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ABSTRACT: The High-Resolution Ensemble Forecast system (HREF) calibrated thunder guidance is a suite of probabilistic forecast products designed to predict the likelihood of at least one cloud-to-ground (CG) lightning ﬂash within 20 km
(12 miles) of a point during a given 1-, 4-, and 24-h time interval. This guidance takes advantage of a combination of storm
attribute and environmental ﬁelds produced by the convection-allowing HREF to objectively improve upon lightning forecasts generated by the non-convection-allowing Short-Range Ensemble Forecast system (SREF). This study provides an
overview of how the HREF calibrated thunder guidance was developed and calibrated to be statistically reliable against
observed CG lightning ﬂashes recorded by the National Lightning Detection Network (NLDN). Performance metrics for
the 1-, 4-, and 24-h guidance are provided and compared to the respective SREF calibrated probabilistic lightning forecasts.
The HREF calibrated thunder guidance has been implemented operationally within the National Weather Service and is
now available to the public.
SIGNIFICANCE STATEMENT: The NOAA Storm Prediction Center has created a suite of new calibrated probabilistic thunderstorm guidance products from a convection-allowing model ensemble, the HREF. The new guidance is
a notable improvement over the long-running SREF calibrated thunder guidance and is now operational across the
National Weather Service.
KEYWORDS: Atmosphere; Lightning; Thunderstorms; Ensembles; Forecast veriﬁcation/skill; Forecasting;
Numerical weather prediction/forecasting; Operational forecasting; Probability forecasts/models/distribution

1. Introduction
The stated mission of the National Weather Service’s
(NWS) Storm Prediction Center (SPC) is to deliver timely
and accurate forecast information about tornadoes, severe
thunderstorms, lightning, wildﬁres, and winter weather
across the contiguous United States (CONUS) to protect
lives and property (SPC 2021a). As part of this mission, the
SPC is responsible for issuing forecast products that indicate
where and when cloud-to-ground (CG) lightning is anticipated. One such product is the Thunderstorm Outlook,
which depicts the probability of thunderstorms across the
CONUS in 4- or 8-h periods (Bright and Grams 2009; SPC
2021b) for the upcoming or current convective day. Speciﬁcally, these forecasts represent the probability of at least
one CG lightning ﬂash within 20 km (12 miles) of a point
location during the valid forecast period. The increased
temporal resolution of the Thunderstorm Outlook aids
NWS forecasters and partners in time-sensitive decisions
related to thunderstorms and lightning hazards (Stough et al.
2012; SPC 2021b).
Accurately predicting the timing and location of thunderstorms across the CONUS can often be a time consuming and
mentally taxing challenge for forecasters. Many studies
have been published over the past ﬁve decades showcasing
Corresponding author: David R. Harrison, david.harrison@
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a variety of automated, gridded thunderstorm probability
guidance intended to aid in the prediction of lightning hazards. One of the earliest of these studies dates to the 1970s,
when Reap and Foster (1979) created a multiple screening
regression to generate medium-range thunderstorm probability forecasts from model output statistics (MOS; Glahn and
Lowry 1972). More recent approaches to probabilistic lightning prediction have been incorporated within the NWS’s
National Blend of Models (NBM), a project intended to generate calibrated, high-resolution forecast guidance from statistically postprocessed multimodel ensembles (Tew et al. 2016;
Hamill et al. 2017; Craven et al. 2018). Probabilistic lightning
forecast products currently contained within the operational
NBM include MOS guidance from the Global Forecast System (GFS; Kanamitsu et al. 1991; Hughes 2001), the North
American Mesoscale Forecast System (NAM; Rogers et al.
2005; Maloney et al. 2009), and the European Centre for
Medium-Range Weather Forecasts (ECMWF; Shafer and
Rudack 2015) model. MOS thunderstorm forecasts in the
NBM are primarily derived from a regression of deterministic
large-scale numerical weather prediction (NWP) precipitation
forecasts and lightning climatology in 3-h intervals. Although
the GFS, NAM, and ECMWF MOS thunderstorm forecasts
have demonstrated skill, their dependence on large-scale NWP
forecasts ultimately limits the spatial and temporal detail of the
guidance. Additionally, the reliance of MOS schemes on climatology tends to reduce the forecast skill of spatiotemporally less
common lightning events (Shafer and Fuelberg 2008).
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The NBM also includes probabilistic lightning forecasts
from the Localized Aviation MOS Program (LAMP; Charba
et al. 2019), which combines the aforementioned deterministic
large-scale MOS products with ﬁne-scale model output from
the deterministic High Resolution Rapid Refresh (HRRR;
Benjamin et al. 2016) model, total lightning observations from
the National Lightning Detection Network (NLDN; Cummins
et al. 1998), and radar reﬂectivity from the Multi-Radar
Multi-Sensor (MRMS; Smith et al. 2016; Zhang et al. 2016)
system. Objective veriﬁcation of the LAMP by Charba et al.
(2019) has shown the guidance performs very well in the ﬁrst
forecast hour via extrapolation of MRMS and NLDN observations. However, the inﬂuence of observations on the guidance was found to sharply decrease within the ﬁrst four
forecast hours. As such, much of the LAMP’s forecast skill
comes from shorter lead-time forecasts, with notably decreasing skill at longer lead times.
A ﬁfth lightning forecast product contained within the
NBM is derived by SPC through postprocessing the 26-member
National Centers for Environmental Prediction (NCEP)
Short-Range Ensemble Forecast (SREF; Du et al. 2014). For
nearly two decades, SPC forecasters have largely utilized the
SREF calibrated thunder guidance (SREFCT) as their “ﬁrst
guess” when generating Thunderstorm Outlooks and other
thunderstorm forecast products. The SREFCT aids in delineating areas favorable for CG lightning by identifying
regions of appropriate instability and thermodynamic factors coinciding with precipitation within the SREF forecast
grid (Bright et al. 2005). Speciﬁcally, the SREFCT highlights points within the SREF’s 40-km NCEP 212 grid
where the forecast LCL $ 2108C, CAPE . 100 J kg21 in
the 08 to 2208C layer, and the equilibrium level temperature is
#2208C. As described by Bright et al. (2005), these parameters
are believed to approximately delineate regions where mixedphase hydrometeors are present above the charge-reversal temperature and coincide with updrafts sufﬁciently strong enough
to replenish supercooled liquid above the charge-reversal zone
(Saunders 1993). The SREFCT probability of at least one CG
lightning ﬂash within 20 km (12 miles) of a point location is
derived by ﬁrst combining the above environmental parameters
into a single probabilistic ensemble composite known as the
cloud physics thunder parameter (CPTP; Bright et al. 2005).
The calibrated lightning probability is then obtained by calculating the relative frequency of CG ﬂashes observed by the NLDN
given the predicted CPTP probability and the SREF ensemble
probability of accumulated precipitation $ 0.01 in. (0.254 mm)
during the valid forecast period.
Veriﬁcation studies of the SREFCT (e.g., Bright and
Grams 2009) have shown that the algorithm provides reliable
and skillful guidance, particularly as a “ﬁrst-guess” product
for forecasters when producing Thunderstorm Outlooks.
However, the guidance does exhibit a notable bias toward
underforecasting CG lightning probabilities in the Plains and
Gulf Stream, especially during the warm season when nocturnal convection is more prevalent. Forecasters have also noted
a tendency to overforecast lightning potential along the
California coast and in the Paciﬁc Northwest. Bright and
Grams (2009) speculate that these biases may be in part due
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to the SREF’s inability to explicitly resolve convection. For
example, over the ocean it is common for the SREFCT’s thermodynamic parameters to be met despite a dearth of
convective precipitation. In these cases, the guidance
may undesirably generate probabilities for gridscale precipitation originating from low clouds in the model’s
marine boundary layer (Bright and Grams 2009).
Given the apparent limitations of the SREFCT and other
probabilistic lightning guidance, the authors hypothesized
that the addition of simulated radar reﬂectivity and other
storm-attribute ﬁelds from an ensemble of convectionallowing models (CAMs) may lead to improved probabilistic thunderstorm predictions. To this end, a new suite of
probabilistic thunderstorm guidance products has been
derived from the NCEP High-Resolution Ensemble Forecast (HREF; Roberts et al. 2019) system and implemented
operationally across the NWS. This manuscript will document the design of the HREF Calibrated Thunder guidance
(section 2) and then compare the performance and reliability metrics of the new guidance to that of the original
SREFCT (section 3).

