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ABSTRACT: A time–space shift method is developed for relocating model-predicted tornado vortices to radar-observed
locations to improve the model initial conditions and subsequent predictions of tornadoes. The method consists of the fol-
lowing three steps. (i) Use the vortex center location estimated from radar observations to sample the best ensemble mem-
ber from tornado-resolving ensemble predictions. Here, the best member is defined in terms of the predicted vortex center
track that has a closest point, say at the time of t5 t*, to the estimated vortex center at the initial time t0 (when the tornado
vortex signature is first detected in radar observations). (ii) Create a time-shifted field from the best ensemble member in
which the field within a circular area of about 10-km radius around the vortex center is taken from t 5 t*, while the field
outside this circular area is transformed smoothly via temporal interpolation to the best ensemble member at t0. (iii) Create
a time–space-shifted field in which the above time-shifted circular area is further shifted horizontally to co-center with the
estimated vortex center at t0, while the field outside this circular area is transformed smoothly via spatial interpolation
to the non-shifted field at t0 from the best ensemble member. The method is applied to the 20 May 2013 Oklahoma
Newcastle–Moore tornado case, and is shown to be very effective in improving the tornado track and intensity predictions.

SIGNIFICANCE STATEMENT: The time–space shift method developed in this paper can smoothly relocate tornado
vortices in model-predicted fields to match radar-observed locations. The method is found to be very effective in
improving not only model initial condition but also the subsequent tornado track and intensity predictions. The
method is also not sensitive to small errors in radar-estimated vortex center location at the initial time. The method
should be useful for future real-time or even operational applications although further tests and improvements are
needed (and are planned).

KEYWORDS: Radars/Radar observations; Interpolation schemes; Forecasting techniques;
Numerical weather prediction/forecasting; Short-range prediction

1. Introduction

It has been well demonstrated and successfully imple-
mented in operational models that relocating a tropical
cyclone (TC) or replacing it with a bogus vortex can signifi-
cantly improve the model initial condition and subsequent
prediction of the TC (Kurihara et al. 1993, 1995; Liu et al. 2000,
2020; Hsiao et al. 2010; Liou and Sashegyi 2012; Hendricks et al.
2011; Schwartz et al. 2013). Motivated by the success of vortex
relocation and initialization developed for TCs, a time–space
shift method is developed in this paper for relocating tornado
vortices in model-predicted background fields to radar-
observed locations to improve the initial conditions and sub-
sequent predictions of tornado vortices.

For a model-predicted tornado vortex, the vortex location
error is often much larger than the vortex core radius, which
can cause large non-Gaussian and nonunimodal errors in the
predicted background fields in and around the vortex area
that are difficult to deal with in data assimilation. It is thus
more important and necessary for a tornado vortex than for a
tropical cyclone to reduce the vortex center location error (as

a bias error) as much as possible; one method for achieving
this is via vortex relocation. In this case, the vortex center lo-
cation must be estimated as a function of height z above the
ground at the initial time t0 of model integration. The esti-
mated center location, denoted by xc(z, t0) with xc ≡ (xc, yc),
must be sufficiently accurate with an error smaller than the
vortex core radius (i.e., the radius of the maximum tangential
velocity). Since t0 is set to (or nearly to) the time of tornado
being first detected from radar observations and xc(z, t0) is es-
timated from observations on different tilts of radar scan (and
thus on different vertical levels) at and after t0, there is a delay
from t0 for performing vortex relocation due to observation
latency.

For the 20 May 2013 Oklahoma Newcastle–Moore tornado
considered in this paper, the three-step method of Xu et al.
(2017) was used in Xu et al. (2022) to estimate xc as a function
of (z, t) up to z 5 5 km over the entire time period that the
tornado vortex was detected from the operational Oklahoma
City, Oklahoma, radar (KTLX) and the NSSL phased-array
radar (PAR). The estimated xc(z, t) is sufficiently accurate, as
assessed in Xu et al. (2022). However, since this estimate re-
quires the observation data during the entire period of tor-
nado vortex, it can only be applied for hindcast. In the current
study, we modified the three-step method and used theCorresponding author: Qin Xu, Qin.Xu@noaa.gov
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modified method to estimate xc(z, t0) from the earliest sweeps
of radar scan that first detected the tornado vortex at different
heights, so the observation latency can be minimized to an ac-
ceptable level (#6 min). This estimated xc(z, t0) was applied
to a forecast experiment and evaluated against a hindcast ex-
periment using xc(z, t0) from Xu et al. (2022) in this study.

