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ABSTRACT
Spurious mountain-wave features have been reported as false alarms of light-or-stronger numerical
weather prediction (NWP)-based cruise level turbulence forecasts especially over the western mountainous
region of North America. To reduce this problem, a hybrid sigma–pressure vertical coordinate system was
implemented in NOAA’s operational Rapid Refresh model, version 4 (RAPv4), which has been running in
parallel with the conventional terrain-following coordinate system of RAP version 3 (RAPv3). Direct
comparison of vertical velocity jwj fields from the RAPv4 and RAPv3 models shows that the new RAPv4
model significantly reduces small-scale spurious vertical velocities induced by the conventional terrainfollowing coordinate system in the RAPv3. For aircraft-scale turbulence forecasts, jwj and jwj/Richardson
number (jwj/Ri) derived from both the RAPv4 and RAPv3 models are converted into energy dissipation rate
(EDR) estimates. Then, those EDR-scaled indices are evaluated using more than 1.2 million in situ EDR
turbulence reports from commercial aircraft for 4 months (September–December 2017). Scores of the area
under receiver operating characteristic curves for the jwj- and jwj/Ri-based EDR forecasts from the RAPv4
are 0.69 and 0.83, which is statistically significantly improved over the RAPv3 of 0.63 and 0.77, respectively.
The new RAPv4 became operational on 12 July 2018 and provides better guidance for operational turbulence
forecasting over North America.

1. Introduction
Encounters with turbulence by aircraft cruising in the
upper troposphere and lower stratosphere (UTLS) are
a challenging weather hazard for commercial aviation,
and often result in serious injuries for passengers and
crews, and flight delays (e.g., Kim et al. 2011; Sharman
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et al. 2006, 2012b). Turbulence related to strong shear
and inertial instabilities, geostrophic adjustment, imbalance, and tropopause folding near upper-level jet and
frontal zones is referred to as a clear-air turbulence
(CAT) since it normally happens without visible convective activity (e.g., Sharman and Lane 2016). If CAT
occurs over mountainous regions, it is often produced
by mountain-wave breaking and/or critical-level interactions, and is usually referred to as mountain-wave turbulence (MWT). As the resolution of operational numerical
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weather prediction (NWP) models has increased, the capability to forecast MWT based on NWP model output
has improved (e.g., Elvidge et al. 2017; Kim and Chun
2010, 2011; Lane et al. 2009; Sharman et al. 2012a).
The operational turbulence forecast system of the
National Oceanic and Atmospheric Administration/
Aviation Weather Center (NOAA/AWC) makes use of
predicted vertical velocity from the operational Rapid
Refresh (RAP) forecast model (Benjamin et al. 2016)
as input into its mountain-wave turbulence prediction
algorithm. Recently, unrealistically large areas of the
light-or-greater (LOG) intensity turbulence with spurious mountain-wave signals have been reported frequently in wintertime over the mountainous regions in
the United States (M. A. Thomas 2016, personal communication). It is expected that the terrain-following
sigma vertical coordination in the RAP model is a possible contributor to this overprediction. In particular,
the terrain-following vertical layers even at higher levels
in the UTLS in the model are distorted over the steep
mountain regions, which lead to the spurious horizontal
and vertical gradients in the model fields. When it is used
in the operational turbulence forecast system like the
graphical turbulence guidance (Sharman and Pearson
2017), this contributes to high false alarm rates (or high
bias) for the LOG turbulence forecasts in the UTLS.
To resolve this problem, several attempts have been
made. One is to use a better smoothing technique to
reduce smaller-scale (,6Dx) energy in the model terrain
(Park et al. 2016). Another is to use a hybrid vertical
coordinate system (Klemp 2011; Park et al. 2019). From
an operational perspective, the hybrid sigma–pressure
vertical coordinate seemed the better alternative, because it keeps the model terrain as realistic as possible,
which gives better performance near the surface as well
as in UTLS (Park et al. 2019). Therefore, this has been
implemented in the new version of the RAP model
(version 4; RAPv4) based on the formulation of Park
et al. (2019) and was run in parallel with the conventional terrain-following coordinate system of the RAP
model version 3 (RAPv3) by the NOAA/Global Systems Division (GSD) for several months of 2017. This
hybrid vertical coordinate system used in new RAPv4
model with some minor upgrades became operational
on 12 July 2018 (https://rapidrefresh.noaa.gov).
The aim of this study is to document the reduction of
this overprediction of the LOG MWT in the RAPv4. We
conducted direct comparisons of the upper-level turbulence forecasts between the new RAPv4 model with
the hybrid vertical coordinate system and the older
version of the RAPv3 with the traditional sigma coordinate system. The remainder of this paper includes the
following sections. In section 2, we briefly introduce the
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RAP model with the new hybrid sigma–pressure vertical
coordinate system. In section 3, we examine a case study
to compare the RAPv4 with RAPv3 to show that the new
model can reduce the spurious mountain-wave features at
cruising altitude. Also, the MWT indices derived from
both the RAPv4 and RAPv3 are statistically evaluated
using more than 1.2 million in situ aircraft energy dissipation rate (EDR) reports to confirm the improvement of
the MWT forecast skill in the new RAPv4 model. The
summary and conclusions follow in section 4.

