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ABSTRACT: Increased operational use of convection-allowing models and ensembles offers substantial improvements
for some aspects of convective weather forecasting; however, errors in quantitative precipitation forecasts (QPFs) from
these models, especially those related to incorrect placement of heavy rainfall systems, limit their usefulness as an input
into hydrological models. To improve understanding of QPF location errors, this study quantifies the displacement errors
for the centroids of both 0–18-h accumulated rainfall and rainfall in the first hour after initiation of precipitation systems in
both the High-Resolution Rapid Refresh Ensemble (HRRRE) and the High-Resolution Ensemble Forecast (HREF) for
30 events in the 2018 warm season. Ensemble member QPFs are compared to quantitative precipitation estimates (QPEs)
obtained from the North Central River Forecast Center (NCRFC). HRRRE is found to have less spread in centroid loca-
tions than HREF, and both HRRRE and HREF 0–18-h QPF accumulations have less spread than the 1-h QPF accumula-
tion when the precipitation event initiates. Furthermore, QPF centroids are most often displaced to the west in HRRRE
for both 0–18-h QPF accumulation and the 1-h QPF accumulation when the precipitation event initiates. The 0–18-h QPF
accumulation displacement errors can be reduced when adjustments are made to the forecasted position based upon dis-
placement errors present in the first hour of precipitation, but only when the adjustments are a function of the intercardinal
quadrant in which the initial hour QPF centroid was displaced.
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1. Introduction

Precipitation is one of the most critical inputs to short-term
hydrologic forecasts. Errors in forecasted rainfall intensity,
the size and shape of the region forecasted to receive heavy
rainfall, the orientation of the heavy rain in relation to the
shape and orientation of the basin, and displacement errors in
the position of the rain system all have significant impact on
the accuracy of hydrologic forecasts. For short-term hydro-
logic forecasts, quantitative precipitation estimates (QPE) are
used to drive hydrologic models as they provide the most
up-to-date information about storm systems (Adams and
Dymond 2019a). However, QPE limits the possible lead time
of flood warnings because forecasts cannot be made until pre-
cipitation is falling or has already fallen. Quantitative precipi-
tation forecasts (QPFs) allow forecasters to issue streamflow
predictions prior to precipitation initiation, but errors associ-
ated with QPF can be large. Even small errors in QPF place-
ment and intensity can lead to critical flood forecast errors at
the watershed scale (Rezacova et al. 2007; Knebl Lowrey and
Yang 2008; Hapuarachchi et al. 2011; Adams and Dymond
2019a).

Despite significant advances in numerical weather predic-
tion, several challenges remain. Herman and Schumacher
(2016) found that extreme precipitation events were generally
over predicted for two short-term convection allowing models
(CAMs), the High-Resolution Rapid Refresh (HRRR) and
the North American Mesoscale 3-km Nest. Further, model
QPF is least skillful in the warm season (JJA) due to the

convective nature of precipitation at that time and its depen-
dance on weak, small-scale forecasting mechanisms that may
not be resolved or even sampled by observational networks
(Gallus 2012; Sukovich et al. 2014). Unfortunately, the warm
season is when flash flooding is most common in the central
United States and the lead time afforded by QPF is most
critical.

Several studies have reinforced the notion that QPF skill is
insufficient for use in hydrological forecasting. Seo et al.
(2018) examined HRRR QPF as input into the Hillslope Link
Model (HLM) for prediction of the eastern Iowa floods of
2016. The HLM gave an erroneous discharge peak not
detected in observed streamflow, and its performance sharply
worsened after the first hour, while some recovery occurred
into hours five and six. This is possibly a result of the study
including an event with a slow-moving supercell in which
peak precipitation values did not vary much but locations of
precipitation peaks varied significantly contributing to uncer-
tainty. From an analysis of forecasts for 39 locations within
the Ohio River Forecast Center region, Adams and Dymond
(2019b) conclude that use of QPF for hydrologic forecasting
should be limited to the 6–12-h lead-time forecast because
errors increase significantly beyond 12 h. They further
observed that fast responding basins are the most sensitive to
QPF errors, suggesting that inaccuracies in QPFs have a more
detrimental impact in basins that are more prone to flash
flooding. Errors in precipitation intensity and timing have
been shown to propagate linearly through the hydrologic
forecast system (Knebl Lowrey and Yang 2008), which eases
the ability to characterize these errors and apply corrections
through pre- or postprocessing. However, Knebl Lowrey and
Yang (2008) found that location errors will be more difficultCorresponding author: WilliamA. Gallus, wgallus@gmail.com

DOI: 10.1175/JHM-D-21-0076.1

Ó 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

K I E L E T A L . 1007JUNE 2022

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 02:05 PM UTC

mailto:wgallus@gmail.com
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


to manage in operational flood prediction because location
errors are difficult to predict, and their effects are nonlinear.

