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ABSTRACT

A newmethod is described for determining the center location of a tropical cyclone (TC) using wind speed

measurements by the NASA Cyclone Global Navigation Satellite System (CYGNSS). CYGNSS measure-

ments made during TC overpasses are used to constrain a parametric wind speedmodel in which storm center

location is varied. The ‘‘MTrack’’ storm center location is selected to minimize the residual difference be-

tween model and measurement. Results of the MTrack center fix are compared to the National Hurricane

Center (NHC) Best Track, the Automated Rotational Center Hurricane Eye Retrieval (ARCHER), and

aircraft reconnaissance fixes for category 1–category 3 TCs during the 2017 and 2018 hurricane seasons.

MTrack produces storm center locations at intermediate times between NHC fixes with a factor of 5.6 overall

reduction in sensitivity to uncertainties in the NHC fixes between which it interpolates. The MTrack un-

certainty is found to be larger in the cross-track direction than the along-track direction, although this be-

havior and the absolute accuracy of position estimates require further investigation.

1. Introduction

Locating the storm center of a tropical cyclone (TC)

is critical for forecasting and analysis. The Dvorak in-

tensity estimation technique, one of the more commo-

nly used methods for monitoring TCs, requires a storm

center fix as its first step (Olander and Velden 2007).

Methods that attempt to predict rapid intensification

also require the location of the storm center (Rozoff

et al. 2015; Kieper and Jiang 2012). It is no exaggeration

to say that all TC simulation studies utilize the storm

center location as an input, so the fix is very important

for reanalysis. For all its importance, storm centers

can vary between different World Meteorological Or-

ganization (WMO) regional centers as indicated by

the WMO IBTrACS archive (Knapp et al. 2010; Kruk

et al. 2010). Often, TC center and intensity estimation is

performed manually by experienced forecasters rather

than by an automated computer algorithm, such as the

Automated Rotational Center Hurricane Eye Retrieval

(ARCHER; Wimmers and Velden 2010, 2016), which

could performwithmore consistency and less subjectivity.

Most current techniques fit expected TC shapes to

satellite imagery to pinpoint the center. A common

technique is to fit spiral or ring shapes to visible, in-

frared, or passive microwave satellite imagery of the

TC (Wimmers and Velden 2010; Bai et al. 2012). These

techniques perform best for well-organized storms

with a clear eye. The spiral shape is matched to the

rainbands of the TC, but this can be difficult for dis-

organized storms with poorly defined bands. The ring

fitting technique attempts to find the eyewall, but ob-

viously this requires the presence of an eye, which

occurs more often in intense storms with good orga-

nization. Ring fitting also has the potential to iden-

tify false eyes away from the center of the storm. Both

ring and spiral fitting methods are limited by the or-

ganization of the storm and lack of visible satellite

imagery at night. They are also restricted to only the

12.6% of cases that have a detectable eye in satellite

imagery (Knapp et al. 2018).

Another method is to use wind vectors from scatter-

ometers that can be traced inward to the storm center,

but the quality of wind speed and direction is known

to degrade in heavy precipitation. This method is most

often used for weaker storms with no clear eye that do

not have an accurate fix by spiral or ring fitting. Scat-

terometers havemore directional ambiguity at the lower

winds that occur in weaker storms, however, so this is
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not an optimal situation (Lin et al. 2013). The method is

also limited by the low temporal resolution of current

scatterometers. Ground-based radars are used to iden-

tify the storm center when possible, but this is only ap-

plicable for storms that are at or near landfall or already

over land. Aircraft reconnaissance (recon) is also a fa-

vorable method, but it is only available for storms in the

Atlantic and near Hawaii or the coast of Mexico in the

Pacific.

National Hurricane Center (NHC) Best Tracks are

poststorm analyses of the intensity, position, and size

of TCs and represent an official historical record for

each storm. The reanalysis utilizes all available data

for the storm, including data with high latency that

was not available in near–real time for the original

operational forecast. This allows for the Best Track to

make better estimates of the storm parameters than

does the Working Best Track. In this work, NHC Best

Tracks will be used to establish a first guess for the

storm center location as well as for comparison and

error analysis. The uncertainty in TC center fixes de-

pends on the intensity of the storm as well as on the

available data. For example, aircraft reconnaissance

greatly reduces the amount of uncertainty in a storm

center fix compared with fixes based only on satellite

data. High-intensity storms typically have well-defined

eyes and a high degree of organization, so the Best

Track uncertainty is much lower compared to weaker,

less organized storms. Overall, the uncertainty in

storm fixes by NHC Best Tracks can vary from 15 km

up to 65 km. For more information on Best Track

performance, see Landsea and Franklin (2013).