2. Data and methods
The HREF calibrated thunder (HREFCT) forecast products were derived using prognostic ﬁelds from the operational
HREF version 2 (HREFv2) and an experimental version of
the HREF (HREFv2.1) that was tested internally at SPC
(Roberts et al. 2020). The HREFv2 is composed of eight
ensemble members with four deterministic CAM conﬁgurations represented by the High-Resolution Window Advanced
Research version of the Weather Research and Forecast
Model (HRW ARW; Skamarock et al. 2008), the National
Severe Storms Laboratory version of the ARW (HRW NSSL;
Kain et al. 2010), the Nonhydrostatic Multiscale Model on the
B Grid (HRW NMMB; Janjić and Gall 2012), and the 3-km
NAM Nest (Rogers et al. 2017). Each conﬁguration is represented twice within the HREFv2 ensemble by including 12-h
time-lagged initializations of each member. A full list of the
model cores, boundary conditions, microphysics schemes, and
PBL schemes of each of the eight members is provided by
Roberts et al. (2019), their Table 1.
The HREFv2.1 utilized in this study adds the operational
HRRR and its 6-h time-lagged run, giving the ensemble a
total of 10 members for the ﬁrst 30 forecast hours, 9 members through forecast hour 36, and 5 members through forecast hour 48. The inclusion of the HRRR has been shown
to increase member spread and improve the overall skill of
the ensemble (Gallo et al. 2018). Note that as of 11 May
2021, the operational version of the HREF version
3 (HREFv3) replaces the NMMB member of the ensemble
with a Finite Volume Cubed Sphere (FV3) model and
extends the temporal range of the HRRR to 48 h (EMC
2021; NWS 2021). However, these changes were not available at the time of this study and thus were not included
during the initial design and testing. This is discussed
further in section 3.
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TABLE 1. HREF prognostic ﬁelds with the greatest ensemble
mean Pearson correlation to 1-h NLDN CG lightning ﬂashes
computed between 1 Jul 2017 and 1 Jul 2019.
Ensemble mean
Pearson correlation
Total accumulated QPF
MUCAPE
Derived radar reﬂectivity at 2108C
Derived radar reﬂectivity at 4 km AGL
Maximum composite reﬂectivity
Precipitable water
Speciﬁc humidity
MU LI

