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ABSTRACT
It is demonstrated that the traditional method, in widespread use on NEXRAD and other
radar systems, to compute echo top heights results in both under- and overestimates. It is
proposed that echo tops be computed by interpolating between elevation scans that bracket
the echo top threshold. The traditional and proposed techniques are evaluated using sim-
ulated radar samples of a modeled thunderstorm and by sampling a high-resolution Range
Height Indicator (RHI) of a real thunderstorm. It is shown that the proposed method results

in smaller errors when higher elevation scans are available.

1. Motivation

Radar echo tops have been widely used in meteorology ever since the first weather radars
were employed. Applications have ranged from aviation weather forecasting (Evans et al.
2004) and severe weather diagnosis (Held 1978) to gauging the effectiveness of cloud seed-
ing (Goyer 1975). However, the first precise definition of an echo top is difficult to determine
since the first uses of radar echo tops seem to have been organic and little remarked upon.
Donaldson (1964) noted that the “conventional” echo top is the maximum height of the
minimum detectable echo and suggested, citing a private conversation with Dr. David At-
las, that a storm echo top be designated by the maximum height of some standard value of
reflectivity.

One problem with this definition of an echo top, as the maximum height at which an
echo could occur, arises from side-lobes (Atlas et al. 1963) which can cause the reflectivity

value, Z, reported at a particular location to be valid as much as two half-power beamwidths
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away. To address this problem, Probert-Jones (1963) devised iterative methods using a set
of elevation scans spaced a half-power beam width (hereafter ) apart (what we now term
a volume scan) and Donaldson (1964) suggested reducing the receiver gain to suppress side
lobes.

This technique, of using a volume scan to determine the maximum elevation angle at
which a certain reflectivity threshold is exceeded, is what is now employed operationally
on many radar systems. Within NEXRAD, for example, the radar echo top is computed
within a volume scan by determining the maximum elevation angle at which dBZ > 18 is
detected. The echo top height is computed from the elevation angle assuming a 4/3 earth
model (Doviak and Zrnic 1993) to account for standard atmospheric refractivity. Rather
than use the elevation angle directly, however, the “top” of the beam is used as the echo
top height. The top of the radar beam is assumed to occur g degrees above the nominal
elevation angle of the beam. This correction continues to be carried out even though studies
as early as Saunders and Ronne (1962) pointed out that the g correction had no impact on
echo top errors.

In spite of the early adoption of radar echo top calculation methods, their limitations were
clearly recognized. Radar reflectivity profiles of thunderstorms were described by Donaldson
(1961) and Riehl (1977) noted, for example, “clouds may well extend above the upper limits
of droplets returning energy to the 10 cm radar.” When computing echo tops, therefore, one
needs to consider the vertical profile of reflectivity (See Figure 1).

In this paper, we simply reiterate the points made 50 years ago and suggest that the oper-
ational computation of echo top heights be modified. We demonstrate that better estimates

of echo top heights can be obtained by assuming a locally linear variation in the vertical re-
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flectivity profile near the cloud top. Linear interpolation to compute echo tops is not novel:
linear interpolation is how echo tops are computed by the Warning Decision Support System
— Integrated Information (WDSS-II; Lakshmanan et al. (2007)), by the Corridor Integrated
Weather System (Evans et al. 2004) and possibly by other suites of radar algorithms. Thus,
for example, in Figure 2, the echo top on the left is the “enhanced” echo top distributed
on the NEXRAD Level-III product stream whereas the echo top on the right was computed
using WDSS-II from the Level-II NEXRAD data. Even though interpolation to compute
echo tops is not new, it has not yet been shown to improve upon the NEXRAD implementa-
tion. Demonstrating the advantage of using linear interpolation is the novel contribution of
this paper. We hope that the results will prompt revision of the echo top algorithm in the
NEXRAD radar products generator and in any other systems where the NEXRAD algorithm
is employed.

The rest of this paper is organized as follows. In Section 2, we describe the improved radar
echo top method. In Section 3, we demonstrate the method’s superiority using a modeled
thunderstorm sampled by radars at different ranges. In Section 4, we further demonstrate its

performance using real data where the echo top height is known to a high degree of accuracy.