The Cyclone Global Navigation Satellite System

(CYGNSS) is a NASA mission that is designed to

measure ocean surface wind speed through precipita-

tion and with sufficient frequency to resolve TC genesis

and rapid intensification (Ruf et al. 2016). It was suc-

cessfully launched in December 2016 into a low-Earth

orbit with a 358 inclination. CYGNSS makes measure-

ments at 25-km horizontal resolution up to 398 latitude
with median and mean revisit times of 3 and 7h, re-

spectively. The level 2 wind speed data from this satellite

system are used here to estimate the TC storm center.

The data are divided into two regimes—there are two

geophysical model functions (GMFs) that map the

scattering cross section to wind speed. One is a fully

developed seas GMF that is appropriate at wind speeds

below 20ms21, and the other is a young seas/limited

fetch GMF that is appropriate for TCs when the wind

FIG. 1. Flowchart of theMTrack storm center–finding algorithm. First, CYGNSS surface wind speed data andNHCBest Track fixes are

collected for the selected time interval. A search grid centered on the time-interpolated Best Track fixes is established. For each possible

storm center location on the search grid, wind speeds are transformed to Lagrangian coordinates (storm-centric) and a parametric wind

model is fitted to the data. RMS error values between fit and data populate the error surface that corresponds to the search grid locations.

A 2D Gaussian is fit to the error surface and the minimum of this fit is the storm center location.

FIG. 2. Arbitrary example of parametric wind model fit to

CYGNSS wind speed data. Each data point is a CYGNSS wind

estimate. The red curve is the best fit to the data using the model in

Morris and Ruf (2017). Note the CYGNSS winds appear noisier

than reality because of the assumption of azimuthal symmetry.

The error that would populate the error surface is the sum of the

RMS difference between each data point and the best-fit curve

(normalized by the maximum wind speed of the fit).
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speed and direction are changing significantly in intensity

and direction (.30ms21). Between 20 and 30ms21 ei-

ther GMF may be appropriate. This ambiguity is a cur-

rent focus of investigation. Because this work is focused

on winds near the core of TCs, the version 2.1 young

seas/limited fetch winds are used here. Also note that

CYGNSS is not yet properly calibrated for the Block

IIF GPS satellites because of uncertainties in its anten-

na patterns and power fluctuations, so those data are

not used.

ARCHER is an automated algorithm that fits spi-

ral and ring shapes to satellite imagery, generating a

score for each center guess over a gridded search area

(Wimmers and Velden 2010, 2016). The score is re-

duced by a distance penalty, which is increasingly

scaled by its distance from the first guess. The highest

score, which may come from either the spiral or the

ring, determines the center location. ARCHER storm

center estimates will be compared to the NHC and

CYGNSS center fixes. Note that ARCHER also relies

on good organization of the storm and on the pres-

ence of an eyewall in the satellite imagery. This is

not always the case for weaker storms or storms going

through an eyewall replacement cycle.

2. Algorithm description

Storm center position is estimated by fitting a para-

metric windmodel to CYGNSS surface wind speed data.

The chosen storm center minimizes the residual error

in the fit to the data. In most cases, the residual error

surface as a function of possible center location has a

clear minimum. The parametric wind model used fol-

lows the approach described in Morris and Ruf (2017).

The model assumes a radially dependent wind field

with azimuthal symmetry. Wind speed as a function

of radius is described by
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where r is the distance from the storm center, f is the

Coriolis factor, Rm is the radius of maximum winds,

and Vm is the maximum wind speed. The exponent b

controls the rate at which the winds radially decay

away from the inner core. The factor a can be solved

from the other factors by requiring that the maximum

value of V(r) equal Vm. So, this is effectively a three-

parameter model, with parameters b, Rm, and Vm.

Note that Vm and Rm can deviate slightly from the

maximum wind speed and radius of maximum winds

as b varies. This wind model was chosen because the

a and b parameters allow for a better fit to wind speed

data away from the center of the storm (Morris and

Ruf 2017). The model is fit to the data using least

squares minimization over the three-dimensional pa-

rameter space. The quality of fit is determined as

the root-mean-square (RMS) difference between the

model and observations.

A flowchart of the CYGNSS storm center fix algo-

rithm is shown in Fig. 1. Start and end times are first

selected for the population of CYGNSS data to be

used. A 3-h interval is used here, although longer in-

tervals may be worth considering. A first guess at the

storm center fix is given by linear interpolation of the

two NHCBest Track fixes before and after the 3-h time

interval to the location at the center of the interval.