0.14
0.13
0.12
0.12
0.11
0.10
0.07
0.06

Both 0000 and 1200 UTC cycles of the HREFv2 were
obtained for 1 July 2017–1 January 2019, and the HREFv2.1
cycles were collected for 1 January 2019–11 May 2021 (the
full period available). The HREF is natively produced on a
3-km grid; however, SPC Thunderstorm Outlooks are veriﬁed
on the 40-km NCEP 212 grid. To ensure the HREFCT forecast probabilities remain consistent with those being issued by
the SPC forecasters, all prognostic ﬁelds within the HREF
ensemble members were remapped to the 212 grid using a
nearest neighbor maximum, minimum, or average, depending
on the variable (Mesinger et al. 1990; Mesinger 1996; Accadia
et al. 2003). For example, a nearest neighbor minimum was
used to remap lifted index forecasts because lower values
indicate increased instability, while a nearest neighbor maximum was used to remap 1-h accumulated precipitation.
Additionally, observed hourly CG lightning ﬂashes were
obtained from the NLDN for the 1 July 2017–11 May 2021
period and spatially mapped to the same 40-km grid.

a. The HREF calibrated thunder algorithm
Initial development of the HREFCT attempted to build
upon the success of the SREFCT by ﬁrst focusing on the same
environmental parameters used in the existing guidance. However, recreating the SREFCT’s algorithm within the HREF
framework quickly proved unsuccessful as some HREF members lack the ﬁelds necessary to compute the equilibrium level
temperature or CAPE in the 08 to 2208C layer. Instead, the
HREFCT guidance was derived from scratch, with the ﬁrst step
to identify which HREF prognostic ﬁelds best correlate to the
occurrence of at least one CG lightning ﬂash. To accomplish
this, the ﬁrst 24 forecast hours of all 0000 and 1200 UTC HREF
cycles from 1 July 2017 to 1 July 2019 were compared to the
corresponding NLDN gridded CG lightning observations. A
Pearson correlation coefﬁcient was then computed between the
CG ﬂash observations and all prognostic ﬁelds common across
the HREF members. The resulting correlations from each
member were averaged to provide an ensemble mean correlation for each ﬁeld. Total accumulated QPF was found to have
the highest mean correlation to at least one CG lightning ﬂash,
with a value of 0.14. Most unstable CAPE (MUCAPE) had the
second highest mean correlation, followed by the derived radar
reﬂectivity at 2108C, derived radar reﬂectivity at 4 km above
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ground level, maximum 1-h composite reﬂectivity, precipitable
water, speciﬁc humidity, and the most unstable four-layer lifted
index (MU LI). Correlations for each ﬁeld are provided in
Table 1.
Once the best correlated prognostic ﬁelds were identiﬁed,
the next step was to develop an algorithm to convert the data
into a probabilistic thunderstorm forecast. Several regression
analyses were tested during this stage and with various combinations of the aforementioned ﬁelds. Hourly probabilistic
thunder forecasts were created from each algorithm/input
combination for the ﬁrst 24 forecast hours from the 0000 and
1200 UTC HREF cycles between 1 July 2017 and 1 July 2019.
The mean critical success index (CSI) was computed for each
1-h forecast, and this process was iteratively repeated until
the best combination (i.e., the combination with the greatest
mean CSI) of algorithm and prognostic ﬁelds was subjectively
determined. Ultimately, the derived radar reﬂectivity at
2108C (Z2108C), total accumulated QPF (QPFaccum), and MU
LI were found to be the most successful combination of prognostic ﬁelds when paired with a linear regression model of the
form:
w1 P(X $ t1 ) 1 w2 P(Y $ t2 ) 1 w3 P(Z $ t3 ):

(1)