Because of the challenges in accurately predicting warm
season precipitation with deterministic models, ensemble
forecasts are increasingly used to improve QPF skill. Experi-
ments from the Community Leveraged Unified Ensemble
(Clark et al. 2018), among others (e.g., Clark et al. 2009),
showed that convective allowing ensembles (CAEs) gave a
better forecast than convection parameterizing ensembles for
warm season precipitation. Despite the advantages that are
associated with the use of QPF ensembles, they are not
immune to displacement biases (Xuan et al. 2009). For exam-
ple, Nielsen and Schumacher (2016) found that most mem-
bers of an ensemble generated by the WRF-ARW were
unsuccessful in capturing the location of the south-central
Texas flash flood of 25 May 2013, displacing most precipita-
tion to the northwest of observations.

Debiasing and model-error representation (Berner et al.
2015) can improve issues related to spatial errors if a consis-
tent method of doing so can be found. Hardy et al. (2016) pre-
sent a methodology to account for QPF location uncertainties
in the University of Oklahoma’s multimodel storm-scale
ensemble forecast (SSEF) when applied to probabilistic flash
flood forecasting. They first characterize errors in the struc-
ture, amplitude, and location of each QPF ensemble member
for every hour in the 3-yr analysis period. The QPF error
analysis is then combined with the predicted probability of
exceedance for each grid in the hydrologic forecast model
domain, which is based on the model run using the probability
matched mean precipitation forecast and a model reanalysis
of return periods for each grid. The resulting flash flooding
exceedance probabilities suggest an improved prediction of
the area under threat up to 18 h in advance. More recently,
Carlberg et al. (2020) examined an approach to mitigate likely
displacement errors in high-resolution QPFs by systematically

shifting each member by predetermined directions and distan-
ces, while retaining the storm morphology of each ensemble
member. In that study, the nine members of the HRRR
Ensemble (HRRRE) were moved 55.5 km in each of the four
cardinal directions and 110 km in each of the four intercardi-
nal directions, expanding the precipitation ensemble size from
9 to 81 members. Each of the 81 members were used as input
to the distributed Hydrologic Laboratory-Research Develop-
ment Hydrologic Model to produce an ensemble streamflow
forecast. The ensemble using the shifted QPFs had a higher
containing ratio and greater probability of detection for pre-
dictions of peak discharge compared to the original unshifted
ensemble, and thus better predicted flood occurrence. How-
ever, the false alarm ratio did not improve, likely because
shifting multiple QPF ensemble members increased the
potential to place heavy precipitation in a basin where none
occurred. In a preliminary assessment, Carlberg et al. (2020)
showed that the ranked probability scores of the streamflow
ensembles were improved when the members were weighted
according to the most likely direction of displacement of the
HRRRE members.

Past studies suggest that more information about displace-
ment errors in QPF is needed to better understand the impact
on streamflow forecast skill (Knebl Lowrey and Yang 2008;
Hapuarachchi et al. 2011; Adams and Dymond 2019b) and to
develop schemes to account for displacement errors in real
time (Hardy et al. 2016; Carlberg et al. 2020). The objective of
this study is to better characterize the displacement errors in
anticipation of using this information to improve short-term
hydrologic forecasting. QPFs from two CAEs, the HRRRE
and the High-Resolution Ensemble Forecast (HREF), are
analyzed. In addition, the present study also explores if dis-
placements present at QPF initiation time are indicative of
the overall displacement of the main rainfall region through
the first 18 h after model initialization. If a correlation exists,

FIG. 1. The NCRFC domain (thin black lines) and the case subset (thick black lines), with example
0–18-h accumulated QPE ending 1800 UTC 18 Jun 2018, and center of mass (white star).
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the displacement for the first hour of QPF accumulation after
the event initiates could be a means to preprocess the hydro-
logic forecasts in real time as precipitation is observed, yet
early enough to still improve forecast lead time. We first dis-
cuss the study region and how we found case subregions
(section 2a), followed by how we analyzed precipitation dis-
placement errors (section 2b), the results of precipitation dis-
placement errors (section 3a), and possible correction
strategies of the precipitation displacement errors observed
(section 3b). We then conclude and discuss the implications of
our results (section 4).