Note that, while the storm is not stationary, its loca-

tion (singular) refers to the storm center location at

the center of the time interval. Also note that the

ARCHER storm centers are more frequent than those

by Best Track, so usingARCHER as a first guess would

result in less interpolation error. However, it will

be shown in the performance analysis section (section

4) that the MTrack algorithm is relatively insensitive

to the first guess, so using ARCHER as a storm center

would not have much impact on the results. Not using

ARCHER also allows for unbiased comparison with

ARCHER fixes.

Storm-centric regridding (transformation fromEulerian

to Lagrangian coordinates) is performed on the CYGNSS

FIG. 3. Satellite imagery of Hurricane Jose at 2015 UTC 17 Sep

2017 (category 1 storm) shows disorganization and no visible eye.

Since the most accurate eye-finding algorithms cannot make a

high-accuracy fix, this is an opportunity for MTrack to improve

upon performance.
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data prior to fitting to the parametric model. For each

sample, its actual location is compared to the storm

center location at the sample time, assuming the storm

moves in a straight-line trajectory at constant velocity

between the two closest Best Track fixes. The position

of the sample relative to the storm center is its storm-

centric location. An example of the parametric fit to

wind speed data is shown in Fig. 2. The RMS difference

between the parametric model and the data constitutes

one point on the residual error surface, located at the

storm center assumed by the parametric model. This

process is repeated over a two-dimensional grid of

possible storm center locations to generate the resid-

ual error surface. Note that all CYGNSS data within

400 km of the assumed storm center are used, with the

result that some new samples may be added and others

removed from the sample population for each itera-

tion. This process is repeated until the error surface is

fully populated. The storm center location is found

by fitting a 2D Gaussian function to the error surface.

(Simple, direct selection of the minimum value in the

error surface is not done to limit the impact of mea-

surement noise and the presence of outliers.) Points

in the error surface for which the corresponding para-

metric fit Rmax is greater than 100 km are consid-

ered nonphysical and are not used in the Gaussian fit

because TCs typically have Rmax well below 100 km

(Lajoie and Walsh 2008). The storm center location

is given by the minimum of the 2D Gaussian fit to

the error surface.

FIG. 4. CYGNSS surface wind speeds over a 3 h period in storm-centric coordinates (Hurricane Jose at 2015 UTC 17 Sep 2017). (left)

Wind field in storm-centric coordinates relative to the original storm center location (given by interpolation from Best Track fixes). The

inner core has fairly uniform wind speeds over more than a 150-km extent. This wind structure is highly atypical and suggests that the

interpolated NHC storm center fix may be incorrect. (right) Wind field in storm-centric coordinates relative to the new MTrack storm

center location. The highest winds are now concentrated around the center and the winds decay radially as expected. The radius of

maximum winds in this image is about 80 km, which is close to the NHC Best Track estimate of 90 km. Within Rmax, there are lower wind

speeds, which is also characteristic of a TC. This is a significant improvement over the original wind field shown in the left panel and is

strong evidence in support of the improvement in accuracy of the new storm center location.

FIG. 5. A typical error surface is shown for the case of Hurri-

cane Jose at 2015 UTC 17 Sep 2017. The point 08, 08 is the first-

guess location given by interpolation of Best Track fixes. Each

grid point is the RMS difference between the parametric wind

model fit and the CYGNSS wind speed data normalized by the

maximum wind speed of the fit (Vmax 5 27m s21). The red points

are masked out because they are unphysical (Rmax of fit greater

than 100 km). The intersecting lines are the 2DGaussian fit to the

error surface. The minimum of the 2DGaussian, the storm center

location, is the intersection of the green lines.
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To reduce the effects of errors in the NHC storm

center fixes on this algorithm, an ensemble averaging

approach is used, similar to how TC paths are forecast

(Zhang and Krishnamurti 1997, 1999). The initial

NHC fixes are randomly perturbed in each trial, re-

sulting in an ensemble of storm center estimates. The

radial perturbation about the NHC fixes is a zero mean

Gaussian with a specified standard deviation, and

the azimuthal angle is uniformly distributed between

08 and 3608. The standard deviation of the perturbing

Gaussian varies between 10 and 70 km depending

on storm organization and the types of observations

available (Landsea and Franklin 2013). Each NHC

storm center is perturbed independently. The final

storm center estimate is the average over the ensem-

ble. We refer to this as the MTrack estimate.