Here, w1, w2, and w3 represent weights summing to 1; X, Y,
and Z are HREF prognostic ﬁelds; and t1, t2, and t3 are threshold values corresponding to the respective HREF ﬁelds. The
probability function P() is deﬁned as the fraction of HREF
ensemble members where the inequality is true. As an example, consider a single grid point where ﬁve of the ten HREF
members predict Z2108C will be greater than a threshold of
40 dBZ over a given 1-h period. Then P(Z2108C $ 40 dBZ) 5
5/10 5 50%. The probability of lightning predicted by the
algorithm for a given grid point is then the weighted average
of the probabilities that each prognostic ﬁeld meets or
exceeds its respective threshold value.
The ﬁnal step in the initial derivation was to determine
which combination of weights and thresholds provide the
optimal forecast. This was accomplished by performing a randomized grid search (Bergstra and Bengio 2012), where thunder forecasts were again computed for 1 July 2017–1 July 2019
using a random subset of every possible combination of
weights and thresholds. The combination of hyperparameters
that resulted in the greatest forecast CSI was selected as the
optimal conﬁguration. This optimization was performed independently for rolling forecast windows of 1- and 4-h intervals,
where the 4-h prediction at a given forecast hour represents
the cumulative probability of at least one CG ﬂash within
20 km (12 miles) of a point location over the previous 4 h. For
example, the 4-h forecast at forecast hour f04 represents the
f00–f04 period. Additionally, 24-h forecasts were generated
and optimized for each convective day (1200–1200 UTC) contained within each HREF cycle (0000 UTC HREF f12–f36;
1200 UTC HREF f00–f24 and f24–f48.) HREFCT forecasts
for intervals greater than one hour were computed using the
maximum or minimum values of each input variable over the
speciﬁed period. The best weights and thresholds for each
forecast interval are provided in Table 2.
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TABLE 2. The best thresholds (t) and weights (w) for each HREF prognostic ﬁeld and forecast time interval. MU LI was excluded
from the 24-h forecast due to strong diurnal variations in the parameter.

1-h forecast
4-h forecast
24-h forecast

Z2108C; Z4kmAGL

QPFaccum

MU LI

t1 $ 40 dBZ; w1 5 0.6
t1 $ 40 dBZ; w1 5 0.6
t1 $ 40 dBZ; w1 5 0.6

t2 $ 1 mm; w2 5 0.3
t2 $ 2 mm; w2 5 0.3
t2 $ 2 mm; w2 5 0.4

T3 # 23; w3 5 0.1
T3 # 21; w3 5 0.1

Though the HREF parameters are not identical to those
used in the SREFCT algorithm, the ﬁelds and thresholds
chosen for the HREFCT formula capture many of the same
environmental conditions and physical processes highlighted
by the original guidance. For example, the thresholds chosen
for MU LI broadly indicate where lapse rates may be steep
enough to support sustained updrafts necessary to replenish
supercooled liquid above the charge-reversal zone, and
Z2108C might be considered an approximation of mixed-phase
hydrometeors present near or above the charge-reversal temperature. Note that some members of the HREFv2 did not
initially provide Z2108C, so the derived radar reﬂectivity at
4 km above ground level (Z4kmAGL) was used as a proxy with
the same weights and thresholds prior to the implementation
of the HREFv2.1. The improved performance of MU LI over
MUCAPE was an unexpected result during the algorithm
derivation, as MUCAPE exhibited much higher correlation
to CG ﬂashes (Table 1). Anecdotally, forecasts that utilized
MUCAPE instead of MU LI tended to overforecast the spatial coverage of lightning, particularly in marginally unstable
or capped environments. Perhaps the ability of MU LI to
represent both stable and unstable environments as a single
parameter gives it an advantage over MUCAPE in the
HREFCT algorithm, as MUCAPE would need to be paired
with another variable such as MUCIN to provide information
about stable layers within the thermodynamic proﬁle.

b. Calibration
Calibration of the HREF probabilistic thunder guidance
to be statistically reliable was performed by ﬁrst generating
thunder forecasts from 13 June 2019 to 13 June 2020. These
dates were chosen for calibration to avoid inconsistencies in
the HREF members that were present during the initial
transition from HREFv2 to HREFv2.1. Noise in the raw
probability ﬁelds was removed by applying a 2D Gaussian
ﬁlter (s 5 80 km) to spatially smooth the forecasts. The
smoothed probabilities from the 1-yr period were then stratiﬁed into 10% bins centered on every 10% (5%–15%,
15%–25%, etc.), and the reliability of each bin at each grid
point was computed (Fig. 1a). For example, at a given grid
point, the true probability of the 40% bin was deﬁned as the
fraction of 35%–45% forecasts that veriﬁed with at least one
observed CG lightning ﬂash. If a given grid point received
40% probability forecasts 100 times throughout the year and
lightning occurred at that grid point in 30 of those forecasts,
then the true probability was 30% and the 40% bin had a reliability error of 110% (an overforecast). The reliability error
was then recorded for each grid point. This process was performed independently for the 0000 and 1200 UTC HREF

