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Abstract Microscale turbulence in the atmospheric boundary layer (ABL) is characterized by significant
spatiotemporal variability. Consequently, a change in the turbulence forecasting paradigm needs to
occur, moving beyond average turbulence estimates at mesoscale grid resolutions (several kilometers) to
eddy-resolving forecasts. To that end, the viability of dynamic downscaling to large-eddy simulation scales
is evaluated. We present for the first time, multiday dynamic downscaling from currently available numerical
weather prediction forecasts to a high-resolution grid spacing of 25 m. It is found that these eddy-resolving
forecasts can realistically reproduce turbulence levels and peak events in the bulk of the daytime ABL,
adequately capturing turbulence variability at subminute intervals. Moreover, probability distributions
of turbulence quantities are in very good agreement when compared to in situ sonic-anemometer
observations. These results demonstrate the feasibility of eddy-resolving forecasts to derive accurate
probabilistic estimates of turbulence in the ABL and provide a path toward real-time large-eddy simulation
scale prediction.

Plain Language Summary Forecasting of turbulence for near-surface applications including
wind energy and wind power production, atmospheric transport and dispersion, and wildland fire requires
high-fidelity spatiotemporal information. State-of-the-art turbulence forecasting algorithms rely on
numerical weather prediction models, which have spatial resolutions of several kilometers. These
operational numerical weather prediction models are therefore not able to capture the relevant variability
of turbulence in the atmospheric boundary layer. Herein, we demonstrate the feasibility of dynamic
downscaling from operational weather forecasts to large-eddy simulation scales (25 m), with which the
most relevant turbulent structures are explicitly resolved. Comparison to sonic-anemometer observations
at the Boulder Atmospheric Observatory tower reveals that these eddy-resolving forecasts can be used to
derive accurate probabilistic predictions of turbulence in the atmospheric boundary layer and provides a
path toward real-time large-eddy simulation scale prediction in the near future.

1. Introduction
Atmospheric turbulence has a strong impact over a wide range of applications including general aviation,
wind energy and wind power production, atmospheric transport and dispersion, and wildland fire. In particu-
lar, the aviation community has historically been the pioneer in recognizing the need for accurate turbulence
forecasts as well as in pursuing the development of turbulence forecasting techniques. These techniques have
in fact become a standard in strategic turbulence avoidance procedures (e.g., Sharman & Lane, 2016). Current
turbulence prediction at regional scales is based on operationally produced numerical weather prediction
(NWP) model information, typically run at horizontal grid spacings of Δ≈ 10 km. At these spatial resolutions,
microscale turbulence and its effects on the resolved scales are fully parameterized. Therefore, aviation turbu-
lence forecasting techniques typically relate the large-scale atmospheric turbulence production mechanisms
that are explicitly resolved by operational NWP models to aircraft scale turbulence (∼10–100 m) through the
assumption of a forward energy cascade process (e.g., Lindborg, 1999, 2006). These types of forecasting meth-
ods, an example of which is the Graphical Turbulence Guidance (GTG) system (Sharman et al., 2006; Sharman
& Pearson, 2017), are particularly tailored to forecast turbulence events in the upper troposphere and lower
stratosphere region and utilize reference turbulence climatological probability distributions derived from in
situ aircraft data and pilot reports (Sharman et al., 2014).

The recent emergence and rapid development of the unmanned aerial system (UAS) sector is revealing the
need for a specific air traffic management system for UASs targeting low-altitude operations (∼60–150 m
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above ground level; Kopardekar et al., 2016). In support of this initiative, Muñoz-Esparza and Sharman 2018
have recently extended the GTG turbulence forecasting algorithm to predict atmospheric boundary layer
(ABL) turbulence in rural areas, showing very good agreement between turbulence forecasts in the lowest
300 m above ground and in situ tower measurements (Muñoz-Esparza et al., 2018). However, Muñoz-Esparza
and Sharman 2018 found that the evolution of observed turbulence levels reveals substantial variability at
intrahour scales resulting from the presence of microscale eddies that cannot be captured with GTG or any
other current turbulence forecasting technique. In addition, small UASs are more than an order of magni-
tude smaller in size and weight than commercial aircraft and are therefore more susceptible to turbulence
encounters as well as to spatiotemporal variability of turbulence. All these characteristics require predicting
turbulence and its evolution at the microscale (i.e., scales smaller than the ABL depth), which is not possi-
ble with current turbulence forecasting techniques. A radical change in turbulence prediction paradigm is
therefore warranted.