3. Examples of MTrack storm center fixes by
CYGNSS

Two examples of the MTrack storm center fix are

given to illustrate its application and demonstrate

some characteristics of its performance. The first, with

Atlantic Hurricane Jose on 17 September 2017, is for a

weakly organized storm where the fix changes signif-

icantly from the interpolated NHC location. The sec-

ond example, for Pacific Hurricane Sergio on 7 October

2017, is a case where the MTrack fix is consistent with

NHC.

Hurricane Jose is considered for the 3-h interval

centered on 2015 UTC 17 September 2017 (category 1

storm). This is a high-latitude case (;328N) for which

CYGNSS has a large number of samples. Satellite

imagery at this time (Fig. 3) shows weak organization

and lack of a clear eye, both of which can limit the

accuracy of a conventional storm center fix. This is

an opportunity for CYGNSS to improve upon the

storm center location. Figure 4a shows the wind field

measured by CYGNSS in storm-centric coordinates,

assuming the interpolated NHC storm center fix is

correct, and using a 10-km radial smoothing to reduce

measurement noise. The inner core has fairly uniform

wind speeds over more than a 150-km extent. This

wind structure is highly atypical and suggests that the

interpolated NHC storm center fix may be incorrect.

Figure 5 shows the residual error surface for a range

of possible storm center locations, together with the

2D Gaussian fit to the surface. Each point in the grid

is the RMS difference between the parametric wind

fit and the CYGNSS wind speed data, which is then

normalized by the maximum wind speed. The cross-

hairs in the figure indicate the location of the minimum

in the Gaussian fit, which would be the estimated storm

center location without ensemble averaging. The red

grid points indicate cases for which Rmax . 100km in the

FIG. 6. Ensemble of storm centers for Hurricane Jose at 2015 17

Sep 2017: 100 trials were run with perturbed NHC Best Track fixes

used as input (radially perturbed by a Gaussian with a standard

deviation of 10 km). The first guess, which is at 08, 08, is given by

linear interpolation of the NHC Best Track fixes. Each black cross

is the refined storm center location for each of the 100 trials. The

lack of scatter in the results of the 100 trials demonstrates how

MTrack is insensitive to error in Best Track input. This is impor-

tant for producing an independent estimate of the storm center

location. Also note that the uncertainty in storm center was re-

duced from 10 km for the Best Track input to 1.73 km for the

MTrack output.

FIG. 7. Comparison of storm center locations from MTrack,

NHC Best Track, ARCHER, and aircraft reconnaissance for

Hurricane Jose on 17 Sep 2017. The storm is moving to the

northeast. The three Best Track fixes are at 1800 and 0000 UTC,

with the intermediate point as the linearly interpolated center (first

guess for the MTrack algorithm). The MTrack fix is at 2015 UTC.

The ARCHER fixes are at 1745, 2008, and 2258 UTC. The aircraft

recon fixes are at 2207, 2313, and 2329UTC. The circles around the

ARCHER fixes are the 95% confidence radii.

SEPTEMBER 2019 MAYERS AND RUF 1997



best-fit parametric model. Those points are not consid-

ered by the Gaussian fit. Note that the center location

is about 0.28 away from the grid point with minimum

RMS error.

Figure 6 shows the results after ensemble averaging.

100 trials were performed with NHC storm center lo-

cations perturbed by a zero mean Gaussian with a

standard deviation of 10 km, and the resulting storm

center for each trial is indicated by a black cross. The

green cross marks the average over all trials (i.e.,

the MTrack fix). The red dot is the initial storm cen-

ter determined by linear interpolation of NHC storm

centers. Note that the individual storm center fixes are

fairly insensitive to perturbations in the NHC center,

as indicated by their tight clustering. This suggests that

the ensemble-averaged storm center should not be

affected much by Best Track errors.

A new storm-centric, radially smoothed wind field

is constructed using the MTrack storm center location

and is shown in Fig. 4b. The wind field now has its

highest winds concentrated around the center and the

winds decay radially as expected. The radius of maxi-

mum winds in this image is about 80 km, which is close

to the operational estimate in the ATCF file: 90 km.

Within Rmax, there are lower wind speeds, which is also

characteristic of a TC. This is a significant improvement

over the original wind field shown in Fig. 4a and is

strong evidence in support of the improvement in ac-

curacy of the new storm center location.