2. Methods

a. Study regions and data

The domain of study was the North Central River Forecast
Center (NCRFC) area of responsibility (Fig. 1). The HRRRE
and HREF ensembles were chosen because they were the pri-
mary CAEs run operationally or in support of research proj-
ects in 2018. Also, their fine grid spacing resolves smaller-
scale features likely important to hydrological forecasting in
small basins. See Table 1 for details on HRRRE and HREF
model configurations. Note that after 3 April 2019 HREF was
expanded to include an additional model (the operational
HRRR) at the same two times, extending it to 10 members
(Storm Prediction Center 2019). This new ensemble was notT
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TABLE 2. List of cases used and ensemble initialization times.

Date Initialization hour

2 May 2018 0000 UTC
3 May 2018 0000 UTC
4 May 2018 0000 UTC
12 May 2018 0000 UTC
14 May 2018 0000 UTC
23 May 2018 0000 UTC
14 Jun 2018 0000 UTC
16 Jun 2018 0000 UTC
16 Jun 2018 1200 UTC
17 Jun 2018 0000 UTC
17 Jun 2018 1200 UTC
18 Jun 2018 0000 UTC
18 Jun 2018 1200 UTC
20 Jun 2018 0000 UTC
20 Jun 2018 1200 UTC
21 Jun 2018 0000 UTC
24 Jun 2018 1200 UTC
26 Jun 2018 1200 UTC
30 Jun 2018 1200 UTC
1 Jul 2018 0000 UTC
19 Aug 2018 1200 UTC
24 Aug 2018 1200 UTC
26 Aug 2018 1200 UTC
27 Aug 2018 1200 UTC
28 Aug 2018 1200 UTC
2 Sep 2018 1200 UTC
3 Sep 2018 1200 UTC
4 Sep 2018 0000 UTC
4 Sep 2018 1200 UTC
5 Sep 2018 0000 UTC
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represented in the present study. HREF data were obtained
through an archive at the National Severe Storms Laboratory
(Roberts 2018, personal communication) and are on a ∼3-km
grid.

The QPE used for verification was the Multisensor Precipi-
tation Estimator (Seo and Breidenbach 2002), an operational
product that was obtained from the NCRFC. The QPE was
stored on a 4 km 34 km grid. The HRRRE and HREF were
likewise bilinearly interpolated to the same 4 km3 4 km grid.

The present study analyzed 30 separate cases (Table 2). For
a case to be included, a rainfall event had to be sufficient to
cause issuance of either a flash flood watch or warning within
the NCRFC area. Further, forecasted accumulated precipita-
tion data had to be available for both HRRRE and HREF at
the same initialization time, and the precipitation of interest
had to fall primarily in the first 18 h of the model runs. The
30 cases were all from the warm season of 2018, with the
earliest occurring on 2 May 2018 and the latest occurring on
5 September 2018. Although a larger sample size would be
helpful, these were the only events meeting the above criteria
for the region over which our research project was focused
during the warm season of 2018. That year was especially wet
in this part of the country and provided substantially more
cases than would be available in a more typical warm season
and provided a good sample size of events. For each case, we
manually selected a polygon, or subset of the QPF, on which

to focus the analysis. The polygon boundaries followed lines
of constant latitude/longitude or the edge of the QPE dataset,
were made to be rectangles as frequently as possible, and
included only the system whose QPE/QPF contributed to the
flash flood watch/warning. Figure 1 shows the subset for the
1800 UTC 18 June 2018 case.

As might be expected for events that led to issuance of flash
flood watches or warnings, 29 of the 30 cases involved convec-
tion that grew upscale to meet the definition of a mesoscale
convective system (a continuous band of at least 100 km in
length of radar reflectivity exceeding 40 dBZ). Strong large-
scale forcing (defined as a 500-mb trough or cutoff low over-
head or within 1000 km upstream of the rain event or a strong
frontal signature at 850 mb; 1 mb = 1 hPa) with flow exceed-
ing 30 kt (1 kt ≈ 0.51 m s21) at 500 mb, or 20 kt at 850 mb,
was present in 80% of the cases. Based on Jankov and Gallus
(2004) and Squitieri and Gallus (2016), among others, it is
likely that our sample of cases represents relatively well-predicted
events, since forecast skill is greater when large-scale forcing
is stronger. Displacement errors would likely be greater for
events with weaker forcing, and because these events are not
as predictable, they are not the focus of the present study.

b. Precipitation displacement analysis

For each case, we calculated the center of mass, or centroid,
of the precipitation region (defined as grid points with at least