An alternative approach is to provide explicit turbulence-resolving forecasts using large-eddy simulation (LES)
models. With the continuing growth of computing capabilities, and in particular accelerated architectures
like graphics processing units (e.g., Schalkwijk et al., 2015), it is expected that NWP models will in the near
future provide forecasts at LES scales for daytime conditions over a limited area (Δ ≈ 25–100 m, resolv-
ing up to mesobeta scales). Consequently, there is a recent trend to incrementally push the application of
NWP models to dynamically downscale to LES grid resolutions (e.g., Cécé et al., 2016; Chu et al., 2014; Heinze
et al., 2017; Joe et al., 2014; Liu et al., 2011; Muñoz-Esparza et al., 2017; Rai et al., 2017; Talbot et al., 2012;
Zhou & Chow, 2014). In anticipation of the development of LES-type operational capabilities, a more com-
prehensive evaluation and understanding of the potential and added value of these eddy-scale turbulence
predictions is needed, beyond previous isolated efforts that have examined specific events spanning a few
hours of duration and typically focusing on nonturbulent quantities. Therefore, we perform for the first time,
multiday dynamic downscaling to Δ = 25 m with a focus on evaluating the performance of these forecasts
in terms of turbulence prediction skill. The daytime part of 10 selected days from the eXperimental Planetary
boundary layer Instrumentation Assessment campaign (Lundquist et al., 2017) are simulated, corresponding
to a total of 100 hr of high-resolution turbulence-resolving LES forecasts. The eddy-scale turbulence predic-
tions are validated against in situ measurements derived from high-frequency sonic anemometer data at the
Boulder Atmospheric Observatory (BAO) tower (Kaimal & Gaynor, 1983).

2. Methods
We utilize the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008; Skamarock & Klemp,
2008) to perform dynamic downscaling to microscale turbulence in the ABL. In order to mimic the conditions
of an actual forecasting system, we use 5-hr forecasts from the Rapid Refresh operational product (Benjamin
et al., 2016) as initial and hourly boundary conditions (Δ ≈ 13.2 km). The simulation setup consists of four
nested domains with 1,000 × 840, 1,000 × 841, 1,201 × 1,201, and 1,201 × 1,201 grid points in the zonal
and meridional directions, respectively. Details of the location of the domains including terrain elevation are
included in the accompanying supporting information. The first two domains run in mesoscale mode using a
one-dimensional planetary boundary layer (PBL) scheme (Nakanishi & Niino, 2006), with corresponding hor-
izontal grid spacings of Δ = 3 and 1 km. The third and fourth domains use Δ = 100 and 25 m, respectively,
together with a LES subgrid scale closure that includes a prognostic turbulent kinetic energy equation (Lilly,
1966; 1967). While the use of a one-dimensional PBL scheme in the mesoscale domains becomes question-
able in the presence of the complex topography in the Rocky Mountain region (e.g., Muñoz-Esparza et al.,
2016), one-dimensional PBL schemes are the standard in state-of-the-art NWP models, and therefore, we use
the same PBL parameterization to extend current forecast to LES-resolved scales.

Feedback is one way, with a refinement ratio of 3 and 4 between the two mesoscale and LES domains,
respectively, and with a grid refinement factor of 10 in the transition between the finest mesoscale domain
(Δ = 1 km) and the first LES domain (Δ = 100 m) to minimize the impact of the terra incognita range of grid
resolutions (e.g., Ching et al., 2014; Honnert et al., 2011; Zhou et al., 2014) and to minimize spurious solution
induced by underresolved convection on the LES domain (Mazzaro et al., 2017). As reported by Mirocha et al.
2013 and Muñoz-Esparza, Kosović, García-sánchez, et al. 2014, several kilometers of fetch is required in nested
LES-within-LES models for the flow to reach equilibrium within the finer-resolution LES domain. In this case,
we quantified that after ∼4 km from the lateral boundary, the nested LES has developed the entire range of
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resolvable scales as dictated by the grid resolution. Therefore, and given the size of our innermost LES domain
(30 × 30 km2), results at the BAO tower are not affected by such flow transition process.