In each aforementioned experiment, the estimated xc(z, t0)
was used to sample the best ensemble member from tornado-
resolving ensemble predictions of the 20 May 2013 Oklahoma
Newcastle–Moore tornado (Snook et al. 2019). We will show
that the time–space shift method can be applied effectively to
this best member to improve its initial conditions and subse-
quent prediction of the tornado in not only the hindcast ex-
periment but also the forecast experiment.

The three-step method (Xu et al. 2017) is reviewed briefly
first in the next section followed by detailed descriptions of
the required modifications in the remaining part of the sec-
tion. The time–space shift method is described in section 3,
and the method is applied to the 20 May 2013 Oklahoma
Newcastle–Moore tornado in section 4. The impact of the
time–space shift on tornado track and intensity predictions is
presented and examined in section 5. Conclusions follow in
section 6.

2. Three-step method and modified method for
estimating vortex center location

In the three-step method of Xu et al. (2017), the first step
estimates xc on each sweep of radar scan (as a by-product of
the mesocyclone-targeted de-aliasing of Xu and Nai 2017) to
generate a discrete dataset of xci 5 xc(zi, ti) at M irregularly
distributed points in (z, t), where (zi, ti) denotes the ith irregu-
larly distributed point andM is the total number of irregularly
distributed points. The second step estimates xc, as a continu-
ous function of (z, t), by fitting an expansion of B-spline basis
functions to xci generated at (zi, ti) in the first step. The third
step refines the second-step estimated xc(z, t) by applying a
continuous version of statistical interpolation to the residuals
of the second-step fitting and adding the obtained incremental
field to the second-step estimated xc(z, t).

For the 20 May 2013 Oklahoma Newcastle–Moore tornado
considered in this paper, xc(z, t) has been estimated, up to
z 5 4 km (or 5 km) as shown in Fig. 1 of Xu et al. (2017) (or
Fig. 2 of Xu et al. 2022), by applying the three-step method to
dealiased radial velocities from the KTLX radar and PAR
over the entire time window from 1951:42 to 2033:44 UTC
during which the tornado vortex was detected. Since the error
of the estimated xc(z, t) is no more than 0.3 km, which is
merely half of the vortex core radius (as assessed in section 6
of Xu et al. 2022), the estimated xc(z, t0) can represent the
true xc(z, t0) at the initial time t0 (1950 UTC) and will be used
as a benchmark xc(z, t0) for vortex relocation at t0. This
benchmark xc(z, t0), however, is estimated by using radar ob-
servations up to 2033:44 UTC (nearly 44 min delayed from t0
at 1950 UTC), so its produced vortex relocation at t0 and sub-
sequent 40-min prediction constitute merely a hindcast exper-
iment, named HC-Exp, in this paper.

For a forecast experiment, named FC-Exp, xc(z, t0) must be
estimated on the earliest sweeps of radar scan that first de-
tected the tornado vortex at different heights, so the observa-
tion latency can be minimized to an acceptable level. To
achieve this, we need to apply the first step of the three-step
method only to the earliest single volume scan (that is., the
KTLX volume scan from 1951:42 to 1954:25 UTC) that first
detected the tornado vortex at different heights (up to 5 km).
This generates a discrete dataset of xci along the discrete tra-
jectory of (zi, ti) but the total number of discrete points is re-
duced to M 5 10 (from 319), so this discrete dataset is too
sparse in (z, t) for properly estimating xc(z, t) in the subse-
quent two steps of the three-step method.