2. NOAA’s operational Rapid Refresh model
The RAP was developed to provide more reliable
short-term forecasts by capturing rapidly developing
mesoscale weather phenomena. Forecasts are made every hour using the Advanced Research version of the
Weather Research and Forecasting (WRF-ARW) Model
(Powers et al. 2017; Skamarock et al. 2008) and initialized
using all available data, including conventional rawinsonde, surface METAR and mesonet observations, remote sensing data from satellite and radar, and aircraft
data, combined with the previous hour’s 1-h forecast via
an intermittent data-assimilation system. Lateral boundary conditions are from NOAA’s Global Forecast System
(GFS). More details can be found in Benjamin et al.
(2016). The domain of the RAP model is shown in Fig. 1,
which covers the entire North American continent including the contiguous United States (CONUS), Canada,
Mexico, Hawaii, and Alaska to provide better forecast
products over the CONUS, North Pacific and Atlantic
Oceans, and Alaska regions. The domain has a 13-km
horizontal mesh with 51 sigma (eta) levels in the terrainfollowing vertical coordinate used in the RAPv3 and
earlier. This has been updated to use the hybrid pressure–
sigma vertical coordinate system in the RAPv4 that is a
focus of this study. Forecast model output is available at
15-min intervals out to 21- or 39-h lead time, depending
on model initial time. Detailed physical parameterization
schemes, data assimilation processes, and recent updates
are found in the slides and documents on the NOAA/GSD
web page (https://rapidrefresh.noaa.gov) and in Benjamin
et al. (2016).
The operational aviation turbulence forecast system is
termed the graphical turbulence guidance (GTG; Sharman
et al. 2006; Sharman and Pearson 2017), which uses the
RAP model outputs as an input to infer aircraft-scale
turbulence intensities as a function of the cube root of
the EDR (m2/3 s21) by integrating multiple turbulence
diagnostics based on physical downscaling processes for
subgrid-scale (i.e., aircraft-scale) turbulence. Formulations of those diagnostics are based on horizontal and
vertical gradients of resolved wind, temperature, and
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terrain revealed in the basic terrain-following (BTF) sigma
coordinate system. The HTF is implemented in the WRFARW model, version 3.9 (Park et al. 2019). In the WRFARW 3.9, four-dimensional vertical pressure levels are
defined by
pd (x, y, h, t) 5 B(h)[ps (x, y, t) 2 pt ]
1 [h 2 B(h)]( p0 2 pt ) 1 pt .