For all the domains, the vertical coordinate is discretized using 73 levels and a domain-top pressure of 100 hPa,
with fine vertical resolutions within the lowest 2 km, Δz ≈ 10–142 m (42 levels), in order to enable explicit
resolution of three-dimensional turbulence. To improve the representation of small scale features, we employ
the hybrid-order advection scheme from Kosović et al. 2016, which increases the effective resolution of WRF
by almost a factor of 2 (Δeff ≈ 4–5Δ) while adding no computational cost. An important aspect of these mul-
tiscale simulations is the necessity to generate resolved inflow turbulence on the LES domain that receives
mesoscale fields as lateral boundary conditions, which do not include three-dimensional ABL turbulence. In
order to provide fully developed turbulence within minimal distance from the lateral inflow boundaries of the
100-m resolution LES domain, we use the cell perturbation method (Muñoz-Esparza, Kosović, Mirocha, et al.,
2014; Muñoz-Esparza & Kosović, 2018; Muñoz-Esparza et al., 2015). For the nudging at the lateral boundaries
of the nested domains, the standard 5-point zone was employed (one grid point prescribed with a relax-
ation region of four grid points). We found that such lateral boundary condition setup minimally interfered
with both the turbulence generation and the LES-to-LES transition processes in our nested mesoscale-LES
modeling setup.

The procedure to generate the high-resolution LES forecasts is described below. Every forecast is initialized
at 00 UTC and run with the two mesoscale domains for 36 hr (12 UTC of the following day). At that time, the
first LES domain is initiated, and the second LES domain is started 1 hr later (13 UTC). All the domains run
concurrently for 1 hr (several advective time scales) in order for the LES domains to have time to flush the influ-
ence of the initial conditions. Then, the four domains run for an additional 10 hr, 14–00 UTC, which are used
for analysis. The 10 selected days for the multiscale forecasts are 13, 15, 16, 19, 20, 21, 28, 29, 30, and 31, all
in March 2015, and correspond to the best forecasts of wind speed and direction compared to observations
from the BAO tower for the entire month. The suite of physical parameterizations used is similar to the param-
eterizations employed by the Rapid Refresh forecast product. Also, a high-resolution terrain topography data
set from the shuttle radar topography mission (Farr et al., 2007) at 1 arc-second (∼30 m) was used to provide
terrain information on the innermost LES domain. Land use information is interpolated from a 1∘ data set.

The aviation community uses energy dissipation rate, EDR (𝜖1∕3, where 𝜖 is the turbulence dissipation rate), as
the standard metric to quantify the intensity of turbulence. In order to derive turbulence dissipation rates, we
calculate second-order structure functions, Dui

(r), of the streamwise, u, and spanwise, v, velocity components
using spatial increments, r, and then fit these to the Kolmogorov 2/3 inertial range: Dui

(r) = CK𝜖
2∕3r2∕3. To

reduce the uncertainty in the estimation of 𝜖, we use the average of the u and v structure functions along
the longitudinal and transverse directions (i.e., four 𝜖 calculations). For these calculations to be representative
of in situ measurements at the tower, we calculate structure functions over a horizontal area of 20 × 20 grid
cells. The fit is then performed over the range of spatial increments r = 150–250 m, for which the employed
advection scheme has full spectral resolution (6–10Δ). The Kolmogorov constant is taken to be CK = 1.923,
as estimated by Wyngaard and Coté (1971) using ABL observations. EDR estimates from sonic anemometer
measurements were derived similarly, except that these are calculated in the time domain using Taylor’s frozen
turbulence hypothesis (see Muñoz-Esparza et al., 2018) for detailed explanation of the method to calculate
EDR from sonic anemometer data used herein.

3. Results
One key requirement for small UAS low-level turbulence forecasting is improved representation of spatiotem-
poral variability, since their dimensions and weight are much smaller than commercial aircraft. To illustrate
the gain in representing ABL turbulence structures, Figure 1 shows contours of vertical velocity on a horizon-
tal plane at z = 100 m for the LES-scale forecasts on D03 (LES,Δ = 100 m) and D04 (LES,Δ = 25 m). Heights in
the remainder of the manuscript are above ground level unless specifically indicated otherwise. In each panel,
the cross indicates the location of the BAO tower (40∘ 03′N, 105∘ 00′W). For reference, we include the 5-hr
forecast of the High-Resolution Rapid Refresh (HRRR, https://rapidrefresh.noaa.gov/hrrr/; Smith et al., 2008),
as the highest-resolution operational weather forecast product over the contiguous United States (Δ = 3 km),
and that is based on the WRF model. Two time snapshots are included, corresponding to 5-hr forecasts valid
at 16 and 20 UTC (10 and 14 LT) on 31 March 2015. In both cases, the HRRR resolution is obviously incapable
of reproducing turbulence structures. As a consequence, the strength of the vertical motions is dramatically
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Figure 1. Contours of instantaneous vertical velocity (m/s) on a horizontal plane at z = 100 m. Eddy-resolving forecasts
on large-eddy simulation domains D03 (a, b; Δ = 100 m) and D04 (c, d; Δ = 25 m), and the operational High-Resolution
Rapid Refresh forecast (e, f; magnified by 40 and 10, respectively). The 5-hr forecasts are valid at 16 UTC/10 LT (left
panels) and 20 UTC/14 LT (right panels) on 31 March 2015. The cross marker denotes the location of the Boulder
Atmospheric Observatory tower (40∘ 03′N, 105∘ 00′W).