The new CYGNSS center fix is independently vali-

dated by aircraft recon and ARCHER. Figure 7 plots

FIG. 8. CYGNSS surface wind speeds over a 3-h period in storm-

centric coordinates relative to the original storm center location

(Hurricane Sergio at 1330 UTC 7 Oct 2018). In this case, the

original storm center produces a wind profile that looks charac-

teristic of a typical tropical cyclone, and the original storm center

within the eye is resolved by CYGNSS. Because the first guess is

reasonable, the MTrack algorithm is expected to produce a storm

center location close to the first guess.

FIG. 9. Satellite imagery of Hurricane Sergio at 1330 UTC 7 Oct 2018 shows a highly orga-

nized storm with a very large eye. This explains why CYGNSS, which has a resolution of about

25 km, can resolve the eye in this case (Fig. 8).
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the new MTrack storm center together with the

ARCHER, aircraft recon, and NHC Best Track fixes.

The aircraft recon and Best Track centers agree very well

(Best Track probably used the aircraft recon fixes as input

after all). Two ARCHER fixes are over half a degree to

the east of the NHCBest Track fixes, and one Best Track

fix even lies outside of the 95% confidence radius of the

ARCHERfix. The CYGNSS storm center location is not

quite as far east asARCHER. It represents a compromise

between all available fixes since it is between Best Track

and ARCHER, while still inside ARCHER’s 95% con-

fidence radius. A third estimate of the storm center can

help disambiguate the fix in cases where ARCHER and

Best Track do not agree, or in cases like this it can in-

dicate that the answer is in the middle.

The second example considers category 2 Hurricane

Sergio in the Pacific using 3h of CYGNSS measure-

ments centered on 1330 UTC 7 October 2017. The lat-

itude of this storm is about 158N so there is a lower

spatial density of CYGNSS samples. Figure 8 shows the

initial wind field (assuming the interpolated NHC fix

is correct) with highest winds near the eyewall and ra-

dial decay away from the center. CYGNSS resolves the

eye in this case because Sergio had an unusually large

eye, as seen in the satellite imagery in Fig. 9. Since the

initial NHC fix appears to be quite good, this is a good

case to test whether the MTrack algorithm estimates a

similar storm center location.

The residual error surface and its 2D Gaussian fit

are shown in Fig. 10. A distinct minimum in the error

surface is evident where the storm center is located.

The MTrack center has moved less than 4 km from the

NHC fix. Figure 11 combines the CYGNSS, NHC, and

ARCHER storm center locations (aircraft recon data

are not available for this time). Because the eye is

so clear, there is little uncertainty in the ARCHER fix.

Between 1200 and 1800 UTC 7 October, both the Best

Track centers and the CYGNSS MTrack center fall

within the 95% confidence radii of ARCHER.

4. Performance analysis

A single CYGNSS storm center estimate is made

as a refinement to the linear interpolation of the pair

of NHC Best Track storm center fixes, one before and

one after the 3-h window of CYGNSS wind speed

measurements used by the estimator. An ensemble of

storm center estimates is produced by randomly per-

turbing those two NHC fixes by a Gaussian with a

specified standard deviation. The average across the

ensemble of CYGNSS estimates is the MTrack fix,

which we consider our best estimate of the storm

center location. The performance of the MTrack fix is

characterized in two ways. Its uncertainty is defined

as the standard deviation of the ensemble fixes. This

interpretation is borrowed from the concept of ‘‘cone

of uncertainty’’ in ensemble forecasting of TC track.

The uncertainty will depend on the standard deviation

of the Gaussian perturbations made to the NHC fixes

FIG. 10. A typical error surface is shown for the case ofHurricane

Sergio at 1330 UTC 7 Oct 2018. The point 08, 08 is the first guess

location given by interpolation of Best Track fixes. Each grid point

is the RMS difference between the parametric wind model fit and

the CYGNSS wind speed data normalized by the maximum wind

speed of the fit (Vmax 5 29m s21). The red points are masked out

because they are unphysical (Rmax of fit greater than 100 km). The

intersecting lines are the 2D Gaussian fit to the error surface.

The minimum of the 2D Gaussian, the storm center location, is the

intersection of the green lines. As expected, the MTrack fix is very

close to the first guess.