FIG. 1. Domain for NOAA’s RAP model with terrain height
(shading with 250-m increments).

other variables from the underlying RAP model outputs.
Therefore, its performance is highly dependent on the
accuracy of the underlying NWP model. Aviation users
have benefited by using this information for their flight
planning (https://www.aviationweather.gov/turbulence).
For example, they can avoid the forecasted turbulence
areas, or they can take an action to turn on the seat belt
sign before they encounter the expected turbulence regions. However, recently users have reported that the
GTG from the RAPv3 tends to overestimate smooth-tolight turbulence to be LOG intensity especially over the
western mountainous region of the United States (M. A.
Thomas 2016, personal communication; Park et al. 2016).
Upon investigation, we found that this is partly due
to the use of the terrain-following sigma vertical coordination system, which results in artificial mountainwave-like motions that directly impact the turbulence
forecast. To remove this error, Park et al. (2016)
implemented RAP-like WRF-ARW model simulations
to filter out smaller-scale (,6Dx) energy aloft by applying
additional terrain averaging in the WRF Preprocessing
System (WPS). This was successful in alleviating the
spurious mountain-wave features in the UTLS, but surface features were unrealistically smoothed.
Alternatively, Klemp (2011) suggested that the hybrid
terrain-following (HTF) coordinate can progressively
flatten the model surfaces with height, which helps reduce the spurious horizontal pressure gradients induced
by the distorted vertical coordinate over the small-scale

(1)

Here, ps is the surface pressure, pt is the pressure at the
model top, p0 is 1000 hPa, and B(h) is a relative weighting
between terrain-following and pure dry hydrostatic pressure
coordinates. Here, h 5 ( pd 2 pt )/(ps 2 pt ) for B(h) 5 h,
which reduces to the classic sigma coordinate (Phillips 1957),
whereas h 5 ( pd 2 pt )/(p0 2 pt ) for B(h) 5 0, which is a
pure pressure level. Note that h varies between 0 and 1,
and B(h) is defined in terms of hc (etac), a user-defined
constant that specifies where the vertical coordinate
completely transitions from the BTF sigma levels at low
levels to pure pressure levels aloft. As the value of hc
increases from 0, more sigma levels are flattened out
from the model lid. Figure 2 shows a vertical cross section across the Sierra Nevada and Colorado Rocky
Mountains for pd in Eq. (1) using the standard terrainfollowing coordinates (left panel) and the hybrid coordinates with hc 5 0.1 and pt 5 10 hPa (right panel). Note
that the hybrid coordinates become flat above z 5 8 km
over the mountains, because the transition from the
BTF sigma level to pure pressure level flattens out the
distortion of model layers. This gives a better representation of small-scale circulations over the mountain
regions, which directly affects the operational turbulence forecast. Comparison results will be shown in the
next section.

3. Results
Figure 3 shows a direct comparison of vertical pressure velocity fields (shading) and upper-level jet stream
magnitudes (red contours) from 6-h forecasts of the
(Fig. 3a) RAPv4 and (Fig. 3b) RAPv3 models at a typical cruising altitude (35 000 ft) of commercial aircraft valid at 1800 UTC 25 May 2017. At this time an
anticyclonically curved flow was present around an
upper-level ridge over the eastern Pacific Ocean, with a
strong southwesterly polar jet crossing southeast Alaska
and then curving anticyclonically back across the
Canadian Rockies from the north. A cyclonically curved
flow around a downstream upper-level trough occurs
over the northwestern United States into the northern
plains. A broad subtropical jet is located over southern
California and Utah, northern Arizona and New Mexico,
and the Colorado Rockies. Both the RAPv4 and RAPv3
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FIG. 2. Vertical cross sections of the (left) conventional terrain-following sigma (eta) levels in the RAPv3 and (right) hybrid pressure–
sigma levels in the RAPv4 across the Sierra Nevada and Colorado Rocky Mountains in the United States. Steep and complex terrain near
1208 and 1058W are the Sierra Nevada and Colorado Rocky Mountains, respectively.