damped (note that magnitude is amplified in Figures 1e and 1f by factors of 40 and 10, respectively) and
biased to only positive values. In contrast, our eddy-resolving dynamic downscaling simulations exhibit the
presence of a full range of turbulence structures of varied nature.

At 16 UTC (10 LT), domain D03 results in Figure 1a display the onset of convective structures that develop
nonuniformly over the domain as the result of heterogeneous microscale surface conditions. The second LES
domain (Figure 1c) provides further detail on the instantaneous structures, where coexistence of emerging
small-scale turbulence and underlaying waves is observed. Later in the day, at 20 UTC (14 LT), surface heating
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Figure 2. Time series of vertical velocity (a) and horizontal wind speed (b) comparing sonic anemometer measurements
(black lines), eddy-resolving forecasts (blue lines), and the operational High-Resolution Rapid Refresh forecast (red dots)
at z = 5, 100, and 300 m, corresponding to 28 March 2015 at the Boulder Atmospheric Observatory tower. (c) Ratio of
resolved to total turbulent kinetic energy from the eddy-resolving forecasts, 𝜙, at z = 5 m (dash-dot line), 100 m (dash
line), and 300 m (solid line).

generates strong instability in the ABL which, combined with the weak existing winds (∼2–3 m/s), results
in the formation of convective cells of hexagonal-like shape with a horizontal scale of ∼2–3 km (Figures 1b
and 1d). The spatiotemporal evolution of turbulence in the ABL is a highly dynamic and complex process,
which in this study is also affected by the presence of the Rocky Mountains to the west of the BAO tower. For
further illustration of spatiotemporal variability of turbulent structures in the ABL, the reader is referred to the
animation of the 28 March forecast provided as supporting information to the article.

Comparison of the time evolution of observed vertical velocity, w, and horizontal wind speed, U, from the
BAO tower and the eddy-resolving forecasts from the innermost LES domain at z = 5, 100, and 300 m on
28 March 2015 is presented in Figure 2. The vertical velocity component, Figure 2a, further confirms that the
temporal variability at the turbulent scales is not captured by the HRRR product, with w being essentially 0 for
the entire period. In contrast, the eddy-resolving forecasts display similar features to the sonic anemometer
observations. The high-resolution forecasts typically follow the mesoscale variability, with similar wind speed
magnitudes (Figure 2b). However, there are instances where explicit resolution of turbulence corrects biases
arising from the PBL parameterization. An example of this behavior is the removal of the ∼5 m/s bias (under-
prediction) of the HRRR forecasts at 18–19 UTC (12–13 LT). The LES-scale forecasts consistently underpredict
the magnitude of vertical velocity fluctuations at the near-surface region, due to the use of a wall model (sur-
face layer parameterization) to represent the effects of the surface, as confirmed by the ratio of resolved to
total turbulent kinetic energy, 𝜙, with an average value of 𝜙 = 0.35 at z = 5 m (Figure 2c). For the particular
vertical grid size used herein, we found that subgrid scale effects are relatively small for z ≥ 50 m (𝜙> 0.75),
and the resolved flow field can be confidently used to derive turbulence statistics at these heights.