FIG. 2. Histograms of east–west (a) HRRRE initiation hour displacement errors, (b) HREF initiation hour dis-
placement errors, (c) HRRRE 0–18-h displacement errors, and (d) HREF 0–18-h displacement errors. Histogram
bin edges are every 10 km starting at2250 km and ending at 250 km.
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1 mm of precipitation), for the first 18 h after model initializa-
tion (hereafter, 0–18-h accumulation period). The centroid of
the “initiation hour” accumulation was also computed, where
“initiation hour” was defined as the first hour in the forecast
period when the areal extent of hourly QPE/QPF greater
than 1 mm exceeded 1000 km2, a maximum rate of at least
10 mm h21 was present within the area, and either the area of
1-mm rainfall increased, or the intensity of the peak rainfall in
the system increased for at least three consecutive hours. The
criteria for initiation hour were determined subjectively by
analyzing the hourly progression of each case and selecting
the time when the initiation hour criteria were satisfied.
Although the HREF and HRRRE members provided

forecasts for 36 h for all cases, we focused on only the first
18 h of the simulations, because we chose model initialization
times so that the primary rain event occurred in the first 18 h.
This choice allowed us to focus on the part of the model runs
that typically have more skill, as model errors typically grow
with time. In 19 of the 30 events, the rainfall system initiation
hour was also the first hour after the model initialization. In
all cases, the initiation happened by the eighth hour of the
forecast. The fact that initiation happened so frequently at
the first hour is mainly a result of our case selection and
methodology and is not an indication of a problem in the
ensembles whereby anomalous precipitation occurs at ini-
tialization. Observations of rainfall timing matched well
with what was occurring in the ensembles. An example of a
center of mass with 0–18-h accumulated QPE is provided
(Fig. 1).

After a center of mass was determined for both the
observed system and each ensemble member, the north–south
and east–west components of the displacement error for both
the initiation hour and the 0–18-h accumulation period were
computed. Specifically, we compute the displacement error as
the latitude or longitude of the QPE centroid minus the lati-
tude or longitude of the model QPF centroid. Thus, a positive
value indicated a northward/eastward displacement relative
to the observed centroid, and a negative value indicated
a southward/westward displacement from the observed
centroid. The displacement errors (Figs. 2 and 3) suggested a

FIG. 3. As in Fig. 2, but for north–south displacement errors.

TABLE 3. Ratio of the QPF displacement for the 0–18-h
period compared to the initiation period listed by the quadrant
in which the displacement occurred at precipitation initiation.
Ratios are given for both the north–south (N–S) and east–west
directions (E–W).

Quadrant of
displacement at

precipitation initiation

HRRRE HREF

N–S E–W N–S E–W

NW 0.70 0.58 0.32 0.19
NE 0.35 0.54 0.17 0.07
SW 0.15 0.49 0.02 0.28
SE 0.33 0.17 0.52 0.02
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normal distribution. We chose to use a two-tailed Student’s
t test to determine if statistically significant displacement
errors were present in the data. Means and standard devi-
ations of displacement errors were compared from the
HRRRE and HREF to understand their relative accuracy

in predicting the location of precipitation systems. In addi-
tion, the Pearson’s correlation coefficient was computed
between the 0- and 18-h accumulation period displacement
errors and initiation hour displacement errors to determine
their relationship.

FIG. 4. (a),(c) HRRRE and (b),(d) HREF (top) initiation hour and (bottom) 0–18-h accumulation period QPF cen-
troid displacement errors for all members of all cases, graphed by cardinal direction. Points are color coded by the
quadrant in which the initiation hour displacements occurred (NW: yellow, NE: blue, SW: red, SE: green). The mean
of displacement errors of all cases is marked (black star). The gray shaded area represents a bivariate ellipse that cap-
tures 90% of the sample.

TABLE 4. Mean and standard deviation of displacement of the QPF centroids from the HRRRE and HREF ensemble members as
compared to the centroid of the QPE for the initiation hour and the 0–18-h accumulation periods.

Model

Initiation hour displacement 0–18-h accumulation displacement

Mean (km) Standard deviation (km) Mean (km) Standard deviation (km)

HRRRE 105.2 79.5 72.2 43.1
HREF 148.8 102.6 72.1 45.7
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After displacement errors were determined, three methods
were explored to see if the displacement errors in the 0–18-h
precipitation system could be reduced:

1) Adjust the location for an event-total precipitation field
based on the displacement error present when the system
first formed. The north–south components of the 0–18-h
QPF centroid were subtracted by the north–south compo-
nents of the initiation hour QPF displacement errors, and
likewise for the east–west components. This produced a
correction for the position of the centroid of the 0–18-h
accumulation period QPF.

2) The approach used in method 1 was altered such that the
0–18-h QPF field was shifted only a fraction of the dis-
placement present in the initiation hour QPF field. To do
so, the north–south and east–west 0–18-h QPF displace-
ment components were corrected using a single weight
equal to the average distance of displacement for the
0–18-h accumulation period divided by the average
distance of displacement for the initiation hour. The
weights were 0.769 and 0.511 for HRRRE and HREF,
respectively.