models predict similar structures of the large-scale upperlevel flows mentioned above, although there are some
minor differences in local areas. However, there is a significant discrepancy in the vertical velocity field (color
shadings in Fig. 3) between the two models. In particular,
small-scale noisy signals in vertical velocity fields over the
western mountainous regions are significantly removed in
the RAPv4 (Fig. 3a), while those are dominant in the
RAPv3 (Fig. 3b). It is also impressive that the RAPv4 still
maintains large-amplitude mountain waves over southeast Alaska and the Colorado Rockies (Fig. 3a), indicating
the new model with the hybrid vertical coordinate eliminates or damps the artificial vertical motions while retaining
the physically meaningful large-amplitude mountain waves.
This helps alleviate the high false alarms of LOG-level
MWT forecasts over the mountain regions.
To conduct objective evaluations of the improvement
of turbulence forecasts based on the RAPv4 model,
we have archived more than 1.2 million in situ turbulence reports from commercial aircraft for 4 months
(September–December 2017, inclusive). The National
Center for Atmospheric Research (NCAR) developed
the automated in situ EDR estimation algorithm to estimate the magnitude (i.e., intensity) of atmospheric
turbulence that directly affects aircraft (Sharman et al.
2014; Cornman 2016). This is an aircraft-independent
turbulence metric and is the official standard for reporting
aircraft turbulence by the International Civil Aviation Organization (ICAO 2010). A growing number of
commercial aircraft worldwide are equipped to report
in situ EDR using the NCAR algorithm. Figure 4 shows
the horizontal distribution of the archived in situ EDR
data reported at 61 h around 1800 UTC during the research period, covering most areas of the CONUS

including the western mountainous region. These data
also cover some of steep mountain regions in southern
Greenland under trans-Atlantic flight routes.
We tested two turbulence indicators for the evaluation. The
first is the absolute value of the vertical velocity jwj. The
second is jwj divided by the local Richardson number
(jwj/Ri, where Ri is the dimensionless ratio between the environmental stability and vertical wind shear), as defined by
g ›uy
uy ›z
Ri 5  2  2 .
›u
›y
1
›z
›z

(2)

Here, g is gravitational acceleration, uy is virtual potential temperature, and u and y are the zonal and meridional components of horizontal winds, respectively.
Vertically propagating mountain waves (i.e., gravity
waves) may locally break down and/or trigger smallerscale Kelvin–Helmholtz instabilities when the background wind shear (stability) is strong (unstable) (e.g.,
Lane et al. 2004; Sharman et al. 2012b; Sharman and
Lane 2016). Here jwj/Ri is the advanced version of jwj by
incorporating the environmental (background) conditions for possible breakdown of mountain waves due to
low background Ri. High values of jwj alone may not be
perceived as a bumpy ride, because a large amplitude of
mountain waves still can be laminar before they break
down to generate turbulence. When jwj is combined
with the Richardson number, it provides a better translation of turbulence due to the local break down of
the mountain waves. Consequently, the performance of
jwj/Ri is better than jwj as an indicator of MWT in both
RAPv4 and RAPv3 cases, which will be shown later.
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FIG. 3. Horizontal distributions of the vertical pressure velocity field (shading; Pa s21) and horizontal wind
speed (red contours greater than 30 m s21 with 10 m s21 intervals) valid at 1800 UTC 25 May 2017 at 35 000 ft (about
z 5 10.5 km) from 6-h forecasts of NOAA’s (a) RAPv4 and (b) RAPv3. Plots are zoomed into the western regions
in North America in the RAP model domain.

These two indices are included in the operational
GTG MWT forecasts (Sharman and Pearson 2017).
Each are then separately converted to EDR by using a
lognormal mapping scheme (Sharman and Pearson 2017),
logEDR(x, y, z) 5 a 1 b log D(x, y, z), where D is the
original value of turbulence diagnostic, and a and b are
empirical parameters derived from the probability density
functions (PDFs) of the climatological in situ EDR data
and model-derived diagnostics. More details can be found
in previous studies (Kim et al. 2015, 2018; Sharman et al.
2014; Sharman and Pearson 2017). In this way, the calibrated
EDR-scale MWT diagnostics from the RAP models can be
directly compared and objectively evaluated against the
observed in situ EDR estimates. Matching every in situ
EDR observation (OBS) to the closest gridpoint EDR
forecast values from the RAP model provides a total of
1 277 844 OBS–NWP pairs for jwj- and jwj/Ri-based EDR
forecast products for both the RAPv3 and RAPv4 models.