FIG. 11. Comparison of storm center locations from MTrack,

NHC Best Track, and ARCHER for Hurricane Sergio on 7 Oct

2018. The storm ismoving to the northwest. The black dots are Best

Track fixes at 1200, 1330, and 1800 UTC with the intermediate

point obtained from the other two by linear interpolation. The blue

dot is the MTrack storm center at 1330 UTC. The red dots are

ARCHER fixes at 1200, 1411, and 1800 UTC. The red circles

around the ARCHER fixes are the 95% confidence radii. All three

storm center databases agree for these times, which is expected for

a storm with such a clear eye.
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when generating the ensemble population. A second

MTrack performance characteristic is the ratio between

the assumed error in the NHC fix (the standard de-

viation of the perturbing Gaussian) and the resulting

uncertainty in the MTrack fix. This ratio, henceforth

called the uncertainty reduction factor, represents the

reduction in storm center fix uncertainty that results

with the MTrack algorithm. This is a unitless value.

An example of MTrack performance uses CYGNSS

wind speed measurements of Hurricane Jose made

over a 3-h interval centered on 2015 UTC 17 September

2017. The corresponding MTrack fix was computed in

the previous section. A similar computation is consid-

ered here with larger perturbations in the NHC Best

Track fixes. The standard deviation of the perturbations

is increased from 10 to 25, 40, 55, and 70km. These

values correspond to the levels of uncertainty in the

NHC fix associated with varying levels of storm orga-

nization and with the different types of observations

used to produce an NHC fix. An ensemble of 100 trials

was assembled for each value of standard deviation. The

resulting distributions of individual CYGNSS storm

center fixes are shown graphically in Fig. 12. The point

08, 08 in the figure is the storm center estimated by

linear interpolation of the unperturbed NHC fixes

without consideration of the CYGNSS measurements.

The crosses are the storm center calculations using

CYGNSS measurements for each trial in the ensem-

ble. The color of the cross denotes the uncertainty of

the Best Track fix that was used as input for that trial

(see legend of Fig. 12). The MTrack uncertainty and

uncertainty reduction factor are computed from these

trial populations. The results are tallied in Table 1. The

MTrack uncertainty increases monotonically with

that of the NHC fix and the ratio between the two (the

uncertainty reduction factor) is relatively constant

once the NHC uncertainty is 25 km or greater. This

suggests that the MTrack algorithm produces a consis-

tent improvement in confidence even at the highest

values of NHC uncertainty.

The above performance assessment was repeated for

a number of other storm cases: Hurricane Sergio at

1200 UTC 7 October 2018, Hurricane Maria at 2300

UTC 17 September 2017, Hurricane Jose at 1830 UTC

16 September 2017, andHurricane Florence at 1730 UTC

12September 2018. These caseswere chosen because they

are well sampled by CYGNSS. The MTrack uncertainty

and uncertainty reduction factor in each case are listed

in Table 2 for an NHC uncertainty of 40 km [a typical

uncertainty value according to Landsea and Franklin

(2013)]. This NHC storm center uncertainty is an aver-

age value, which is meant to give a sense of typical al-

gorithmperformance. The resultingMTrack uncertainties

range from 5.49 to 8.97km and the average uncertainty

reduction factor across all storm cases is 5.56. The varia-

tion in MTrack uncertainty is likely due to a number

of factors, including differences in spatial sampling den-

sity and distribution, degree of storm organization, and

storm center movement during the time interval of data

collection.

FIG. 12. Monte Carlo trial storm centers for Hurricane Jose at

2015 UTC 17 Sep 2017: 100 trials were run with perturbed NHC

Best Track fixes as input (radially perturbed by Gaussians with

standard deviations of 25, 40, 55, and 70 km). The first guess

location is at 08, 08. Each cross is a storm center location for a trial

that had a standard deviation as given by the color of the cross.

The circles around the ensemble indicate the standard deviation

from the mean center. As Best Track uncertainty increases, the

standard deviation of the fix increases, but they remain tightly

clustered with respect to the first guess and the search grid. In all

cases uncertainty is significantly reduced byMTrack. Also shown

is the eccentricity of the trial storm centers. There is more un-

certainty in the cross-path direction, which is characteristic of

the MTrack algorithm.

TABLE 1. For Hurricane Jose at 2015 UTC 17 Sep 2017, the

behavior of the MTrack algorithm throughout the entire range of

NHC Best Track storm center errors [or perturbation standard

deviations (Std devs)]. As the perturbation grows larger, the un-

certainty of theMTrack fix also becomes larger, but the uncertainty

reduction factor is approximately constant over the entire range.

This suggests that the MTrack algorithm produces a consistent

improvement in confidence even at the highest values of NHC

uncertainty.