3) The approach used in method 2 was followed but with
separate weights (Table 3) calculated for each intercardi-
nal direction (NW, NE, SW, SE) where the displacement
occurred at initiation hour. For each of these four

quadrants, the north–south and east–west components of
displacement were computed, and the fraction to shift the
original 0–18-h QPF centroid was then calculated in a
manner similar to method 2, but by computing the two
components independently.

The full sample averages are used in all three tests. Because
of the small sample size in the present study, the same 30 cases
were used both to determine bias and to verify the impact of
adjusting the QPF fields for this bias.

3. Results

a. QPF displacement analysis

The mean and standard deviation of the accumulation
period QPF displacement errors were similar for both
HRRRE and HREF (Table 4). For both ensembles, the initi-
ation hour mean displacement errors and standard deviations
were greater than those of the 0–18-h period displacement
errors. An analysis of hourly displacement errors (not shown)
suggested that in the first few hours after initiation in the
HREF ensemble, errors become smaller, possibly because the
convective system was growing upscale and larger systems are
typically more predictable, especially if they are strongly influ-
enced by larger-scale forcing. However, in both ensembles,

FIG. 5. (a),(c) North–south and (b),(d) east–west mean displacement errors with 95% confidence intervals (blue
bars) and 90% confidence intervals (red bars) for every ensemble member of HRRRE showing (top) 0–18-h accumu-
lation displacement errors and (bottom) initiation hour displacement errors. Positive (negative) values indicate north-
ward (southward) or eastward (westward) displacements.
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hourly displacements were always larger than the full period
value, and thus the difference in these values is mostly
because forecast errors are reduced when a larger time inter-
val is used. The mean and standard deviation of HREF was
greater than those for HRRRE for initiation hour displace-
ment (Table 4). This result is consistent with prior studies that
have found that the use of mixed physics or mixed models, as
in HREF, results in more spread in short-term forecasts than
the use of perturbed initial and lateral boundary conditions
alone. (e.g., Stensrud et al. 2000; Hacker et al. 2011; Berner
et al. 2011, 2015; Gallus et al. 2019).

Displacement errors for each member of every case were
graphed along with a 90% confidence bivariate ellipse
(Fig. 4). The trends discussed earlier regarding mean displace-
ment error distances being greater at initiation hour than for
the 0–18-h period can be seen with broader ellipses for both
HRRRE and HREF. An analysis of the errors of each mem-
ber for each case shows that the initiation hour values are
larger than the 0–18-h period values 72.5% of the time for
HREF, and 66.7% of the time for HRRRE. The change in

the orientation of the ellipses indicated that a greater reduc-
tion occurs in north–south variability among members and
cases than with east–west variability when the initiation
hour values are compared to those for the 0–18-h period.
Furthermore, both HRRRE’s 0–18-h and initiation hour
displacement errors suggest a general westward bias in the
ensemble, as the center of the ellipse is positioned west
of the origin (Figs. 5b,d). Such a systematic direction bias
does not appear with the HREF data (Figs. 6b,d), although
there may be a slight westward bias in the 0–18-h QPF
displacements.

We now focus our discussion on HRRRE. Although the
mean for all members of HRRRE for the 0–18-h period cen-
troid displacement errors is to the north of the observed cent-
roids for all members (Fig. 5a), the northward position is not
significant at the 95% confidence level. Likewise, the north–
south initiation hour period displacement is also not signifi-
cant in either direction (Fig. 5c). The east–west 0–18-h accu-
mulation and initiation hour accumulation displacement
errors are not significant at the 95% level (Figs. 5b,d).

FIG. 6. As in Fig. 5, but for HREF members, including the time-lagged (TL) ensemble members.
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However, for most ensemble members and both initiation
hour and 0–18-h accumulation displacement errors, the west-
ward displacement errors observed are very close to meeting
a 95% significance threshold. Furthermore, 5 of 9 and 6 of
9 ensemble members show westward displacement errors at
90% significance for initiation hour accumulations and 0–18-h
accumulations, respectively. Of note, the members with the
most significant errors during the initiation hour were not
always the members with the most significant systematic
errors for the 0–18-h period (Fig. 5).