2. Interpolation

Instead of simply finding the highest elevation angle within a volume, or a virtual vol-
ume (Lynn and Lakshmanan 2002), where reflectivity exceeds some threshold, the modified

algorithm is as follows:
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i. Find the maximum elevation angle where reflectivity exceeds the echo top reflectivity

threshold. Call this 6, and the reflectivity value at the elevation Z,,.

ii. If 6, is not the highest elevation scan in the virtual volume, obtain the reflectivity value
at the next higher elevation angle, 6,, and call it Z,. If 6, exists within the virtual
volume but Z, is below the signal-to-noise cutoff, set Z, =-14 dBZ. This value is chosen
because it is the minimum reflectivity value reported by the WSR-88D. Then, the echo

top height is given by the height of the radar beam at an elevation angle given by:

(Qb - ‘ga)

Or = (Zr — Za)m

+ 0, (1)
where Zp is the threshold value (18 dBZ, for example) used to compute the echo top.

iii. If 6, is the highest elevation scan available, set Oy = 6, + g This condition is met
far away from the radar if higher elevation scans have shorter ranges than a base
“surveillance” scan and very close to the radar if the highest elevation scan does not
sample the top of the cloud. Under these circumstances, 67 is set to be the top of the
beam containing dBZ > Zr, i.e., the traditional echo top algorithm is followed when

there are no data available from a higher elevation scan.

Linearly interpolating the echo top between the elevation angles that bracket the thresh-
old value of reflectivity is equivalent to finding the elevation angle at which the radar would
return 18 dBZ given that the reflectivity at the pulse volumes centered around the two brack-
eting elevations are known. In other words, this is equivalent to deconvolving the reflectivity
values reported by the radar by assuming a Bessel-2 function for the distribution of power

density within the beam (Doviak and Zrnic 1993) as long as we make some simplifying as-
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sumptions about the reflectivity profile.! Because the deconvolution is under-determined,
an assumption must be made about the vertical reflectivity profile. If one assumes that the
gradient of hydrometeor particle density is constant with height, then it is appropriate to
use reflectivity factors (mmSm™3) in Equation 1. On the other hand, if one assumes that the
gradient of the moisture content is constant with height, then it is appropriate to use dBZ
values in Equation 1. We report results of interpolating both dBZ and the reflectivity factor,
but confine our discussions to the interpolation of dBZ because it was found, empirically, to
perform better. Readers interested in the differences between interpolating in dBZ and in

mmSm ™2 are directed to Lakshmanan (2012).

3. Modeled Thunderstorm and Simulated Radars

A supercell thunderstorm was simulated using the National Severe Storms Laboratory
Collaborative Model for Multiscale Atmospheric Simulation (Wicker and Skamarock 2002;
Conrad et al. 2006). The simulation proceeded on a 200 x 200 x 20 km domain with 1-km
horizontal spacing and vertical spacing increasing from 200 m over the lowest 1 km to 600 m
above z = 13 km. The model was integrated over 2 hours using large and small time steps of

4 s and 2/3 s, respectively. A fully dual-moment version of the Ziegler (1985) microphysics

!The Bessel-2 function, J», has three useful properties in this context: it sums up to 1, [ J2(#)0df = 0 and
when the function is shifted by «, the integral evaluates to a. We seek to find o such that [ J(6—«)Z(0)df =
Zr. By using a Taylor expansion for Z(f) and the above properties of the Bessel function, it can be seen

that o = (Zp — Za)((gz:azaa)) when Z(0) is linear in 0, and « = (log(Zr) — log(Za))% when

log(Z(0)) is linear in 6.
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scheme (Mansell et al. 2010) was used. The simulation exhibits all of the critical features
of real supercells, including a deep, rotating updraft (mesocyclone), rear- and forward-flank
downdrafts, and outflow-induced gust fronts and baroclinic zones.

Synthetic reflectivity observations of the simulated supercell were computed from the
model reflectivity Z at t = 40 min using a slightly modified version of the technique of Wood
et al. (2009). This technique emulates the power-weighted averaging of reflectivities (and
radial velocities) of scatterers within a Gaussian radar beam. Earth curvature and standard
atmospheric beam refraction are also represented. The emulated radar was positioned at
successively greater distances east of the simulated supercell. The radar g and effective
B (See Doviak and Zrnic (1993) pages 193-197) were set to 0.89° and 1.39°, respectively.
Samples were collected every 250 m in range and 0.5° in azimuth using the NEXRAD VCP
11. The results of this process are shown in Figure 3.