To overcome the difficulty caused by the sparseness of xci
in (z, t), we need to consider t in xc(z, t) implicitly as a smooth
function of z, denoted by t 5 t(z), which can be a quadratic
function of z but should fit closely the discrete trajectory of
(zi, ti). We can then modify the three-step method by reducing
the second-step fitting and third-step statistical interpolation
in (z, t) to their respective one-dimensional versions in z, so
these two steps can be used to estimate xc[z, t(z)] as a func-
tion of z. To finally estimate xc(z, t0), we also need to estimate
the vortex moving velocity by uc 5 (xcM11 2 xc1)/(tM11 2 t1),
where xc1 and xcM11 are the vortex center locations esti-
mated at the lowest tilt (0.58 elevation) in the earliest
and subsequent volume scans (from KTLX at t1 5 1951:42
UTC and tM11 5 1955:59 UTC, respectively). This gives
uc 5 (3.86, 3.67) m s21, so xc(z, t0) can be estimated by
xc[z, t(z)] 2 [t(z) 2 t0]uc. In this case, radar observations
are used up to 1955:59 UTC, which is less than 6 min de-
layed from t0 at 1950 UTC. This delay (,6 min due to obser-
vation latency) is acceptable for a 40-min forecast, so the
estimated xc(z, t0) can be used in FC-Exp.

The error of estimated xc(z, t0) in FC-Exp can be assessed
by its difference from the benchmark xc(z, t0) estimated in
HC-Exp. By comparing the tornado track and intensity pre-
dictions in FC-Exp versus those in HC-Exp, we can evaluate
the sensitivity of the time–space shift method to errors in the
estimation xc(z, t0).

3. Description of the time–space shift method

The time–space shift method performs three steps to (i) sample
the best ensemble member, (ii) temporally shift the best member
such that its tornado track can be closest to radar-estimated
xc(z, t0) at z 5 10 m, and (iii) further shift the best member
horizontally to move its tornado vortex center to radar-estimated
location on each vertical level. The detailed procedures of these
three steps are described below:

(i) Use the radar-estimated vortex center location at z 5 10 m
(i.e., the first model level above the surface) to sample the
best ensemble member from tornado-resolving ensemble
predictions initialized (say, 20 min earlier) before t0. Here,
the best member is defined in terms of its produced vortex
center track that has a closest point, occurring at t 5 t*

(which can be at any time during the forecast track), to the
estimated vortex center at the initial time t0. The vortex
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center track is produced at z5 10 m with the vortex center
located every minute, while the vortex center is detected by
and set to the grid point where the pressure perturbation
reaches the minimum and the vorticity reaches the maxi-
mum or nearly so.

(ii) Create a time-shifted field for each model variable at
each vertical level from the best ensemble member by

taking the best-member produced field valid at t* (or t0)
within the radius of Rc ’ 10 km (or outside the 2Rc ra-
dius) from its produced vortex center at t*, as illustrated
in Fig. 1a. The field between Rc and 2Rc radii is given by
the best-member produced field valid at a radial-
distance-dependent intermediate time (between t* and t0)
defined by

ti ≡ t* 1 (t0 2 t*)(Ri 2 Rc)
/
Rc, (1)

where Ri is the radial distance of the concerned grid point
between the Rc and 2Rc radii from the best-member pro-
duced vortex center valid at t* (see Fig. 1a). The linear
temporal interpolation in (1) ensures that the field valid
at t* changes continuously to the field valid at t0 as Ri in-
creases from Rc to 2Rc. The time-shifted field created in
this step is denoted by f1(x).

(iii) Further shift f1(x) horizontally with the vortex center of
f1(x) shifted to the estimated vortex center at t0 on each
vertical level. Denote this further horizontally shifted
field by f2(x). Create a time–space-shifted field by taking
f2(x) [or f1(x)] within the radius of Rc ’ 10 km (or out-
side 2Rc radius) from the estimated vortex center at t0,
while the field between Rc and 2Rc radii is given by

f3(xi) 5 (Ri0 2 Rc)f1(xi)
/
Rc 1 (2Rc 2 Ri0)f2(xi)

/
Rc, (2)

where Ri0 is the radial distance of the concerned grid
point xi (between Rc and 2Rc radii) from the estimated
vortex center valid at t0, as illustrated in Fig. 1b. The lin-
ear spatial interpolation in (2) ensures that f3(x) changes
continuously from f2(x) to f1(x) as Ri0 increases from Rc

to 2Rc.