For HREF, 0–18-h QPF centroids were usually displaced
a little north of the observed system in most members
(Fig. 6a) but results were generally not significant, except for

a southward bias for the time-lagged Nonhydrostatic Meso-
scale Model on B-grid (NMMB). Additionally, more mem-
bers showed a westward bias than an eastward bias, but none
of the east–west biases were statistically significant at the 95%
confidence level (Fig. 6b). For initiation hour, HREF members
were more often displaced to the south (Fig. 6c) and the west
(Fig. 6d) but not significantly. The east–west displacement
errors were more variable for the HREF members than the
HRRRE members. In both ensembles, the reduction in the
magnitude of the displacement errors (Table 3) present in
the 0–18-h accumulation periods compared to the initiation
hour accumulations varied by quadrant and was usually more
than 50%.

FIG. 7. (a),(c) HRRRE and (b),(d) HREF initiation hour displacement errors vs 0–18-h QPF displacement
errors in the (top) north–south and (bottom) east–west directions. Line of best fit (black, solid interpolation,
dashed extrapolation), with root-mean-square error (RMSE), and correlation coefficients (R2) provided below
the respective plot.
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b. Potential for applying displacement analysis in
forecasting

The analysis described above suggests it may be possible to
improve some forecasting techniques that use the HRRRE
ensemble based on typical displacement errors because a sys-
tematic bias is present in the westward direction. However, a
substantial amount of spread existed in all four directions
among cases and there was no preferred displacement in the
north–south direction. Because there was no apparent direc-
tional bias in the HREF members, anticipating displacement
errors in advance may not be possible when using these fore-
casts. The overall lack of a clear systematic bias in both direc-
tion and distance of displacement for the centroids of
precipitation systems in the ensemble members suggests that
techniques other than directly applying the displacement
error when a system first forms as in method 1 of section 2b

may be needed to account for spatial errors in QPFs. The
results from testing several different techniques are described
below.

1) DISPLACEMENT CORRECTION 1

For applications such as hydrologic forecasting the
approach described in method 1 of section 2b would not offer
as much lead time as one that could anticipate displacement
errors prior to the start of rain based on known accumulation
biases. However, the method would allow more lead time
than current operational practices that use QPE after a large
portion of the precipitation has already fallen. Figure 2 sug-
gested that there may be some relationship between the dis-
placement errors of the QPF during the initiation hour of a
system and the QPF for the full 0–18-h period. To check
the relationship, we plotted the 0–18-h QPF centroid

FIG. 8. (a),(c) HRRRE and (b),(d) HREF 0–18-h QPF displacement errors vs 0–18-h QPF displacement errors pre-
sent after adjusting the centroid using the initiation hour displacement errors for the (top) north–south and (bottom)
east–west directions (method 1). The 1:1 line is drawn for reference. Points above the line indicate the adjustment
made the displacement error worse, and points below the line indicate an improvement in the displacement error.
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displacement errors versus the initiation hour displacement
errors (Fig. 7). A very weak positive correlation was noted
for both HRRRE and HREF, with HREF’s correlation being
especially weak.

The weak correlation (Fig. 7) encouraged us to explore
whether using the initiation hour displacement error would
help to correct the 0–18-h accumulation displacement error.
Our first adjustment attempt used method 1 as described in
section 2b (Fig. 8). However, using method 1 resulted in more
ensemble members having a higher displacement error after
adjustment; 152 of the 270 (56%) events and 137 of the
270 (51%) events simulated by HRRRE had higher north–
south and east–west displacement errors, respectively. For
HREF, 159 of 240 (66%) events, and 156 of 240 (65%) events
had higher north–south and east–west displacement errors,
respectively. These results show that this adjustment did

not help to improve displacement errors for the 0–18-h
period. Figure 4 suggests that these worse displacement
errors may be because the initiation hour displacements
were usually much larger than the 0–18-h QPF displace-
ment errors, so that even if the full system QPF field ends
up displaced in the same direction as that of the initiation
hour QPF field, the resulting adjustment overcorrects the
QPF field.

2) DISPLACEMENT CORRECTION 2

The weight calculated by the method described in method
2 of section 2b accounted for the fact that initiation hour dis-
placements were larger on average than the full period dis-
placements. This adjustment also assumed isotropic behavior
in the differences between initiation hour displacement mag-
nitude and the full period displacement magnitude (Fig. 9). In

FIG. 9. As in Fig. 8, but with the correction to the 0–18-h QPF centroid based on shifting the centroid by a fraction
of the initiation hour displacement amount where the fraction is equal to the mean of the 0–18-h QPF displacement
errors divided by the mean of the initiation hour displacement errors (method 2). Plotted in red is Fig. 8, for
reference.
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this case, 124 of 270 (46%) events, and 121 of 270 (45%)
events simulated by HRRRE had higher north–south and
east–west displacement errors, respectively. For HREF,
131 of 240 (55%) and 137 of 240 (57%) events had higher
north–south and east–west displacement errors for HREF,
respectively. Although fewer data points were found above
the diagonal line, implying some tendency for more cases to
improve using this approach, around as many model members
showed an improvement as did not, indicating uncertainty
that the strategy would work to improve the 0–18-h period
displacement errors over what they were originally.