Figure 5 shows the statistical receiver operating
characteristic (ROC) curves for the jwj-based EDR
forecasts (top) and jwj/Ri-based EDR forecasts (bottom)
for the 1 277 844 in situ EDR observations over a 4-month
period (September–December 2017). The ROC curves
are constructed based on the probability of detection for
‘‘yes’’ forecasts of moderate-or-greater (MOG) turbulence (EDR . 0.22 m2/3 s21) and for ‘‘no’’ forecasts (i.e.,
null turbulence; EDR , 0.02 m2/3 s21) (e.g., Kim et al.
2015, 2018; Sharman et al. 2014; Sharman and Pearson
2017). Among the data shown in Fig. 5, there were 1021
MOG-level observations, and 1 209 539 were null. In the
ROC curves of Fig. 5, if the forecast product perfectly
discriminates both MOG-level and null turbulence
events, the ROC curves move toward the upper-lefthand corner of the diagram and the area under the ROC
curve (AUC) approaches unity, while forecasts with no
skill follow a diagonal line with the AUC 5 0.5 (shown
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scores for jwj from RAPv4 (RAPv3) are 0.72 (0.65)
and 0.68 (0.61), respectively, and those for jwj/Ri from
RAPv4 (RAPv3) are 0.84 (0.79) and 0.81 (0.75), respectively. These additional tests confirm that the improvements of the MWT forecasts from the new RAPv4 with the
hybrid vertical coordinate system are statistically confident
and significant. We also calculated the bias for the MOG
and null turbulence forecasts. As expected, it is found that
the bias for null forecasts are significantly improved for jwj
(0.238) and jwj/Ri (0.127) with RAPv4 compared to those
with RAPv3 (0.316 and 0.149) as tabulated in Table 1,
because the RAPv4 with the hybrid vertical coordinate
alleviates the spurious mountain features and reduces the
high bias over the mountainous region (Fig. 2). The bias for
MOG turbulence is also improved for jwj-based EDR
forecasts, but not for the jwj/Ri-based one.

4. Summary and conclusions

FIG. 4. Density of automated in situ EDR (m2/3 s21) scale turbulence reports from commercial aircraft flying at cruising altitudes
between 20 000 and 45 000 ft (about z 5 6.5–14 km) for 4 months
(September–December 2017). Each of the 1 277 844 EDR observations reported during the 61 h around 1800 UTC are assigned by
location to the appropriate grid box of the Rapid Refresh model
with 13-km horizontal grid spacing.

as black diagonal lines in Fig. 5). For both the jwj and
jwj/Ri diagnostics, the ROC curves move up to the left
significantly for the RAPv4 compared to the RAPv3,
giving higher AUC values of 0.69 for jwj and 0.83 for jwj/
Ri based on RAPv4 compared to 0.63 for jwj and 0.77 for
jwj/Ri based on RAPv3. Thus, the AUC for the RAPv4
with the hybrid vertical coordinate improves by almost
9.5% and 7.8% for the jwj- and jwj/Ri-based EDR turbulence forecasts, respectively.
For testing the statistical significance of the evaluation
results, we set up the 200 additional experiments for
constructing the ROC curves, which are based on the
200 subsets of randomly selected half-fraction samples
from the total MOG (1021) and null (1 209 539) data.
This provides the maximum and minimum limits of the
200 ROC curves with corresponding AUC values, which
gives an idea of the statistical robustness of the evaluation results (e.g., Sharman et al. 2006; Kim et al. 2011).
Figure 5 includes the maximum and minimum ROC
curves and their corresponding AUC scores for both the
jwj and jwj/Ri diagnostics from the RAPv3 and RAPv4
outputs. It is found that the maximum and minimum
AUC values among the 200 additional experiments fall
within 62%–3% of the computed performance using all
data. For example, the maximum and minimum AUC