FIG. 1. Schematics of (a) time-shifted field and (b) further hori-
zontally shifted field produced in steps ii and iii, respectively. The
blue (or red) plus sign marks the best ensemble member predicted
xc at t5 t* (or radar-estimated xc at t5 t0), the blue (or cyan) circle
shows the area within Rc (or 2Rc) radius from the blue plus sign,
and the red (or purple) circle shows the area within Rc (or 2Rc) ra-
dius from the red plus sign. In (a), the field within the blue circle,
denoted by blue f(x, t*), is time shifted from t*; the field between
the blue and cyan circles, denoted by cyan f(xi, ti) at point xi
(marked by the cyan plus sign with its distance from the blue plus
sign denoted by cyan Ri), is time shifted from ti defined in (1); and
the field outside the cyan circle, denoted by black f(x, t0), is not
time shifted. In (b), the field within the red circle, denoted by red
f2(x), is horizontally shifted from that within the blue circle in (a);
the field outside the purple circle, denoted by black f1(x), is not
shifted; and the field between the red and purple circles, denoted
by purple f3(xi) at point xi (marked by the purple plus sign with its
distance from the red plus sign denoted by purple Ri0), is a linear
combination of f1(xi) and f2(xi) as formulated in (2).
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FIG. 2. Vortex center xc from the best ensemble member run
valid at t 5 t* marked sequentially by the blue line connecting the
blue stars as a function of zk with k increasing from 1 to 22, where
zk is the height of the model kth vertical level above the ground.
The red line connecting the red plus signs (or green line connecting
the green 3 signs) marks the radar-estimated xc(zk,) at t0 in HC-
Exp (or FC-Exp), also sequentially, as a function of zk with k in-
creasing from 1 to 22.
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The above described three-step procedures can be simpli-
fied by skipping step (ii). In this case, f3(x) is still given by (2),
but f1(x) is given directly by the best-member produced field
valid at t0 while f2(x) is given by the best-member produced
field valid at t* after the entire field is horizontally shifted with
its vortex center moved to radar-estimated location at t0 on
each vertical level. This simplification can reduce the compu-
tational cost but cause slightly more dynamic/thermodynamic
inconsistencies between its produced fields of different model
variables over the area between Rc and 2Rc radii from the radar-
estimated vortex center. This simplified approach will be consid-
ered/examined in our continued studies beyond this paper.

4. Application to 20 May 2013 Moore tornado

For the 20 May 2013 Oklahoma Newcastle–Moore EF5 tor-
nado, as shown in Fig. 2, the radar-estimated xc(z, t0) in FC-
Exp is very close to the benchmark xc(z, t0) estimated in
HC-Exp, especially at z 5 10 m. Using the radar-estimated
xc(z, t0) at z 5 10 m in either HC-Exp or FC-Exp, the ensem-
ble member 3 is sampled consistently as the best one from the
tornado-resolving (50 m) ensemble predictions initialized at
1930 UTC, as shown in Fig. 3 (duplicated from Fig. 3 of Snook
et al. 2019). The reflectivity field from the best ensemble
member run valid at t5 t0 (or t5 t* 5 1936:20 UTC) is shown
at z 5 10 m by the color shades in Fig. 4a (or Fig. 4b), where

the blue plus sign marks the associated vortex center at
z 5 10 m for t 5 t0 (or t 5 t*) from the best ensemble member
run, the red plus sign marks the radar-estimated benchmark
xc(z, t0) at z 5 10 m in HC-Exp, and the black contours show
the areas of radar-observed reflectivity above 30 dBZ at
z5 10 m and t5 t0.

As shown in Fig. 4a, the vortex center from the best ensem-
ble member run valid at t0 is about 10 km northeast of the
radar-estimated benchmark vortex center and the associated
hook-echo area of reflectivity is also about 10 km northeast of
the radar observed. However, as shown in Fig. 4b, the vortex
center from the best ensemble member run valid at t 5 t*

(13 min 40 s earlier than t0) is very close to the radar-estimated
benchmark vortex center at t0 and the associated hook-echo
area of reflectivity also matches closely the radar observed at
t0. In fact, on the vortex center track produced by the best en-
semble member run, the vortex center valid at t* is closest to
the radar-estimated benchmark vortex center at t0, which is
consistent with the definition of best member given in step i of
section 3. The field produced for each model variable by the
best ensemble member run valid at t* in the circular area
within the thin blue circle (of Rc 5 9-km radius) in Fig. 4b is
thus used to replace the field of the same model variable valid
at t0 over the same circular area (see the reflectivity field
within the thin blue circle in Fig. 4c). As described in step ii of
section 3, the field between Rc and 2Rc radii is transformed