cycles, the 1-, 4-, and 24-h forecast products, and for each of
the HREF’s 48 forecast hours. Thus, the calibration step
resulted in a ﬁve-dimensional lookup table containing the
mean reliability error at every grid point for every forecast
hour, HREF cycle, and binned forecast probability.
This calibration process revealed a systematic bias in the
uncalibrated HREFCT probabilities that generally led to an
overforecast of CG lightning ﬂashes in the 1- and 4-h forecast
products and an underforecast in the 24-h product (Fig. 1b).
The 1-h probabilities exhibited a consistent mean reliability
error of about 15% through at least the ﬁrst 24 forecast
hours, while the 4-h uncalibrated guidance had an error from
15% to 110%. The 24-h uncalibrated guidance averaged an
underforecast from 25% to 210%. The reliability errors of
the 1- and 4-h forecasts varied considerably in the last 18 forecast hours, likely due in part to predictability error in the
spatial placement of convection at longer lead times. Forecast
probabilities between 25% and 55% exhibited the greatest
mean reliability error for all three products (not shown). Both
the 1- and 4-h uncalibrated guidance averaged an overforecast
from 110% to 115% at these probabilities, while the 24-h
guidance underforecast by up to 25% on average. Notably,
all three products were found to slightly underforecast at
probabilities , 5% and overforecast at probabilities . 95%
on average. As such, the resulting calibration tends to move
the ﬁnal forecast probabilities away from these extremes.
Because of this, the calibration rarely changes the areal coverage of HREFCT probabilities or zeros out probabilities in the
uncalibrated guidance.
Calibration is applied to new thunder forecasts by ﬁrst
matching the grid point, forecast hour, HREF cycle, and initial forecast probability to the corresponding reliability error
in the lookup table. Once this is determined, the guidance is
calibrated by simply subtracting that reliability error from the
original forecast probability. For example, if at a given grid
point the pre-calibrated guidance had a probability of 44%
and the mean reliability error for the 40% bin at that grid
point at that forecast hour was 110% (an overforecast by
10%), then the ﬁnal, calibrated probability for that grid point
would be 44% 2 10% 5 34%. Note that the calibration is
only applied to points where probabilities already exist in the
grid. As such, the calibration cannot introduce probabilities
where there were none before the calibration step. An example 4-h and 24-h calibrated thunderstorm forecast from
17 March 2021 is shown in Fig. 2.

c. Instability and reflectivity mask
During initial testing of the HREFCT guidance, forecasters
and researchers identiﬁed a bias in the algorithm that would
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FIG. 1. (a) Mean uncalibrated reliability error of the 1200 UTC HREFCT 4-h lightning probabilities at forecast hour 16 for the 40% probability bin. Positive values represent an overforecast compared to NLDN observations from 13 Jun 2019 to 13 Jun 2020. (b) Mean uncalibrated
reliability error of the 1200 UTC HREFCT as a function of lead time. The shaded regions and
error bars represent 95% conﬁdence intervals from 1000 bootstrapped samples. Forecast lead
time increases to the right.

result in the prediction of thunder probabilities for locations
that were subjectively analyzed to be unsupportive of deep
convection or lightning. This most commonly occurred when
several HREF members predicted moderate stratiform
precipitation, which would activate the QPFaccum term of the
HREFCT equation. Although such relatively stable environments might fail to meet the thresholds for Z2108C and

MU LI, a sufﬁciently large fraction of HREF members predicting moderate accumulated precipitation values could still
generate lightning probabilities.
To correct this bias, a ﬁlter was imposed on each member
of the HREF to create a simple instability and reﬂectivity
mask. The contribution from any HREF member that forecasts MU LI . 0 and Z2108C , 35 dBZ over the valid forecast
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FIG. 2. HREFCT (a) 4- and (b) 24-h forecasts from the 1200 UTC HREF cycle on 17 Mar 2021. Yellow “1” symbols
indicate grid points where there was at least one CG lightning ﬂash detected during the valid forecast period.

period is set to zero when creating the probabilities for a given
grid point. As an example, consider a grid point where eight of
the ten HREF members predict stratiform precipitation with a
maximum Z2108C of 30 dBZ and a 4-h QPFaccum of 0.25 in.
(6.35 mm). Only 1 of the 10 members predicts MU LI , 0, while
the others are all .0. Without the instability mask, this grid
point would be given a 25% uncalibrated probability of thunder,
largely driven by the accumulated precipitation term. With the
mask applied, however, all but one member would be set to
zero in the calculation because the predicted reﬂectivity is
,35 dBZ and the MU LI is .0. This would then produce a
thunder probability of 4% for the grid point prior to calibration.
Calibrated 1-, 4-, and 24-h thunder forecasts were regenerated for 13 June 2019–13 June 2020 with the new mask
applied, and preliminary veriﬁcation revealed a slight
improvement in the bulk performance of the guidance (not
shown). Furthermore, anecdotal case studies and real-time
application by SPC forecasters found that the mask was successful at removing most nonmeteorological regions of low
thunder probabilities, particularly in the Paciﬁc Northwest
and in stratiform precipitation regions of extratropical cyclones. All discussion of the HREFCT hereafter refers to the
HREFCT with the instability and reﬂectivity mask applied.

3. Results and discussion
Veriﬁcation of the 0000 and 1200 UTC HREFCT forecast
products was performed on the 11-month independent dataset
of 13 June 2020–11 May 2021. Calibrated 1-, 4-, and 24-h thunder forecasts were generated for the full veriﬁcation period, and
the probabilities from each forecast were stratiﬁed into 10%
bins as during calibration. The forecasts were then compared to
the observed NLDN CG lightning ﬂashes for each forecast
hour, and the POD, FAR, CSI, and statistical reliability
were computed for each probability bin. Additionally, 95%
conﬁdence intervals for the metrics were computed from
10 000 bootstrapped samples. The following discussion will