In order to evaluate the skill of the turbulence forecasts, the time evolution of EDR at z = 100 m is presented in
Figure 3. For reference to the state-of-the-art turbulence forecasting techniques, we include the results from
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Figure 3. Time series of EDR comparing sonic anemometer measurements (black lines), eddy-resolving forecasts (blue
lines), and the operational low-level Graphical Turbulence Guidance forecast (Muñoz-Esparza & Sharman, 2018) using
the High-Resolution Rapid Refresh product (red dots). EDR observations and forecasts correspond to the month of
March 2015 during the eXperimental Planetary boundary layer Instrumentation Assessment campaign (the day is
indicated on each panel), at the Boulder Atmospheric Observatory tower location and at a height of z = 100 m.
EDR = energy dissipation rate.

the recently developed GTG algorithm tailored for low-level turbulence (LLT) predictions (Muñoz-Esparza &
Sharman, 2018). As expected, the accuracy of the EDR forecasts varies between hours and from day to day.
However, some general features can be identified. The eddy-resolving forecasts are often challenged in repro-
ducing the observed EDR patterns during the early morning hours (14–16 UTC; 08–10 LT). In some cases,
such as 15 and 20 March, the LES-scale forecasts exhibit small EDR values compared to sonic anemometer
observations. These are associated with stratified turbulence where the characteristic length scale is smaller
than the effective grid resolution for Δ = 25 m. Consequently, the LES model cannot resolve the structures
responsible for these EDR values, in turn resulting in underprediction of EDR levels.

In contrast to 15 and 20 March, for 13, 19, and 30 March, the eddy-resolving forecasts exhibit peaks of signifi-
cantly lager amplitude and higher temporal variability. In these situations, there is a less progressive transition
from stable to convective conditions corresponding to a faster increase of surface heat fluxes. As such transi-
tion occurs, convective eddies start to form in the absence of small-scale stably stratified turbulence, resulting
in overly coherent eddies due to a deficient energy cascade process. For the bulk of the daytime hours,
16–00 UTC (10–18 LT), good agreement between the eddy-resolving forecasts and the in situ tower obser-
vations is found. The hourly low-level GTG forecasts are in good agreement with the observations as well, in
terms of the mean EDR values. However, they cannot predict fluctuations beyond the mesoscale. In contrast,
the eddy-resolving forecasts satisfactorily reproduce the observed temporal evolution of EDR. While these
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Figure 4. PDFs of EDR (a), w (b), and 30-s time increments EDR𝜏 (c) and w𝜏 (d) corresponding to eddy-resolving forecasts
(blue) and sonic anemometer observations (black). PDFs are constructed using instantaneous values each 10 s, with
every thin line representing a particular day (14–00 UTC; 08–18 LT) and the thick lines the 10-day ensemble average.
(e) Scatter plot of EDR observations versus eddy-resolving forecasts from EDR averaged over 10-min intervals (4,105
samples). (f ) Probability distributions of APE of EDR. Solid line represents the cumulative APE curve. APE = absolute
percentage error; EDR = energy dissipation rate; PDF = probability density function.

high-resolution forecasts display EDR peak values that are similar to the sonic anemometer estimates (e.g., 16,
19, and 30 March), they are almost never produced at the exact timing. This is due to several factors including,
imperfect initial and boundary conditions, finite grid spacing, limited knowledge in parameterizing physi-
cal phenomena, and inherent stochasticity associated with turbulent energy cascade, which will preclude a
deterministic eddy-resolving forecast from ever reproduce an observed eddy in terms of its exact position,
timing, and structure.

Due to fundamental limitations, it cannot be expected that eddy-resolving simulations produce skilled point-
wise forecasts, in time and space. Instead, a viable alternative is to turn a deterministic into a probabilistic
forecast, for example, deriving probabilities within a specific time interval. As a first step, we need to ver-
ify that the high-resolution turbulence forecasts are statistically comparable to the observations. In addition
to the turbulence metric, EDR, we derive probability density functions (PDFs) for w. For aviation applica-
tions, the vertical velocity is a relevant quantity since it relates to the vertical displacement of an aircraft
(Cornman et al., 1995). PDFs of EDR and w were constructed using the 10 days and the three heights encom-
passing the targeted UAS air space, z = 50, 100, and 150 m, and for which we have both observations and
eddy-resolving forecasts available with a latency of 10 s. The resulting PDFs for EDR and w are presented in
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Figures 4a and 4b, including the daily PDFs (thin lines) and the ensemble average over the 10-day period
(thick line). Energy dissipation rate forecasts result in an ensemble PDF that presents a similar distribution
to that of the sonic anemometer observations. This ensemble of the PDFs over the 10-day period reveals
a slight shift with smaller EDR values at the right-side tail of the distribution (larger EDR values) and an
increase of the probability for small EDR events. The modest reduction in probability of large EDR values in
the eddy-resolving forecasts is mainly attributed to the differences in the derivation of EDR (temporal vs. spa-
tial). On the other hand, the overprediction of the probability at the low EDR tail for the LES-scale forecasts
is due to the difficulties in reproducing the morning transition from stable to convective conditions. Despite
these departures, the eddy-resolving PDFs exhibit a log-Weibull-like distribution, consistent with the recent
findings by Muñoz-Esparza et al. 2018 on the statistical behavior of daytime EDR in the ABL.