Perturbation std

dev (km)

Uncertainty of

fix (km)

Uncertainty reduction

factor

10 1.73 5.78

25 3.10 8.06

40 5.49 7.28

55 6.77 8.12

70 7.45 9.39
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The MTrack uncertainty has thus far been consid-

ered as a scalar, averaged over all directions without

regard for possible azimuthal dependence. As Fig. 12

suggests, however, there is an asymmetric spread in

the individual storm center fixes about the ensemble

average. The asymmetry manifests itself as a larger

uncertainty in the component of the storm center fix

that is perpendicular to the direction of storm center

motion (henceforth referred to as cross path). The

component of uncertainty parallel to the direction of

storm center motion, or along-path, is typically 1–2

times smaller. Table 3 summarizes the cross-path–

along-path asymmetry in uncertainty for several cases

considered. In all cases, the cross-path uncertainty is

greater than the along-path uncertainty, with the ratio

varying between 1.3 and 2.2. The asymmetry appears

to stem from a similar asymmetry in the error surface

and is directly related to the wind field measured by

CYGNSS. The underlying cause or causes of the asym-

metry requires more analysis. If confirmed, it implies

that MTrack has higher certainty in the cross-path di-

rection than the along-path direction.

MTrack performance was also examined with respect

to the uncertainty in the CYGNSS wind speeds them-

selves via another Monte Carlo simulation. For each of

100 trials, CYGNSSwindmeasurements were perturbed

by zero mean Gaussian random noise with standard

deviation given by the uncertainty value reported in

the level 2 data product files. For more information

on how CYGNSS uncertainties are determined, see

Gleason et al. (2019) and Ruf et al. (2019). The storm

center was estimated for each trial, and the standard

deviation of the fix was computed for the 100 trials.

This process was done for the five cases previously

described. Table 4 summarizes the results. The stan-

dard deviation ranges from 3 to 9 km for these cases,

with an average value of 5.7 km. This represents the

uncertainty in MTrack due to CYGNSS wind speed

measurement uncertainty. Figure 13 shows the wind

perturbation results for the overpass of Hurricane Jose

on 2015 UTC 17 September 2017, which is a typical

result. The green cross is the MTrack storm center es-

timate (made without wind speed perturbations) and

the red cross is the mean of the 100 trials with wind

speed perturbations. The difference between them is

0.6 km, suggesting that the wind speed measurement

noise introduces little if any bias in the MTrack fix.

5. Discussion

It has been shown that errors in CYGNSS winds

cause an average uncertainty of 5.7 km in the MTrack

fix, and uncertainties in NHC Best Track fixes are re-

duced on average by a factor of 5.6. There are other

potential sources of error that have not yet been

quantified that should also be considered when esti-

mating the overall uncertainty. The MTrack algorithm

assumes an azimuthally symmetric wind field, which

is never true, but especially so in weaker, more disor-

ganized storms. It remains to be investigated howmuch

TABLE 2. The primary performance metrics, uncertainty of fix and uncertainty reduction factor, for five different cases. The category of

the TC, based on the Saffir–Simpson scale, is also included. For each case, 100 trials were performed with randomly perturbed NHC Best

Track storm centers as input. The standard deviation of these 100 trials is the uncertainty of the fix. The Best Track input uncertainty

divided by theMTrack uncertainty is the uncertainty reduction factor. The uncertainty reduction factor is much greater than 1 in all cases,

meaning that MTrack always reduces the uncertainty compared to Best Track.

Case MTrack uncertainty (km) Uncertainty reduction factor Hurricane category

Hurricane Jose at 2015 UTC 17 Sep 2017 5.49 7.28 1

Hurricane Maria at 0030 UTC 18 Sep 2017 8.97 4.46 1

Hurricane Sergio at 1330 UTC 7 Oct 2018 7.61 5.25 2

Hurricane Jose at 2000 UTC 16 Sep 2017 8.26 4.84 1

Hurricane Florence at 1900 UTC 12 Sep 2018 6.68 5.98 3

TABLE 3. Comparison of cross-path and along-path uncertainty. The cross-path uncertainty is greater than the along-path uncertainty in

all cases. This seems to stem from a similar eccentricity in the error surface.