The “true” echo top height was computed from the model data in its native Cartesian
coordinate system. Because the model’s vertical resolution is very high, the echo top height
was simply set to the maximum nominal (staggered) height at which the radar reflectivity
exceeded 18 dBZ, i.e., we did not perform any interpolation for determining the “true” echo
top heights.

At each pixel in the horizontal grid for which there was a finite echo top height, the error
was computed as the difference between the echo top height computed from the simulated
radar data, Acomputea, and the true echo top height, Ay, obtained from the high-resolution

model data:

€h = hcomputed - htruth (2)
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The distribution of errors is shown in Figure 4. The thick line shows the median error
while the extent of the box indicates the first and third quartiles. In addition, the Mean
Absolute Error (MAE) in the echo top estimate (in km) is reported for each method. All
the statistics are computed using only locations where the true echo top is greater than zero.
The median error and the MAE are reported rather than the Mean Square Error (MSE) or
Root Mean Square Error (RMSE) because the median and MAE are more resistant to outlier
effects. Taking the first box plot, it can be seen that when the radar is situated 100 km away
from the center of the storm, the traditional method results in underestimates of the echo top
height (note that the median error is negative indicating that the technique is biased towards
underestimation). When dBZ values are interpolated, the median error becomes zero. It can
be noted that the median error coincides with the 25th percentile for the traditional method,
thus indicating that high negative errors (i.e., gross underestimates) are very frequent. On
the other hand, when interpolating dBZ values, the 75th percentile and the median error
coincide (at zero), indicating that overestimates are extremely rare. There remain cases of
underestimation, but these are far fewer than in the traditional method. In other words, the
improvement of the proposed method over the traditional method comprises reduction in
the bias. When interpolating 7 values, both underestimates and overestimates are equally
likely since the median value is equally spaced from the 25th and 75th percentiles. When
the radar is situated 150 km away, the median error from both methods is zero, but the new
method reduces the variance of the echo top errors. When the value of Z is interpolated, it
is seen that the median error and the 75th percentile of the errors coincides, indicating that
the large positive errors are very frequent.

The proposed method improves upon the traditional method by utilizing data from the
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elevation scan above the scan with reflectivity greater than 18 dBZ. When the radar is so
far away that the beams overshoot the top of the storm (the 200 km range in Figure 4) or
so near that the top of the storm is not sampled (the 50 km range), there is no improvement

using the proposed method.

4. Comparing with High-Resolution RHI

While modeled thunderstorms are useful for precisely evaluating echo top errors and
examining their behavior with increasing range from the radar, it is also useful to demonstrate
improvements on real reflectivity data. To do this, we used a high-resolution Range Height
Indicator (RHI) scan as truth and computed the echo tops by sampling the RHI using a
typical NEXRAD VCP. It was thus possible to quantify how the echo top height is improved,
albeit on only a few cases.

The high resolution RHI data were collected using the National Weather Radar Testbed
Phased Array Radar (NWRT PAR; Zrnic et al. (2007)). The NWRT PAR consists of a
single antenna array capable of sampling a 90 degree sector in both azimuth and elevation
angle. The effective beam width at boresight is 1.5 degrees with the beam width increasing
away from boresight by a factor 1.5/ cos(a), where a is the angle from boresight. Because the
antenna is tilted vertically by 10 degrees, for a traditional NEXRAD VCP with an elevation
angle range of 0.5 to 19.5 degrees, the angles from boresight range from -9.5 to +9.5 degrees,
resulting in a maximum beam width of 1.52 degrees at the larger off-boresight angles.

The volume scan chosen followed the typical NEXRAD VCP elevation angle range of 0.5

to 19.5 degrees. However, an elevation angle interval of 0.25 degrees was used, resulting in
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77 distinct elevation cuts. In addition, a single azimuth position was sampled resulting in a
total scan time of approximately two seconds.

The high-resolution RHI obtained is shown in Figure 5. The “true echo top” was derived
from the RHI using the traditional NEXRAD algorithm (i.e., the echo top was defined to
be g above the central elevation angle of the highest beam with dBZ > 18 dBZ). This
RHI was then sampled using the elevation angles in NEXRAD’s VCP 11 by selecting the
closest elevation angle in the high-resolution RHI. From the sampled VCP, the echo tops
were computed using the traditional and proposed (interpolation) methods. The true echo
top height is shown on the left panels of Figure 6 while the distributions of errors when the
echo top is computed from the sampled VCP are shown in the right panels Figure 6. It can
be seen that interpolating in dBZ reduces the spread of the errors. Consequently, the mean
absolute errors obtained using the interpolation method are lower than those obtained using
the traditional method. The process was carried out on a few days where there were storms
within range of the PAR. The results consistently exhibited a lower variance of error when
dBZ values were interpolated to estimate the echo top height.

