

the data in 4A showing the distribution of PE. In both panels, the mean value and [number of

cases] is shown in the table below the plot. The thick bar in 4B is the mean and the thinner bar

extends from the 25™ to 75 percentiles with the median indicated by the solid black line.
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Figure 5. Histogram of the radius of 34 kt (R34) for the atLANTic 2010-2020 at three forecast
times 24, 72, and 120 h (green, red, and blue bars respectively). The % of forecasts and median
R34: 0h) 100% and 85 nmi; 24 h) is 85% and 90 n mi; 72 h) is 51% and 112 nmi; and 120 h)

31% and 128 n mi.
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Figure 6. 2020 atANTic mean absolute IE (lines) at standard forecast times for the HWRF, GFS

and ECMWF models for 00/12 UTC only. The comparison is heterogeneous as in Fig. 4. The

bars are the mean IE (bias, defined as model-observed). The thick bar is the mean and the

thinner bar extends from the 25 to 75" percentiles with the median indicated by the solid black

line (box and whisker). The mean value and [number of cases] is shown in the table below the

plot.
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. The bias correction is the same as used in operations. The line is the absolute mean and the

bars are the mean or intensity bias.

LANT 2020 %improve over GFS - HWRF v ECMWF
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Figure 7. Percent improvement in PE (lower PE is a positive improvement see Eq. 1) of HWRF

v ECMWEF using the GFS as the baseline for the 2020 LANT season (same data as in Fig. 4).

This plot 1s similar to NHC ‘skill” where climatology and persistence is the baseline (Cangialosi

2020 Figure 5).
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659
660  Figure 8. Area of a 360 n mi mPE (red) vs area of 100 n mi mPE (green).
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Figure 9. %IMPp; for the NHEM basins 2007-2020. The %IMPpg is colorized so that green is

‘good’ (lower mPE) than the GFS baseline and red is ‘worse’ (higher mPE). The % cases

contributing to the mean is shown in the triangle in the lower right-hand corner of each box.

Panel A compares HWRF to ECMWF operational deterministic run. Panel B compares

ECMWF (HRES) to forecasts from the latest ECMWF reanalysis (ERAS).
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672

® FE = IKE; A IKE,, assuming:
fe _ pbt o
> R3y = R3

fe _ bt
¥ Thax = Ymax

® FE = f(PE,IE); IE= 0 @ 2R,,
® FE ranges from 0 to a max at
PE=2R,,

for PE > 2R,, linear increase

673

674  Figure 10. FE is the IKE in the ‘symmetric difference’ (red area) and how FE is related to PE.
675  Details of the calculation are also given. The fc superscript indicates a forecast and the bt

676  superscript the verifying best track.
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Figure 11. as in Fig. 4 except the metric is FE units:

the box-whiskers version.

TJ. Panel A is the traditional line and B is
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LANT 2020 HWRF v GFS v ECMWF %improve FE with IE=0
00/12 UTC only - heterogeneous

Storms[N] [30]: 01L.20 02L.20 03L.20 04L.20 05L.20 06L.20 07L.20 OBL.20 09L.20 ... 220L.20 23L.20 25L.20 26L.20 27L.20 2BL.20 25L.20 30L.20 31L.20

HWRF
B GFS
40 1 ECMWF -- GFDL tracker 0.25deg
30 A
20 A
10 B -
2 JI II II II | | L
c 01 | ]
‘©
]
_10 4
_20 i
_30 4
_40 4
- h 12h 24n 36h 48h T2h 96h 120h
50 3 7 )7 3 5 3 5 b
HWRF 8[289] 9[267] 8[239] 7[213] 7[188] 6[141) 5[98] 4164]
AVND 11[297] 10[(270] 9[239] 8[211] 7[186] 5[140] 4[97] 3[64]
TECMS 12[297] 11[266] 10[234] 9[206] B[1B1] 7[132] 5901 3[58]

683

684  Figure 12. as in Fig. 4 except metric is percent improve in FE assuming a perfect intensity
685  forecast or IE=0.
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Figure 13. initial PE (A) and initial IE (B) for HWRF v GFS v ECMMWF HRES v ERAS in the

LANT 2007-2020.
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LANT 2020 tau 72 FE by Storm HWRF v GFS v ECMWF
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Figure 14. 72-h mPE (A) and 72-h mFE (B) by storm normalized by mean ratio of mPE/mFE at

72 h to put FE in same units and scale as PE. The total number of storms verifying at 72 h is 21
out of 31 for the season. The number of verifying 72-h cases is 68% which is higher than 10-y

average of 51% as shown in Fig. 5.
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Figure 15. Same cases/storms as in Fig. 14 but the metric is %IMPp rg of the contribution by

each storm to the 2020 season to the 72-h mPE (A) and mFE (B) normalized by ratio of the

for this scaled percent improvement is O.

number of cases by storm and divided by the total number of cases. The mean across all storms
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Figure 16. HWREF (light blue) / ECWWF (gold) / GFS (olive green) forecast for 14L (MARCO)
on 2020082112 (12UTC 21 Aug 2020). The intensity forecast is show in the upper-right hand
insert using the same color code as the tracks with the thick black line the working best track

intensity. See: http://tctrkveri.wxmap2.com/trk-141.-2020-MOD-CUR.htm for all forecasts used

in the verification.
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