The distribution of w also is in a very good agreement with the observed PDF. The eddy-resolving fore-
casts result in a slightly narrower ensemble distribution, mainly originating from the implicit filtering in the
model, and a more accentuated peak as the result of the delayed onset of small-scale turbulence during
the early morning hours. While there are some differences in the PDFs of EDR and w, the statistical distri-
bution of the LES-scale forecasts is consistent with the observations, indicating that these high-resolution
coupled simulations are adequate to perform turbulence predictions in the ABL. We anticipate that some of
these differences are likely to be alleviated by utilizing a smaller grid spacing. However, the required increase
in high-performance computing resources will delay a routine implementation of these eddy-resolving
forecasts. Alternatively, postprocessing statistical remapping techniques such as the one employed in GTG
(Muñoz-Esparza et al., 2018; Sharman et al., 2006) can be used to correct some of these differences, provided
a reference climatological PDF of EDR observations is available.

Beyond the predictability of EDR and w levels, UASs and other applications that operate within the ABL are
susceptible to time variations in turbulence levels. In order to characterize the temporal variability of turbu-
lence, we define a time rate of change of the absolute value in a 30-s interval, denoted with the subindex 𝜏 .
Probability density functions of EDR𝜏 and w𝜏 are shown in Figures 4c and 4d. For both metrics, the ensemble
average PDFs are in exceptional agreement, with slightly lower probabilities for small amplitude time changes
in the LES-scale forecasts. Nevertheless, the ensemble PDFs of time increments are almost identical to the
observations for EDR𝜏 > 4 × 10−2 m2∕3/s and w𝜏 > 1.25 m/s, which are the most relevant scenarios where an
accurate forecast is desired (i.e., larger temporal gradients of turbulence).

While PDFs and time evolutions of EDR previously discussed suggest good forecast skill, a scatter plot of
observed versus eddy-resolving forecasts of EDR is presented in Figure 4e to better understand their cor-
relation. The small EDR values mostly occurring early in the morning (14–16 UTC, 8–10 LT) exhibit a larger
scatter, due to the reasons already outlined. For larger EDR > 0.1 m2∕3/s, the forecasts behave more con-
sistently, exhibiting a clustered distribution (fewer outliers). However, in this EDR range, the eddy-resolving
forecasts tend to systematically underpredict observed EDR values. This can be observed from the distribution
of median EDR, binned as a function of the observations. The median distribution deviates from the perfect
correlation (1:1 slope), with a trend to underpredict the observations that grows with increasing EDR. We
attribute this effect to the calculation of turbulence dissipation in the time domain from the sonic anemome-
ter data, which relies on Taylor’s frozen turbulence hypothesis to convert to the spatial domain to compute
EDR. However, the assumptions under which Taylor’s hypothesis is valid are violated under conditions where
turbulence is comparable to mean flow advection, and these conditions occur more frequently in daytime
conditions when turbulence levels are large and wind speed is moderate. Consequently, energy levels in the
inertial range are altered (e.g., Cheng et al., 2017). Nevertheless, these results demonstrate that the eddy-scale
turbulence forecasts are well correlated with observations.

In order to further quantify the skill of the eddy-resolving EDR forecasts, absolute percentage error (APE) in
EDR estimates is presented in Figure 4f. This metric is preferred over standard metrics such root-mean-square
error and bias due to the wide range of EDR. The PDF of APE exhibits an error distribution with the majority of
probabilities in the low error range. The mean APE is 34.2% and as observed from the cumulative APE distri-
bution, 90% of the forecasts have errors that are less than 62%, with the probability exponentially decreasing
as APE increases. The skill of the eddy-resolving forecasts improves further on the low-level GTG presented
in Muñoz-Esparza and Sharman 2018, where a mean APE of 40.7% was reported during daytime conditions
(relative improvement of 16%). In addition to that, the LES-scale forecasts provide realistic variability at much
smaller spatiotemporal scales.
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4. Conclusions