As expected, and similar to the case of the simulated thunderstorms, the reduction in
the spread of echo top error is most dramatic when the storms are about 100 km from the
radar (the middle row of Figure 6). When there are storms 200 km away from the radar,
as in the third row, interpolation can not mitigate the error by much because the available
elevation scans in VCP 11 do not sample the cloud top. Consequently, the underestimate of

echo top height can be as much as 10 km.
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5. Summary

This note demonstrated the advantage of using linear interpolation of dBZ values brack-
eting an echo top threshold to compute echo top heights. If the thunderstorm is situated
such that the top of the cloud is sampled by the radar, then interpolation reduces the bias
and the variance in the echo top estimation error. It is hoped that these results will prompt
revision of the echo top algorithm in the NEXRAD radar products generator and in any
other systems where the NEXRAD algorithm is employed to compute echo tops. We also
recommend that any conclusions, forecasting techniques and decision criteria that were ar-
rived at through the analysis of NEXRAD echo tops products be reexamined in light of this

study.
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List of Figures

Determining the echo top height by interpolating the vertical profile of re-
flectivity between elevation scans that bracket the echo top threshold. The
vertical profile shown was obtained at a range of 40 km from the NWRT PAR
on June 21, 2012. The profile sampled at the elevation angles of VCP 11 of the
WSR-88D is shown by the points, and linear interpolation of this profile by
the dashed line. In this case, the traditional method of obtaining the 18 dBZ
echo top (“trad” in the figure) is an underestimate whereas the interpolated
height (“interp” in the figure) is much closer to the true value.

Data from a May 24, 2011 storm over Oklahoma. The echo top on the left is
the “enhanced” echo top distributed on the Level-IIT product stream whereas
the echo top product on the right is generated using WDSS-II from the Level-
IT NEXRAD stream. Note that the difference in the echo top height at the
cursor location is more than 2 km (16.2 vs. 13.9 km).

The six panels on the top illustrate the computation of echo top heights the
traditional way whereas the six panels on the bottom illustrate the use of
interpolation to compute the echo top. In both cases, the six panels are: (a)
radar reflectivity from the model at around 9 km above the ground; (b) echo
top computed with a radar simulated to lie 100 km away from the center of
the storm; (c) radar simulated to lie 50 km away; (d) the “true” echo top
computed in the model’s Cartesian coordinate system; (e) radar simulated to

lie 150 km away; (f) radar simulated to lie 200 km away.
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Distribution of errors in the 18 dBZ echo top when the modeled thunderstorm
is at different distances from the radar. Each plot shows the median error
(dark line) and the first and third quartiles (box) as well as the Mean Absolute
Error (MAE) in km. Interpolating dBZ values between elevation scans results
in lower echo top errors at mid-ranges.

High-resolution (in the vertical) RHI scan from NWRT PAR on June 21, 2012.
For height and range information, please see the first panel of Fig. 6.

Left panels show the true echo tops obtained using the NWRT PAR on sev-
eral days in 2012. The right panels show the errors in the 18 dBZ echo top
when computing using the traditional NEXRAD method and by interpolating

reflectivity values between beams that bracket the 18 dBZ threshold value.
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Fi1G. 1. Determining the echo top height by interpolating the vertical profile of reflectivity
between elevation scans that bracket the echo top threshold. The vertical profile shown
was obtained at a range of 40 km from the NWRT PAR on June 21, 2012. The profile
sampled at the elevation angles of VCP 11 of the WSR-88D is shown by the points, and
linear interpolation of this profile by the dashed line. In this case, the traditional method
of obtaining the 18 dBZ echo top (“trad” in the figure) is an underestimate whereas the
interpolated height (“interp” in the figure) is much closer to the true value.
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F1G. 6. Left panels show the true echo tops obtained using the NWRT PAR on several days
in 2012. The right panels show the errors in the 18 dBZ echo top when computing using the
traditional NEXRAD method and by interpolating reflectivity values between beams that
bracket the 18 dBZ threshold value.
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