focus on the 1200 UTC HREFCT guidance, but similar
results were noted for the 0000 UTC guidance as well.
Veriﬁcation of the HREFCT generally improved as the
valid forecast window increased (Fig. 3a). The 24-h forecast
product was found to have the greatest performance over the
veriﬁcation period with a maximum CSI of 0.43 (0.41–0.45) at
the 40% probability bin. The 4-h forecast product exhibited
the next best performance with a maximum CSI of
0.28 (0.26–0.30) at 30%, and the 1-h HREFCT guidance had
the lowest average performance with a maximum CSI of
0.19 (0.17–0.20) at 20%. All three forecast products were
found to be statistically reliable over the veriﬁcation period,
but the 24-h forecast tended to underforecast the observed
CG lightning ﬂashes by about 5%–10% at forecast probabilities $ 40% (Fig. 3b). In contrast, the 1- and 4-h forecasts
were, on average, reliable within 5% of observations at all
probability levels. Note that the 1-h HREFCT guidance rarely
predicted probabilities $ 75% during the veriﬁcation period
(Fig. 3c), and so the higher bins were excluded when calculating the performance and reliability of the product.
The observed tendency of the 1-h guidance to produce
lower probabilities than the 4- or 24-h guidance is largely a
result of forecast uncertainty manifested by the spread of the
HREF members. As described in section 2, the HREFCT
algorithm is a linear combination of probability functions.
These probability functions describe not only how favorable
the predicted environment is for lightning, but also the ensemble uncertainty that those conditions will be met. Generating
high probabilities in a 1-h forecast requires an equally large
number of HREF members to meet the forecast thresholds at
the same grid point and forecast hour (i.e., large ensemble
agreement.) Conversely, the 4-h guidance only requires the
HREF membership to meet those forecast thresholds at any
time during the valid 4-h interval. As such, it is generally
easier to achieve higher probabilities in the 4-h (and 24-h)
guidance than in the 1-h guidance. This holds true at shorter
lead times too, as many HREF members utilize different dynamical cores, initial and boundary conditions, microphysics schemes,
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FIG. 3. 1200 UTC HREFCT 1-, 4-, and 24-h (a) mean
performance, (b) mean reliability, and (c) forecast probability frequency for 13 Jun 2020–11 May 2021. The
shaded regions represent the 95% conﬁdence intervals
from 10 000 bootstrapped samples.

and PBL schemes that lead to differing solutions early in the
forecast cycle.
Additional nuance in the HREFCT’s performance was
revealed by analyzing a spatial and temporal breakdown of
the 4-h guidance. The average reliability error of the product
over the veriﬁcation dataset was produced at each point
within the NCEP 212 grid and across six 4-h intervals as
shown in Fig. 4. Despite calibration, the HREFCT continued
to exhibit a tendency to overforecast CG lightning probabilities
on average across most of the CONUS and at most hours of
the day. Even so, this error was typically within 5%–10% of
observations and much improved from the 20% to 25% error
noted in the uncalibrated guidance (Fig. 1). These results serve
as an example of how an underdispersive or overconﬁdent
ensemble may be corrected by applying calibration to reduce
probabilities at most locations and times (Raftery et al. 2005;
Berrocal et al. 2007; Kann et al. 2009). More notable overforecasting was observed along and east of the Appalachians
between 0400 and 1600 UTC, with reliability errors of
10%–15% common across that region. Other forecast biases
include a broad area of 110% reliability error along the Gulf
Coast from 0000 to 0400 UTC, a small area of 110% error in
the central Plains from approximately 0800 to 2000 UTC, and a
slight underforecast of up to 5% across the Southwest from
1600 to 0400 UTC.

These regional biases may be at least partially attributable
to systematic error in the underlying HREF forecast. The
overforecast region in the central Plains, for example, anecdotally correlates to the approximate time and location of a
number of MCS events that occurred during the 2020 warm
season. Although the ability of CAMs to predict MCS events
has improved over recent years, some HREF members such
as the HRRR have been shown to commonly overforecast
MCS convection in the Plains during the overnight hours
(Clark et al. 2007; Pinto et al. 2015). As such, the HREFCT
may have overforecast the probability of CG lightning
because some members of the HREF consistently predicted
too many MCS events in that region. One important caveat to
this analysis is that the relatively short 11-month veriﬁcation
period potentially makes the reliability error at any given
location sensitive to a small number of events. For instance,
there is a consistent area along the Paciﬁc coast where the
guidance overforecast the lightning potential by up to 25% on
average. However, the sample size of forecasts in that region
is extremely limited, and so these results may not be fully representative of the longer-term performance of the HREFCT
in that area. These sample-size limitations are also applicable
to the underlying HREFCT calibration, which was necessarily
performed on just one year of data. Recalibration and veriﬁcation on multiple years of forecasts is planned for future
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FIG. 4. 1200 UTC HREFCT mean spatial reliability error across six 4-h periods. Positive values (warmer colors)
represent an overforecast and negative values (cooler colors) represent an underforecast. The reliability error was calculated for the 40% probability bin from 13 Jun 2020 to 11 May 2021.

updates to the operational guidance as a longer period of
record becomes available.
A primary goal when developing the HREFCT was to
improve upon the existing SREFCT guidance. As such, it was
necessary to evaluate how the new HREFCT performance
compared to that of the original SREFCT. The 1-, 4-, and
24-h forecasts from the SREFCT were regenerated for the
13 June 2020–11 May 2021 veriﬁcation period, and the POD,
FAR, CSI, and reliability were computed as before (Fig. 5).