FIG. 3. Swaths of wind speed exceeding the EF0 threshold (29 m s21) at the first model level
above the surface for each of the 10 members of the 50-m ensemble runs initialized at 1930 UTC,
color coded by ensemble member. Urban areas are outlined in gray, county boundaries are denoted
by thin black lines, and the observed extent of EF0 or greater damage from the Newcastle–Moore
tornado is indicated by a thick black contour. Tornado warnings issued between 1930 and
2100 UTC by the NWS Norman WFO, labeled by time of issuance, are plotted (dark red
boxes) for comparison. The earliest and latest times at which tornadoes were present for the
observed tornado (Obs.) and for each member (1–10) are listed in the top-left inset as a gen-
eral reference for timing. [Reprinted with permission from Snook et al. (2019).]
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continuously from the field of t* inside Rc radius to the field of
t0 outside 2Rc radius by using the temporal interpolation in
(1). This time shift is performed in step ii for each model vari-
able on each vertical level up to the highest possible vertical
level (i.e., k 5 22 at z 5 4.38 km for the case presented here)
where the radar-estimated xc(z, t0) and the best-member-
produced xc at t

* are both available. For higher vertical levels
from k 5 23 to 63 (at the model top), the time shift is per-
formed in the same way as that for the vertical level of k 5 22.
The time-shifted reflectivity field produced in step ii is shown
at z 5 10 m in Fig. 4c for HC-Expt, which is visually indistin-
guishable from that (not shown) for FC-Expt.

The time–space-shifted reflectivity field produced in step iii
in HC-Expt is shown at z 5 10 m in Fig. 4d. In this step, the
time-shifted vortex center marked by the blue plus sign in
Fig. 4c is further shifted horizontally to collocate with the
radar-estimated vortex center at t0, while the circular area
within the thin blue circle in Fig. 4c is also shifted horizontally
with the vortex center. As shown in Fig. 4d, the hook-echo
area of the time–space-shifted reflectivity field matches the
radar observed more closely than that in Fig. 4c for the time-
shifted reflectivity field within the thin blue circle. As described
in step iii of section 3, the field outside the horizontally shifted
circular area of Rc radius (see the thin red circle in Fig. 4c) is
transformed continuously to the field outside the circle of 2Rc

radius (see the thin purple circle in Fig. 4c) by using the spatial
interpolation in (2). This horizontal space shift is performed in
step iii for each model variable on each vertical level, again, up
to the highest vertical level of k 5 22 (at z 5 4.38 km) where
the radar-estimated xc at t0 and the best-member-produced xc
at t* are both available. For higher vertical levels (from k 5 23
to 63), the horizontal shift is performed in the same way as that
for the vertical level of k 5 22. Figure 2 shows how the pre-
dicted xc valid at t* (marked by blue star signs) is shifted hori-
zontally to the radar-estimated xc at t0 (marked by green 3

signs) in FC-Exp or to the radar-estimated benchmark xc at t0
(marked by red plus signs) in HC-Exp on each of the 22 verti-
cal levels.

The surface winds (at z 5 10 m) from the best ensemble
member run valid at t 5 t0 5 1950 UTC are shown by black
arrows in Fig. 5a. As shown, the surface winds are rotating cy-
clonically and converging toward the vortex center (marked
by the blue plus sign), but the vortex center valid at t 5 t0 is
about 10 km northeast of the radar-estimated vortex center at
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FIG. 4. (a) Reflectivity field from the best ensemble member run
shown by the color shades and associated vortex center marked by
the blue plus sign at z5 10 m valid at t5 t0 5 1950 UTC. (b) As in
(a), but valid at t 5 t* 5 1936:20 UTC. (c) As in (a), but for the
time-shifted reflectivity field produced in step ii in HC-Exp.