With the emergence of new sectors such as UASs, wind energy, atmospheric dispersion, and wildland fire,
the field of LLT forecasting must undergo a drastic change in order to accommodate upcoming demands for
high-resolution forecasts of relevant quantities. While existing tools like the GTG turbulence forecasting sys-
tem can provide reasonable predictions of the average turbulence levels, UASs require turbulence information
at much smaller scales than commercial aircraft. In anticipation of this requirement, we evaluate the poten-
tial of dynamic downscaling from an operational NWP forecast product to provide high-fidelity LLT forecasts.
Herein, we perform for the first time, real-case multiday eddy-resolving forecasts reachingΔ = 25 m (100 hr of
high-resolution predictions) and compare to in situ sonic anemometer measurements at the BAO tower. We
find that these high-resolution forecasts can realistically reproduce EDR levels and peak events in the bulk of
the daytime ABL (16–00 UTC; 10–18 LT). Moreover, PDFs of EDR and w, as well as their 30-s time increments
are in very good agreement when compared to in situ observations for altitudes in the range z = 50–150 m.
These findings support the notion that eddy-resolving forecasts can be used to derive probabilistic estimates
of turbulence in the ABL. EDR forecasts were found to present good correlation with observations, with an
associated mean APE of 34.2% over 100 hr of eddy-resolving forecasts.

While current conventional central processing unit-based NWP models may be able to provide such
high-resolution forecasts over a limited domain in the next decade or so, alternative computing architectures
can significantly reduce this timeline. Moreover, requirements to extend these eddy-resolving capabilities to
forecast flow and turbulence in urban environments is foreseen in the near future. In this case, grid spacings
on the order of several meters are required to properly represent building morphology and interactions with
the lower atmosphere (e.g., Jiang et al., 2017; Lundquist et al., 2012) and for which traditional atmospheric
models are inefficient at. Pursuing an operational forecasting capability at eddy-resolving scales in the short
term, NCAR is embracing the development of a graphics processing unit-resident LES model, FastEddy (Sauer
et al., 2018). We expect this accelerated microscale modeling capability to enable real-time simulations of tur-
bulence in the ABL at least over limited regions, in turn facilitating the establishment of new LLT forecasting
products.
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Ching, J., Rotunno, R., LeMone, M., Martilli, A., Kosović, B., Jiménez, P., & Dudhia, J. (2014). Convectively induced secondary circulations in
fine-grid mesoscale numerical weather prediction models. Monthly Weather Review, 142(9), 3284–3302.

Chu, X., Xue, L., Geerts, B., Rasmussen, R., & Breed, D. (2014). A case study of radar observations and WRF LES simulations of the impact of
ground-based glaciogenic seeding on orographic clouds and precipitation. part i: Observations and model validations. Journal of Applied
Meteorology and Climatology, 53(10), 2264–2286.

Cornman, L. B., Morse, C. S., & Cunning, G. (1995). Real-time estimation of atmospheric turbulence severity from in-situ aircraft measure-
ments. Journal of Aircraft, 32(1), 171–177.

Farr, T. G., Rosen, P. A., Caro, E., Crippen, R., Duren, R., Hensley, S., et al. (2007). The shuttle radar topography mission. Reviews of Geophysics,
45, RG2004. https://doi.org/10.1029/2005RG000183

Heinze, R., Dipankar, A., Henken, C. C., Moseley, C., Sourdeval, O., Trömel, S., et al. (2017). Large-eddy simulations over Germany using ICON:
A comprehensive evaluation. Quarterly Journal of the Royal Meteorological Society, 143(702), 69–100.

Honnert, R., Masson, V., & Couvreux, F. (2011). A diagnostic for evaluating the representation of turbulence in atmospheric models at the
kilometric scale. Journal of the Atmospheric Sciences, 68(12), 3112–3131.

Jiang, P., Wen, Z., Sha, W., & Chen, G. (2017). Interaction between turbulent flow and sea-breeze front over urban-like coast in large-eddy
simulation. Journal of Geophysical Research: Atmospheres, 122, 5298–5315. https://doi.org/10.1002/2016JD026247

Joe, D. K., Zhang, H., DeNero, S. P., Lee, H.-H., Chen, S.-H., McDonald, B. C., et al. (2014). Implementation of a high-resolution source-oriented
WRF/chem model at the port of Oakland. Atmospheric Environment, 82, 351–363.