There is no 1200 UTC SREF cycle to directly compare against
the 1200 UTC HREF, so the 0900 and 1500 UTC SREF cycles
were used instead. The 0900 UTC 4-h SREFCT exhibited a
maximum CSI of 0.20 (0.19–0.21) at the 20% probability bin,
while the 1500 UTC SREFCT had a maximum CSI of about
0.21 (0.19–0.21) also at 20%. This performance was notably less
than the 4-h HREFCT’s maximum CSI of 0.28 (0.26–0.30) at
the 30% bin. Unfortunately, several months of missing data in
the local SREFCT archive prevented a direct comparison of
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FIG. 5. A comparison of 0900 and 1500 UTC
SREFCT and 1200 UTC HREFCT 4-h (a) mean performance, (b) mean reliability, and (c) forecast probability frequency for 13 Jun 2020–11 May 2021. The
shaded regions represent the 95% conﬁdence intervals
from 10 000 bootstrapped samples.

the 1- and 24-h products. However, indirect comparisons
using the incomplete dataset reveal a similar improvement in
the HREFCT guidance over that of the SREFCT (not
shown). Despite the notable improvements in CSI, the
SREFCT and HREFCT products exhibited similar statistical
reliability (Fig. 5b). The 4-h forecasts for the 0900 and 1500
UTC SREFCT tended to slightly underforecast probabilities
, 25% while slightly overforecasting probabilities $ 35%. In
contrast, the HREFCT tended to slightly underforecast CG
lightning potential at all probabilities. Additionally, the forecast probability distribution of the HREFCT was notably
shifted toward higher probabilities compared to that of the
SREFCT (Fig. 5c). Approximately 10% of HREFCT 4-h
forecast values exceeded 55% during the veriﬁcation period
compared to only 2% of the 0900 and 1500 UTC SREFCT
forecasts. In fact, the SREFCT 4-h forecast rarely exceeded
65% during the veriﬁcation period. This demonstrated ability
of the HREFCT to produce higher, statistically reliable forecast probabilities is a noteworthy improvement over the
SREFCT.
Next, the mean CSI and reliability error of the SREFCT
and HREFCT 4-h forecasts were computed at each forecast
hour to reveal diurnal and lead time variations in the guidance
(Fig. 6). Both the SREFCT and HREFCT 4-h forecasts
achieved their greatest mean CSI at approximately 2300 UTC

on day 1 (1200 UTC HREF f11; 0900 UTC SREF f14;
1500 UTC SREF f08). As before, the HREFCT showed
marked improvement over the SREFCT with a mean CSI of
about 0.31 (0.30–0.32) compared to 0.24 (0.22–0.25) for the
0900 and 1500 UTC SREFCT forecasts. After a steady
decline in mean performance between approximately 0100
and 1800 UTC, all versions of the guidance then experienced
a secondary peak at about 2300–0000 UTC on day 2 (1200
UTC HREF f36; 0900 UTC SREF f38; 1500 UTC SREF f32).
This time, the HREFCT achieved a mean CSI of about 0.26
(0.25–0.27) while the 0900 and 1500 UTC SREFCT forecasts
had mean CSIs of about 0.21 (0.20–0.22) and 0.22 (0.21–0.22),
respectively. Notably, the day 2 performance peak exhibited
by the HREFCT is equal to or greater than the day 1 peak of
the SREFCT. The HREFCT demonstrated a minimum mean
performance of about 0.18 (0.17–0.19) at 1000 UTC on day
2 (f46).
More notable differences are evident when comparing the
diurnal and lead time variations of the SREFCT and
HREFCT mean reliability error (Fig. 6b). After an initial
spinup period in the ﬁrst few forecast hours, the HREFCT
maintained a reliability error within 5% of observations
through 0300 UTC of day 2 (f39). Beyond that time, the guidance began to overforecast CG lightning probabilities by up
to 10%–15%. This reduction in reliability is likely due in part
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FIG. 6. A comparison of 0900 and 1500 UTC SREFCT and 1200 UTC HREFCT 4-h
(a) mean performance and (b) mean reliability error as a function of lead time between 13 Jun
2020 and 11 May 2021. The shaded regions represent the 95% conﬁdence intervals from
1000 bootstrapped samples. Forecast lead time increases to the right for both plots.