3) DISPLACEMENT CORRECTION 3

As can be seen in Fig. 4, there was some tendency for sys-
tems to remain displaced in the same quadrant where they

were initially displaced with 66%, 67%, 40%, and 35% of
HRRRE members and 42%, 39%, 39%, and 40% of HREF
members remained in the northwest (NW), northeast (NE),
southwest (SW), and southeast (SE) quadrants, respectively.
The vectors depicting the mean 0–18-h accumulation centroid
displacement error quadrants for member sets that have the
same directional displacement error at initiation are plotted,
except for the SE vector which plotted into the SW quadrant
(Fig. 10). HRRRE showed a stronger tendency to remain in
the original quadrant than HREF, but with the percentage of
members that remained in the original quadrant exceeding
25% (random selection of a quadrant) for both ensembles,
the method described in method 3 of section 2b is worth
exploring.

Results are presented for each the NW (Fig. 11), NE
(Fig. 12), SW (Fig. 13), and SE (Fig. 14) quadrants. Detailed
statistics of how method 3 of section 2b improved displace-
ment errors are described in Table 5 (north–south) and
Table 6 (east–west). Most quadrant corrections resulted in

FIG. 10. 0–18-h vectors pointing from the origin to the mean of each quadrant in (a) Fig. 4c and (b) Fig. 4d, with shad-
ing indicating the corresponding bivariate ellipses, that is, NW: yellow, NE: blue, SW: red, SE: green.

TABLE 5. Table depicting number of times method 3 of
section 2b improved displacement errors for each quadrant, for
north–south component of displacement errors. This is a
numerical summary of results shown in Fig. 11 (NW), Fig. 12
(NE), Fig. 13 (SW), and Fig. 14 (SE).

Quadrant

Number of
improved

displacement
errors

Total number
of members Percent

HRRRE
NW 42 61 69%
NE 31 45 69%
SW 64 110 58%
SE 35 54 65%

HREF
NW 32 50 64%
NE 40 69 58%
SW 43 76 57%
SE 27 45 60%

TABLE 6. As in Table 5, but for east–west component of
displacement errors.

Quadrant

Number of
improved

displacement
errors

Total number
of members Percent

HRRRE
NW 41 61 67%
NE 34 45 76%
SW 67 110 61%
SE 25 54 46%

HREF
NW 28 50 56%
NE 40 69 58%
SW 43 76 57%
SE 18 45 40%
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either a majority of cases having improved displacement
errors, or very small fractional shifts (as noted in Table 3).
Displacement errors were improved more frequently than
made worse. Table 7 gives the resulting Student’s t test p val-
ues for each quadrant. The p values for the HRRRE adjust-
ments showed that the displacement errors of the adjusted
0–18-h QPF field were significantly smaller than those in the
original 0–18-h QPF field, with 95% confidence met for the
north–south component in all quadrants except southwest,
but such confidence was only met for the east–west compo-
nent in the southwest quadrant. For HREF, this technique
also improved the displacement errors for the north–south
component with 90% confidence for all quadrants except the
northwest, including 95% confidence for the southwest and
southeast quadrants, and 95% for the east–west component in
the northeast quadrant. We note that due to small sample

size, we cannot separate our dataset into training and evalua-
tion datasets.

4. Discussion and conclusions

Based on 30 warm season heavy rainfall events in the
NCRFC domain, the QPF displacement errors associated
with the centroids of these systems in two commonly used
CAEs, the HRRRE and the HREF, were documented, both
at 0–18-h period where most of the rain occurred and for the
initiation hour when substantial precipitation was first pre-
sent. The HRRRE members had smaller spread in the place-
ment of precipitation system centroids compared to the
HREF at the initiation of precipitation (Fig. 4). This result
was not surprising since the HRRRE uses only perturbed ini-
tial and lateral boundary conditions to supply diversity among

FIG. 11. As in Fig. 8, but for method 3, but only for cases where the initiation hour displacement was in the NW
quadrant, with the 0–18-h QPF centroid position shifted separately in the north–south and east–west directions by a
fraction of the initiation hour displacement amount, where the fraction is equal to the 0–18-h QPF centroid displace-
ment errors in both directions divided by the initiation hour displacement errors in both directions.
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its members. In contrast, HREF members uses different
model dynamical cores with different physics schemes, and
time-lagged members that supply diversity in initial and lat-
eral boundary conditions as well. Perhaps because of the
increased spread in HREF, there were no systematic biases in
displacement direction observed. Higher randomness of dis-
placement errors in HREF limits the ability to improve fore-
casts based simply on a climatology of past location errors.
For HRRRE, there was a statistically significant displacement
toward the west in many members (Fig. 5). However, scatter
was large, so it is unlikely a single constant adjustment can be
made to the locations of QPF to improve the skill of the
HRRRE member QPFs.