$−
(d) As in (c), but for the time–space-shifted reflectivity field pro-
duced in step iii. In each panel, the black contours show the areas
of radar-observed reflectivity above 30 dBZ at z5 10 m and t 5 t0,
the red plus sign marks the radar-estimated benchmark xc(z, t0) at
z5 10 m in HC-Exp, and the thin purple lines show county bound-
aries. In (b), the thin blue (or cyan) circle shows the circular area
within the radius of Rc 5 9 km (or 2Rc) around the vortex center
(marked by the blue plus sign) from the best ensemble member
run valid at t 5 t*. In (c), the thin red (or purple) circle shows the
circular area within the radius of Rc (or 2Rc) around the radar-esti-
mated benchmark vortex center (marked by the red plus sign) in
HC-Exp and the thin blue circle duplicates that in (b).
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t 5 t0 (marked by the red plus sign), which is the same as seen
previously from Fig. 4a. On the other hand, as shown in
Fig. 5b, the surface winds from the best ensemble member
run valid at t 5 t* 5 1936:20 UTC are strongly convergent and
rotating cyclonically around the vortex center (marked by the
blue plus sign), and the vortex center valid at this time (t 5 t*)
is very close to the radar-estimated vortex center at t0
(marked by the red plus sign), as seen previously from Fig. 4b.

Figure 5c shows the time–space-shifted surface winds pro-
duced in step iii in HC-Exp. As shown, the surface winds pre-
serve the strong convergence and highly cyclonic rotation
around the time–space-shifted vortex center that is now collo-
cated with radar-estimated vortex center at t0. The surface
winds in Fig. 5c preserve not only the first rear-flank gust front
(that is curved and extended southwestward) but also the sec-
ond rear-flank gust front (that is curved and extended west-
ward behind the first rear-flank gust front), as well as the
extended zone of strong wind shift and convergence north of
the vortex core (see Fig. 5c versus Fig. 5b). The time–space-shift
also preserves the temperature and humidity variations across
and along these frontal zones (not shown) in the vicinity of the
vortex core.

The tornado vortex was first detected and visualized as a di-
pole of positive and negative radial velocities around the vor-
tex center in the dealiased radial velocity image from the
KTLX radar scan on 0.58 sweep at 1951:42 UTC (not shown).
By projecting the predicted velocities from the best ensemble
member valid at t0 5 1950 UTC (or t* 5 1936:20 UTC) onto
the KTLX radar beam directions on 0.58 sweep, the predicted
vortex can be visualized by a dipole in the projected radial-
velocity field around the vortex center (not shown). Similarly,
the time–space-shifted vortex can be also visualized by a di-
pole around the time–space-shifted vortex center in its pro-
jected radial velocity field (not shown). By comparing the
radar-observed dipole with those in the above three projected
radial velocity fields, we find that (i) the best-member-
predicted vortex valid at t0 is slightly weaker and larger than
the radar observed but the predicted vortex center is about
10 km northeast of the radar observed (as seen previously from
Figs. 4a and 5a); (ii) the best-member predicted vortex valid at t*

is much less rotational but more convergent (at z 5 10 m) than
the radar observed while the predicted vortex center is very
close to the radar observed (as seen previously from Figs. 4b
and 5b); (iii) the time–space-shifted vortex preserves the vortex
structure from the best-member predicted vortex valid at t*

while the vortex center is shifted to the radar-observed location;
and (iv) the time–space-shifted vortex in FC-Exp is visually
indistinguishable from that in HC-Exp.

5. Improved tornado track and intensity predictions

The time–space shift is performed for each model prognos-
tic variable on the same tornado-resolving (50 m) grid as that
used for the ensemble predictions initialized at 1930 UTC in
Snook et al. (2019). To avoid complications caused by parallel
computation, the time–space-shifted fields (for all the model
prognostic variables) are coarsened from 50 to 100 m in the
horizontal resolution and then used to reinitialize the model
prediction at t 5 t0 5 1950. Figure 6 shows that the predicted
tornado track in HC-Exp (plotted by green filled circles)
matches the observed track (plotted by black filled circles)
much more closely than the predicted track from the best en-
semble member without vortex relocation (plotted by blue 3

symbols). Figure 6 also shows that the predicted tornado track
in FC-Exp (plotted by red open circles) is very close to the
predicted track in HF-Exp, so the tornado track prediction
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FIG. 5. (a) Surface winds (at z 5 10 m) from the best ensemble
member run plotted by black arrows with the associated vortex
center marked by the blue plus sign valid at t 5 t0 5 1950 UTC.
(b) As in (a), but valid at t 5 t* 5 1936:20 UTC. (c) As in (a), but
for the time–space-shifted velocity field produced in step iii in
HC-Exp. In each panel, the red plus sign marks the radar-estimated
benchmark vortex center at z 5 10 m and t 5 t0 5 1950 UTC in
HC-Exp, and the thin cyan lines show county boundaries.
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produced with vortex relocation by using the time–space shift
method is not sensitive to small errors in radar-estimated
xc(z, t0) (see Fig. 2).