Aviation users have benefited from the enhanced
awareness of expected turbulence areas provided by the
NWP-based operational the turbulence forecast product
(GTG) over North America provided by the NOAA’s
Aviation Weather Center. This product was originally
developed by NCAR to integrate multiple turbulence diagnostics to infer aircraft-scale turbulence intensity as a
function of EDR from NOAA’s operational RAP model
outputs. The performance of the GTG algorithm is therefore highly dependent upon the underlying RAP model.
Related to this, users have reported that there are high
false alarm rates of light-or-greater (LOG) turbulence
forecasts, especially over the western mountainous CONUS.
It turned out that this is partly due to the use of conventional
terrain-following vertical coordinates that create small-scale
artificial wave motions over the steep terrain. To reduce this
problem, a hybrid sigma–pressure coordinate system has
been implemented in the new model (RAPv4), which
replaces the old model (RAPv3) that uses the conventional terrain-following sigma coordinate system.
A comparison of vertical velocity fields from both the
RAPv4 and RAPv3 show that smaller-scale artificial
waves over mountainous regions are removed or greatly
damped in the new RAPv4 model. To conduct objective
evaluations, two MWT indices of absolute vertical velocity (jwj) and jwj/Richardson number (jwj/Ri) were
tested. These two indices from both the RAPv4 and
RAPv3 were converted to an EDR scale, and then those
were matched separately with 1.2 million automatically reported in situ EDR estimates from commercial
aircraft for 4 months (September–December 2017).
Resultant statistics of the area under the receiver operating characteristic (ROC) curves showed that the
performance of jwj- and jwj/Ri-based EDR turbulence

Unauthenticated | Downloaded 01/09/23 09:05 AM UTC

JUNE 2019

779

KIM ET AL.

TABLE 1. Statistical evaluation metrics of AUC and bias for
MOG turbulence (EDR . 0.22 m2/3 s21 ) and null turbulence
(EDR , 0.02 m2/3 s21) for the jwj- and jwj/Ri-based EDR turbulence diagnostics and their scores from the RAPv3 and RAPv4
models against in situ EDR observation data shown in Fig. 4. Bold
numbers highlight the significant improvements of the scores in the
new RAPv4 model.
Statistical metrics
AUC
Bias for MOG
Bias for null

Turbulence diagnostic

RAPv3

RAPv4

jwj
jwj/Ri
jwj
jwj/Ri
jwj
jwj/Ri

0.63
0.77
0.153
0.047
0.316
0.149

0.69
0.83
0.092
0.052
0.238
0.127

forecasts from the new RAPv4 are superior to those
from the old RAPv3. Bias calculations for moderate-orgreater (MOG) and null turbulence in those products
confirm that the RAPv4 with hybrid vertical coordinate
system significantly reduces the high bias for null turbulence forecasts. The new RAPv4 system became officially operational on 12 July 2018, providing better
guidance for operational turbulence forecasts over North
America. This represents a major improvement in an important decision support tool for the aviation community.

FIG. 5. ROC curves for (top) jwj-based and (bottom) jwj/Ri-based
EDR forecasts against observed in situ EDR measurement
data from the commercial aircraft shown in Fig. 4. The ROC
curves are based on the detection of probabilities for ‘‘yes’’
(PODy) forecasts for MOG turbulence (EDR . 0.22 m 2/3 s 21 )
and for ‘‘no’’ (PODn) forecasts for null turbulence (EDR ,
0.02 m2/3 s21). The results based on RAPv4 and RAPv3 are depicted as blue and black lines, respectively. The max and min ROC
curves among 200 additional experiments for randomly selected
half-fraction subsets for jwj and jwj/Ri from RAPv3 and RAPv4 are
also shown as dashed lines to assess the statistical confidence of
the results.
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