Displacement errors for the centroids of precipitating sys-
tems present during the initiation hour were usually larger
than the displacement errors for the centroids of the 0–18-h
accumulated precipitation from the systems, especially in the
east–west direction (Fig. 4). Thus, a simple adjustment to the

full period precipitation location based on the displacement
error at the initiation hour did not improve the forecast posi-
tion of the full 0–18 h rainfall (Figs. 8 and 9). However, when
using a technique based on the quadrant in which the initia-
tion hour displacement error was present (Figs. 11–14), a sta-
tistically significant improvement to the north–south and
east–west displacement error components of the 0–18-h QPF
field occurred in most directions when fractions of the initia-
tion hour QPF displacement error components were sub-
tracted from them (Tables 5 and 6). Thus, forecast positions
of 0–18-h precipitation systems in both ensembles are often
improved when using the quadrant method to adjust the
0–18-h QPF centroids (Table 7).

A primary motivation for this study was to better under-
stand displacement errors in QPF because errors in the loca-
tion of precipitation have significant impacts on hydrologic
forecast accuracy. The results suggest that it is possible to
improve QPF forecasts for the location of heavy rainfall based

FIG. 12. As in Fig. 11, but for cases where the initiation hour displacement was in the NE quadrant.
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upon the displacement error present in the initiating hour
of rainfall, even though the displacements of the centroids
of the longer-duration precipitation event usually differ
somewhat from those of the initiation hour rainfall. Based
on this result, streamflow ensemble approaches like that of
Carlberg et al. (2020), which shifted QPF to account for
uncertainty in displacement, may be improved using
weights to update streamflow ensembles based on errors in
the initiation hour QPF field. Otherwise, unlike in the
southern Plains where forecasters have often noted that
models are too quick to move drylines east (e.g., Clark
et al. 2015; Coffer et al. 2013), we did not find evidence of
clear systematic biases in the direction of QPF displace-
ment errors, and to our knowledge no studies have docu-
mented systematic errors in model positioning of weather
features in the Upper Midwest. In forthcoming work, we
use the results found here to improve the efficiency of the
Carlberg et al. (2020) technique by reducing the number of

shifts to those that reasonably replicate the observed dis-
tribution of displacements and test the impact of ensemble
corrections at initiation hour with the National Water
Model.

Future work should examine other atmospheric variables
to determine if it is possible to anticipate (ideally earlier than
the initiation hour) the most likely displacement error based
on parameters such as shear, convective available potential
energy, and moisture content of the atmosphere. In addition,
future studies should include more cases sufficient to separate
into training and evaluation datasets and examine regional
variability of displacement errors across the United States.
Machine learning techniques may prove advantageous to dis-
covering more complex relationships between weather
parameters and displacement errors. Finally, verification soft-
ware such as the Method for Object-Based Diagnostic Evalu-
ation (Davis et al. 2006) could be used to perform analysis of
the other components of QPF error including the distribution

FIG. 13. As in Fig. 11, but for cases where the initiation hour displacement was in the SW quadrant.
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FIG. 14. As in Fig. 11, but for cases where the initiation hour displacement was in the SE quadrant.

TABLE 7. Mean reduction in displacement error and p values for the north–south (N–S) and east–west (E–W) components of
displacement when the 0–18-h QPF centroid locations were adjusted using the ratios in Table 3. A negative mean reduction indicates
that error increased instead of decreased. A p value greater than 0.95 (boldface) and 0.90 (italicized) indicates a confidence interval
where the reduction in displacement error was statistically significant.

Quadrant of
displacement at

precipitation initiation

Mean error reduction
for N–S displacement

(km) N–S p value

Mean error reduction
for E–W displacement

(km) E–W p value

HRRRE
NW 13.32 0.992 5.04 0.505
NE 10.58 0.994 8.84 0.874
SW 1.39 0.81 7.12 0.965
SE 5.65 0.965 21.22 0.554

HREF
NW 2.59 0.538 3.16 0.697
NE 4.00 0.938 2.90 0.962
SW 0.57 0.952 21.96 0.381
SE 14.96 0.976 0.16 0.204
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of rainfall intensity, areal coverage, complexity of rainfall pat-
tern, and orientation of the rainfall footprint.
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