Figures 7a–d show the predicted surface winds in HC-Exp
valid at the time of 5, 10, 15 and 20 min, respectively, after the
vortex relocation. As shown in Fig. 7a versus Fig. 5c, during
the first 5-min period into the forecast time, the predicted vor-
tex center (marked by the blue plus sign) moves northeast-
ward slightly faster than the vortex center estimated from
radar observations (marked by the red plus sign). As the pre-
dicted vortex moves northeastward, it also becomes more in-
tense at this time (1955 UTC) than that (see Fig. 5c) at the
initial time of t 5 t0 (1950 UTC), and so do the first and sec-
ond rear-flank gust fronts as well as the northeastward ex-
tended zone of wind shift and convergence. In this case, the
second rear-flank gust front is intensified but still not as in-
tense as the first rear-flank gust front. During the second
5-min period into the forecast time, as shown in Fig. 7b versus
Fig. 7a, the predicted vortex center moves mainly eastward
and again slightly faster than the vortex center estimated
from radar observations. Along with the predicted vortex
movement, the first and second rear-flank gust fronts also
move mainly eastward, and the second rear-flank gust front
becomes more intense than the first gust front. During the
third 5-min period into the forecast time, as shown in Fig. 7c
versus Fig. 7b, the predicted vortex center moves farther
northeastward and remains ahead of the vortex center esti-
mated from radar observations. Along with the predicted vor-
tex movement, the first and second gust fronts also move
northeastward but become relatively weak while a third rear-
flank gust front is generated behind (to the west of) the sec-
ond gust front along the southern edge of the vortex core and

becomes stronger than the second gust front. During the fourth
5 min into the forecast time, as shown in Fig. 7d versus Fig. 7c,
the predicted vortex center moves farther northeastward and
again slightly faster than the vortex center estimated from radar
observations. Along with the predicted vortex movement, the
three gust fronts also move farther northeastward but all be-
come weak, while the surface winds in the vortex core become
strongly divergent.

The predicted surface wind fields in FC-Exp (not shown)
valid at the time of 5, 10, 15, and 20 min, respectively, are al-
most the same as those shown in Figs. 7a–d, respectively, for
HC-Exp. Thus, in line with the closeness of predicted tornado
track in FC-Exp to that in HC-Exp shown in Fig. 6, the close-
ness of predicted wind field in FC-Exp to that in HC-Exp indi-
cates that the wind prediction produced by using the time–
space shift method is also not sensitive to small errors in ra-
dar-estimated xc(z, t0).

Figure 8a (or Fig. 8b) shows that the predicted maximum
vorticity (or wind speed) at z 5 10 m with the vortex reloca-
tion in either HC-Exp (plotted by the green curve) or FC-Exp
(plotted by the red curve) is higher and lasts longer time than
that predicted (plotted by the blue curve) without vortex reloca-
tion. Note that the time–space-shifted vortex preserves the best-
member predicted vortex structure valid at t 5 t* 5 1936:20
UTC while the latter is much less rotational than the radar ob-
served, so the predicted vortex intensity with the vortex reloca-
tion is still substantially weaker than the observed intensity of
EF5 tornado. Here, the closeness of predicted tornado intensity
in FC-Exp to that in HC-Exp further indicates that not only the
tornado track prediction but also the intensity prediction pro-
duced by using the time–space shift method are not sensitive to
small errors in radar-estimated xc(z, t0).

(  W)O

(  N)O

FIG. 6. Observed tornado track plotted by black filled circles (every minute from the initial
time t0 at 1950 UTC to 2035 UTC), predicted track from the best ensemble member without
vortex relocation plotted by blue3 signs (every minute from t0 to 2008 UTC), predicted track in
HC-Exp plotted by green filled circles (every minute from t0 to 2024 UTC), and predicted track
in FC-Exp plotted by red open circles (every minute from t0 to 2021 UTC). The thin black lines
show county boundaries.
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6. Conclusions