Kaimal, J., & Gaynor, J. (1983). The Boulder Atmospheric Observatory. Journal of Climate and Applied Meteorology, 22(5), 863–880.
Kopardekar, P., Rios, J., Prevot, T., Johnson, M., Jung, J., & Robinson, J. (2016). Unmanned aircraft system traffic management (UTM) concept

of operations. In 16th AIAA Aviation Technology Integration, and Operations Conference (pp. 1–16). United States.
Kosović, B., Muñoz-Esparza, D., & Sauer, J. (2016). Improving spectral resolution of finite difference schemes for multiscale modeling

applications using numerical weather prediction model. In 22nd Symposium on Boundary Layers and Turbulence (pp. 20–24). Boulder, CO.
Lilly, D. K. (1966). On the Application of the Eddy Viscosity Concept in the Inertial Sub-Range of Turbulence (Manuscript No. 123, pp. 19).

Boulder, CO: National Center for Atmospheric Research.
Lilly, D. K. (1967). The representation of small scale turbulence in numerical simulation experiments. In IBM Scientific Computing Symposium

on Environmental Sciences (pp. 195–210) Yorktown Heights, New York.

Acknowledgments
This research was funded by
NASA-Ames through grant
NNX15AQ66G and in part by the
Federal Aviation Administration (FAA).
The views expressed are those of the
authors and do not necessarily
represent the official policy or position
of the FAA. All the simulations were
performed using high-performance
computing support from Cheyenne
(https://doi.org/10.5065/D6RX99HX)
provided by NCAR’s Computational and
Information Systems Laboratory,
sponsored by the National Science
Foundation. The specific computing
time was provided by the NCAR
Strategic Capability Computing Grant
“Coupled mesoscale to microscale
simulations using the Weather
Research and Forecasting model”
(NRAL0016). EDR observations
and eddy-resolving forecasts
used in this study are available at
https://drive.google.com/drive/folders/
1G_aybEzFbFTt9IZdSIzGtOY5ujEKJdmi?
usp=sharing.

MUÑOZ-ESPARZA ET AL. 8663

https://doi.org/10.1002/2017GL073499
https://doi.org/10.1029/2005RG000183
https://doi.org/10.1002/2016JD026247
https://doi.org/10.5065/D6RX99HX
https://drive.google.com/drive/folders/1G_aybEzFbFTt9IZdSIzGtOY5ujEKJdmi?usp=sharing
https://drive.google.com/drive/folders/1G_aybEzFbFTt9IZdSIzGtOY5ujEKJdmi?usp=sharing
https://drive.google.com/drive/folders/1G_aybEzFbFTt9IZdSIzGtOY5ujEKJdmi?usp=sharing


Geophysical Research Letters 10.1029/2018GL078642

Lindborg, E. (1999). Can the atmospheric kinetic energy spectrum be explained by two-dimensional turbulence? Journal of Fluid Mechanics,
388, 259–288.

Lindborg, E. (2006). The energy cascade in a strongly stratified fluid. Journal of Fluid Mechanics, 550, 207–242.
Liu, Y., Warner, T., Liu, Y., Vincent, C., Wu, W., Mahoney, B., et al. (2011). Simultaneous nested modeling from the synoptic scale to the LES

scale for wind energy applications. Journal of Wind Engineering and Industrial Aerodynamics, 99(4), 308–319.
Lundquist, K. A., Chow, F. K., & Lundquist, J. K. (2012). An immersed boundary method enabling large-eddy simulations of flow over

complex terrain in the WRF model. Monthly Weather Review, 140(12), 3936–3955.
Lundquist, J. K., Wilczak, J. M., Ashton, R., Bianco, L., Brewer, W. A., et al. (2017). Assessing state-of-the-art capabilities for probing the

atmospheric boundary layer: The XPIA field campaign. Bulletin of the American Meteorological Society, 98, 289–314.
Mazzaro, L. J., Muñoz-Esparza, D., Lundquist, J. K., & Linn, R. R. (2017). Nested mesoscale-to-LES modeling of the atmospheric bound-

ary layer in the presence of under-resolved convective structures. Journal of Advances in Modeling Earth Systems, 9(4), 1795–1810
https://doi.org/10.1002/2017MS000912
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Muñoz-Esparza, D., Kosović, B., Mirocha, J., & van Beeck, J. (2014). Bridging the transition from mesoscale to microscale turbulence in
numerical weather prediction models. Boundary-Layer Meteorology, 153(3), 409–440.
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