to predictability error in the spatial placement of convection
at longer lead times, as well as reduced spread from the
ensemble as only ﬁve members contribute to the probabilities
after forecast hour 36. In contrast, the SREFCT generally
remained within 5% of observations up to about 1000 UTC
(0900 UTC SREF f25; 1500 UTC SREF f19) before underforecasting by up to 15% at 1600 UTC (0900 UTC SREF f31;
1500 UTC SREF f25). This strong diurnal signal in the
SREFCT reliability error aligns with forecaster observations
and past veriﬁcation studies as discussed in the introduction.
Of note, the HREFCT forecast reliability error did not
exhibit a strong diurnal signal and was found to be statistically
reliable on average through at least forecast hour 39.
Finally, the HREFCT and SREFCT forecast products were
reviewed and compared for several case studies and in realtime SPC forecast operations. Anecdotally, the HREFCT
generally produced spatially larger areas of thunder probabilities than the SREFCT, and these probabilities were frequently greater in magnitude. One example of this can be

seen in Fig. 7, which shows a comparison of the HREFCT and
SREFCT 4-h forecast for 1200–1600 UTC 12 April 2020.
Both the HREFCT and SREFCT 4-h guidance correctly
predicted the potential for lightning across the southern and
central plains and the lower Mississippi Valley. However, the
SREFCT probabilities peaked with a small area of 40% in
northeast Texas, while the HREFCT painted a broad area of
70%–80% across parts of Arkansas and Louisiana. The SPC
forecaster-created Thunderstorm Outlook for this time period
included two regions of 70% across Arkansas, Louisiana, and
Texas which more closely aligned with the HREFCT forecast.
The HREFCT, SREFCT, and SPC Thunderstorm Outlook all
failed to capture the observed lightning over parts of Georgia
and Florida, although the HREFCT did have a few pockets of
5% probability in the vicinity. Scattered convection developed
across much of Georgia and north Florida around 1500 UTC as
a warm front lifted north across the region. Several HREF
members accurately depicted the placement and timing of this
convection, but the forecast 4-h Z2108C values were generally
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FIG. 7. (a) 1200 UTC HREFCT and (b) 0900 UTC SREFCT 4-h calibrated thunder forecasts for 1200–1600 UTC
12 Apr 2020. Yellow “1” symbols indicate grid points where there was at least one CG lightning ﬂash detected during
the valid forecast period.

,40 dBZ and 4-h QPFaccum values were ,2 mm. Therefore,
the reﬂectivity and precipitation thresholds of the HREFCT
algorithm were not met and the resulting probabilities were
,5% after calibration. This case highlights a potential limitation of the HREFCT to predict lightning in “dry” thunderstorm
scenarios. In particular, the partial reliance of the HREFCT
algorithm on QPFaccum may greatly limit probabilities when
convection is forecast to produce ,1 mm of precipitation in an
hour or ,2 mm over a 4-h period. Additional HREFCT products are currently in development to better account for dry
thunderstorm scenarios which play an important role in ﬁre
weather forecasting.
The HREFCT guidance was implemented operationally on
NCEP’s Weather and Climate Operational Supercomputing
System (WCOSS) on 11 May 2021 and is now being distributed by the NWS. The HREFv3 was also implemented operationally on the same day, replacing the NMMB member with
an FV3 core and extending the HRRR to 48 forecast hours.
Unfortunately, the timing of the HREFv3 implementation
and limited retrospective and reforecast availability precluded
a more in-depth analysis of the impacts of these changes to
the HREFCT performance. That said, anecdotal observations
and initial veriﬁcation have not revealed any appreciable
change in the guidance. At SPC, the HREFCT has now
largely replaced the SREFCT in forecast operations as a “ﬁrst
guess” when generating Thunderstorm Outlooks and other
thunderstorm forecast products.

4. Conclusions
A new suite of calibrated thunderstorm forecast products
has been developed using a combination of HREF derived
radar reﬂectivity, accumulated precipitation, and MU LI forecasts. These products have been shown to skillfully and reliably predict the probability of at least one CG lightning ﬂash
over a given 1-, 4-, or 24-h forecast period. Additionally, the
HREFCT guidance has exhibited increased CSI and similar

or improved reliability when compared to calibrated thunder
guidance generated from the non-convection-allowing SREF.
Anecdotally, the HREFCT generally produces spatially larger
areas of thunder probabilities than the SREFCT, and these
probabilities are frequently greater in magnitude. The new
HREFCT guidance is also more consistently reliable with
increasing lead time and does not exhibit strong diurnal variation in reliability error. This is in direct contrast to the
SREFCT, which was shown to strongly underforecast thunder
probabilities on average during the overnight and morning
hours. Finally, the HREFCT was found to improve upon the
SREFCT’s performance at longer lead times, with the new
guidance achieving a higher mean CSI in both the day 1 and
day 2 forecast periods. Notably, the HREFCT’s best performance during the day 2 forecast period was determined to be
equal to or greater than that of the SREFCT on day 1.
After extensive testing, the HREFCT became operational
within the NWS in May 2021, and the guidance is now being
distributed by the NWS. Internally, SPC forecasters have
largely begun to utilize the HREFCT in combination with or
in replacement of the SREFCT when generating thunderstorm forecast products. As of this writing, the 1-h HREFCT
is planned to be added to the NBMv4.1 in combination with
the SREFCT, LAMP, and various MOS guidance to inform a
blended thunderstorm probability product. Further development of the HREFCT is ongoing, with future updates
expected to include the explicit prediction of CG lightning
frequency, or the probability that the number of CG ﬂashes
will exceed some threshold value over a given forecast period.
All HREFCT products are now available to the public on the
SPC website at https://www.spc.noaa.gov/exper/href/?model=
href&product=guidance_thunder_hrefct_004h.
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