Case MTrack uncertainty (km)

Ratio of cross-path uncertainty to

along-path uncertainty

Hurricane Jose at 2015 UTC 17 Sep 2017 5.49 1.29

Hurricane Maria at 0030 UTC 18 Sep 2017 8.97 1.49

Hurricane Sergio at 1330 UTC 7 Oct 2018 7.61 1.54

Hurricane Jose at 2000 UTC 16 Sep 2017 8.26 2.16

Hurricane Jose at 0500 UTC 9 Sep 2017 22.4 1.35

Typhoon Shanshan at 1915 UTC 7 Aug 2018 18 1.72
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error is contributed by the lack of symmetry and how

much this error increases as the storm becomes in-

creasingly disorganized. MTrack performance was

demonstrated for category 1–3 hurricanes in this pa-

per, but tropical storm performance remains to be

characterized in a future comprehensive error analy-

sis. Other errors may arise from linear interpolation

of the Best Track storm centers. Linear interpolation

restricts storm motion to a straight line with constant

speed over 6 h. Judging by the performance of storm

centric coordinates in the smoothed wind field and

in the storm center fixes, this seems to be a good

assumption most of the time, but further analysis is

needed to evaluate how often this assumption is valid

and, when it is not, how much the curvature in the path

or acceleration in the storm motion can affect the fix.

It has been shown that the MTrack uncertainty re-

duction factor is significantly greater than 1 in all cases.

This implies that theMTrack algorithm produces a storm

center location at an intermediate time between NHC

fixes with improved precision. Note that MTrack uncer-

tainty has been defined as the standard deviation of the

ensemble of fixes and is not necessarily a measure of

the absolute accuracy of the MTrack fix. This would be

a more difficult metric to develop, requiring knowledge

of the true storm center location, or assuming that Best

Track centers are ‘‘truth.’’

The MTrack storm center locations will be able to fill

in temporal gaps in other datasets, provide additional

estimates for comparison, and provide an improved fix

when other methods have difficulty. It is unlikely that

the MTrack fix will be able to improve upon fixes made

from satellite imagery of a clear eye or from aircraft

reconnaissance. However, in the case of aircraft re-

connaissance, MTrack can be used to expand the tem-

poral resolution of the fix outside of the aircraft overpass

times. There is a limited number of aircraft, and they

are especially limited in their temporal sampling when

TABLE 4. Resulting uncertainties in fix due to CYGNSS wind

speed errors for many cases. For each case, CYGNSS wind speeds

were perturbed by a Gaussian with a standard deviation equal to

the uncertainty in the measurement of the wind. By running many

Monte Carlo trials, the uncertainty in storm center location that

is generated by wind speed error was calculated.

Case Uncertainty (km)

Hurricane Maria at 0045 UTC 20 Sep 2017 3.71

Hurricane Jose at 2015 UTC 17 Sep 2017 4.94

Hurricane Maria at 0030 UTC 18 Sep 2017 5.11

Hurricane Sergio at 1330 UTC 7 Oct 2018 4.64

Hurricane Jose at 2000 UTC 16 Sep 2017 7.33

Hurricane Florence at 1900 UTC 12 Sep 2018 9.01

FIG. 13. The first guess (interpolated from Best Track) is located at 08, 08. The cluster of black crosses represents

the fixes of each perturbation trial. For each trial, CYGNSS surface wind speeds were perturbed by a Gaussian of

standard deviation equal to the uncertainty in the CYGNSS data. (left)The algorithm produces storm center lo-

cations with high certainty compared to the size of the search grid, even in the presence of error in the input wind

speeds. (right) Zoom in on the ensemble. The red cross is the average of all trials while the green cross is theMTrack

storm center, our best estimate of the storm center location. Although the error in wind speeds causes an

uncertainty of 4.94 km, the mean of all wind speed perturbation trials is only 0.57 km from the MTrack center.

This algorithm is very robust to input error.
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a storm is far from land. In the case of satellite imagery

of a clear eye, geostationary satellites downlink mul-

tiple images per hour, so the temporal resolution is

excellent. An MTrack fix would serve as a second es-

timate of the storm center location. However, recall

that eyes are only visible in 12.6% of images of TCs. In

the more typical case of a storm with a shrouded eye

or disorganization, scatterometers are often used to

determine the fix. Fixes based on satellite scatter-

ometers are generally less accurate than methods that

fit to the eyewall or rainbands, and they also suffer

from relatively poor temporal resolution. The MTrack

fix will improve upon the temporal sampling because of

CYGNSS’s short revisit time. MTrack also has the po-

tential to improve upon the fixes from scatterometers

since they suffer from performance degradation in

heavy precipitation while CYGNSS is unaffected. The

performance of MTrack in situations with storm disor-

ganization requiresmore investigation, but this is another

potential opportunity for MTrack to improve upon the

accuracy of current storm center fix techniques. It should

also be noted that MTrack has the potential to be used

operationally since its uncertainty reduction factor is

valid even at the higher center fix uncertainty levels that

are typical of near-real-time, operational fixes.
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