A time–space shift method is developed in this paper for re-
locating a model-predicted tornado vortex to the radar-
observed location. The utility and effectiveness of the method
are demonstrated by its application to the best ensemble
member sampled from tornado-resolving ensemble predic-
tions of 20 May 2013 Newcastle–Moore EF5 tornado in Okla-
homa (Snook et al. 2019). In particular, the time–space shift
method is applied to relocate the best-ensemble-predicted
vortex center with each model-variable field in and around
the vortex core to match the vortex center estimated, at the
initial time t0, from radar observations delayed 44 min (or
nearly 6 min) from t0 in a hindcast experiment, named HC-
Exp (or a forecast experiment, named FC-Exp). In either ex-
periment, the method is found and shown to be very effective
in improving not only the intimal condition after the vortex
relocation but also the subsequent tornado track and intensity
prediction, although the predicted vortex intensity is still

(  N)O

(  W)O

m/s

(a)

++

(  N)O

(  W)O

m/s

(b)

++

(  N)O

(  W)O

m/s

(c)

++

+
+

(  N)O

(  W)O

m/s

(d)

FIG. 7. (a) Predicted surface winds (at z5 10 m) after vortex relo-
cation plotted by black arrows with the predicted vortex center
marked by the blue plus sign valid at t 5 t0 1 5 min (1955 UTC).
(b) As in (a), but valid at t 5 t0 1 10 min (2000 UTC). (c) As in (a),
but valid at t 5 t0 1 15 min (2005 UTC). (d) As in (a), but valid at

$−
t5 t0 1 20 min (2010 UTC). In each panel, the red plus sign marks
the radar-estimated vortex center at z 5 10 m valid at the same
time as the predicted vortex center (marked by the blue plus sign),
and the thin cyan lines show county boundaries.
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FIG. 8. (a) Time series of maximum vorticity (at z 5 10 m) of
tornado vortex predicted without vortex relocation at t0 plotted by
blue curve and predicted with vortex relocation at t0 in HC-Exp
(or FC-Exp) plotted by the green (or red) curve. (b) As in (a), but
for time series of predicted maximum surface wind speed.
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substantially weaker than the observed intensity of EF5 tor-
nado due mainly to the insufficient intensity in relocated vor-
tex at the initial time.

The method is also found to be not sensitive to small errors
in radar-estimated tornado vortex location at t0, as indicated
by the closeness of the predicted tornado track and intensity
in FC-Exp to those in HC-Exp. However, the effectiveness of
the method is likely to depend on or to be limited by the
smallness of error in radar-estimated tornado vortex location.
The effectiveness of the method may also depend whether the
best-member predicted tornado track has a point (not neces-
sarily at or close to t0) sufficient close to radar-estimated vortex
location at t0. These potential limitations are not investigated
yet in this paper.

The above summarized results also indicate that the vortex
intensity prediction should and can be further improved by
improving the initial vortex intensity after the vortex reloca-
tion. Since 3D high-resolution vortex winds can be retrieved
by using the vortex-flow variational method, called VF-Var
(Xu 2021; Xu et al. 2022), from radar radial velocity observa-
tions of tornadic mesocyclones, the retrieved 3D high-resolution
vortex winds can be used as pseudo-observations and assimi-
lated into the wind field after the vortex relocation to improve
the initial vortex intensity and subsequent vortex intensity pre-
diction. Continued research is conducted in this direction, and
the results will be presented in a follow-up paper.

Finally, although the observation latency can be reduced to
an acceptable level (#6 min for the 40-min prediction in FC-
Exp) and the CPU time for vortex relocation (including radar
velocity de-aliasing and estimating the vortex center location)
can be sufficiently short (,1 min), the method still faces an-
other serious challenge for future real-time/operational appli-
cations on how to reduce the CPU time (currently 3.5 h) for
the vortex-relocated 40-min prediction run. To reduce this
CPU time to an acceptable level (,5 min), we must properly
coarsen the horizontal resolution (say, from current 100 to
500 m with the horizontal grid size reduced from 503 3 303 to
1013 61) so the tornado vortex is still resolvable. In this case,
the ensemble prediction run (initialized 20 min before t0) can
be also coarsened (say, to 1-km resolution) to resolve just the
mesocyclone but not the tornado, so its CPU time can be
shorter or much shorter than 20 min and thus will cause no
delay for the vortex-relocated prediction run initialized at t0.
Continued research is required and will be conducted in this
direction.
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