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1 Introduction

Accurate forecasts of wind at turbine height
are crucial for the integration of wind as a vi-
able and dependable energy source. Wind,
however, is inherently variable and poses a
challenge to utility operators. Although op-
erators have in place certain means of deal-
ing with some wind power variability, such as
maintaining an appropriate level of reserve
generation as needed, large and unexpected
fluctuations in wind speed over a relatively
short period of time can have significant im-
pact on utility operations and can be very
costly.

A significant drop in wind power, for ex-
ample, would require the use of a large por-
tion of reserve generation, which in turn may
present the need to bring on-line conven-
tional generation in a relatively short time.
Such a scenario could be costly depend-
ing on start-up and operation costs. In the
case of an unexpected large increase in wind
power, wind generation may need to be cur-
tailed to maintain load balance, which is a
waste of resources, or, if the wind increase
is such to exceed the operating parameters
of the deployed wind turbines, an entire wind
farm may need to be shut down for a pe-
riod, causing a potentially severe shortage

in power generation. Such large changes in
wind speed over a relatively short time period
are referred to as wind ramps.

There is no one uniformly accepted defini-
tion as to what constitutes a wind ramp. Cer-
tain studies have used the criteria of a 50%
change in wind generation as compared to
total power capacity within a period of 4 hours
or less |Greaves et al. (2009); [Deppe et al.
(2013) and others have used the criteria of
20% power change over either a 30-minute
period or less (Freedman et al., |2008) or 1
hour or less (Bradford et al., 2010). An in-
crease in power equal to 50% of a power ca-
pacity of 1500 kW, for example, would occur
with an increase in wind by 3 m/s as is consis-
tent with the power curve of a 1.5-MW wind
turbine as shown in Fig. [f]and referenced in
Deppe et al.| (2013). The criteria for a wind
ramp selected in this study is the increase or
decrease of wind velocity by at least 3 m/s
over a 1-hour period or less.

There is much room for improvement
for wind ramp forecasts, or for wind fore-
casts at turbine-height in general. For ex-
ample, 6-hour forecasts of low-level winds
over North America produced by the Rapid
Refresh (RAP) model, which is used oper-
ationally by the National Weather Service
(NWS), are defined by a 3-4 m/s RMS er-
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ror as compared against rawinsonde upper-
air observations (Benjamin et al., 2013). For
a site with average turbine-height wind speed
of 10 m/s, this error represents, in general, a
value more than 30% of the observed wind.

Such statistics are similar to those
published in a report published by the
Mid-continent Independent System Operator
(MISO, [Navid et al.| (2011)), which indicated
a wind generation day-ahead forecast error
of 8-10% of wind generation capacity, repre-
senting up to 30% of actual wind generation.
A 15-month study by |Greaves et al. (2009)
found that commercially provided day-ahead
forecasts had an accuracy of 30% for select
US sites and 35% for UK sites in the predic-
tion of wind ramp events.

For a study of a wind farm site in lowa,
Deppe et al.| (2013) simulated a suite of ramp
events using a numerical forecast model with
a variation of boundary layer schemes. Like
Greaves et al.| (2009), they also found that
the number of ramp events were under fore-
cast. The highest forecast accuracy rating
they achieved for a day-ahead forecast hori-
zon of ramp up events using their suite of
model configurations was just over 40%.

In order to improve wind forecasts, there
is general consensus that much work needs
to be done to improve, in particular, the PBL
schemes used by numerical weather predic-
tion (NWP) models. Such consensus is ev-
idenced by a Department of Energy work-
shop report on wind resource characteri-
zation (S. Schreck, 2008) and by individ-
ual studies. For example, |Storm and Basu
(2010) investigated wind events in KS and
TX and found that the height of the low-level
jet (LLJ) was overestimated and wind speed
underestimated in their simulations using two
different PBL schemes, a result that they sug-
gested was due to artificially enhanced mix-
ing. As mentioned above, Deppe et al.| (2013)
found differences in model performance de-
pending on the PBL scheme invoked, and

concluded overall that there was not demon-
strated an acceptable prediction capability for
ramp events.

Such studies are useful in defining a per-
formance record for existing PBL schemes,
but it would be all the more beneficial to
critically assess through quantitative analysis
what are the technical reasons why a given
PBL scheme falls short in forecasting ramp
events and for turbine-height winds in gen-
eral. Such effort would require an investi-
gation of the fundamental theory of a given
scheme, such as how a scheme represents
the (complex) dynamics of the atmospheric
boundary layer.

There have been very few studies to date,
which have sought to modify a PBL scheme
itself beyond the introduction of a scheme
by its original authors. The exception is the
work described in |Olson and Brown (2012),
which modified the means by which turbu-
lent eddy scale factors (e.g. turbulent mix-
ing lengths) are diagnosed in a given PBL
scheme. Their work is of value and has re-
alized considerable improvement for upper-
level winds in NWS operational wind fore-
casts as well as some improvement to near-
surface winds forecasts (Olson and Brown,
2011, [2012). Their focus in improving a
PBL scheme, however, is broad in seek-
ing scheme modifications that perform well
across all weather regimes and scenarios,
which is very difficult.

The fact is that the role and prominence of
specific dynamics can vary depending on the
weather phenomenon and the formulation of
a PBL scheme to correctly represent these
dynamics would also vary by phenomenon.
This is true even if just considering wind ramp
events, the causes of which can be very dif-
ferent. It is difficult to formulate a "one size
fits all" scheme for all ramp events let alone
all weather phenomena, which has been the
trend to date in the NWP community. Within
the modeling community, there is a call (even



an "urgent" call by some) for a specific focus
on improving the PBL scheme especially as
related to the nocturnal stable boundary layer
(SBL), primarily because of the excessive
mixing of the boundary layer by the model
as well as pronounced cooling at the surface
(Grisogono, 2010; Fernando and Well, 2010;
Hu et al., 2013). Both effects can dramat-
ically impact the evolution of the boundary
layer and thus wind forecasts.

/

Figure 1: Example power curve for 1.5MW GE
wind turbine as presented in|Deppe et al.| (2013).

The purpose of this current study is to
revisit the formulation of the MYNN scheme
(described in a subsequent section), looking
specifically at the closure constants, which
are used to define an approximated linear in-
terdependence of covariance turbulence vari-
ables, such as momentum and heat fluxes.
These approximations serve as the means of
closing the system of 2nd-order turbulence
equations. The MYNN scheme is available
as a PBL scheme in the WRF code and
is a widely used option for both operational
runs by the NWS (Benjamin et al., 2013) and
within the research community. Because the
causes and thus forecast issues can vary for
different wind ramp events, it was selected
to narrow the focus in this study to ideal-
ized simulations based on events occurring in
the presence of a nocturnal stable boundary
layer (SBL).

2 Background

PBL schemes represent the subgrid pro-
cesses that emulate the effects of surface
drag and cooling/heating in the overlying flow
and determine the degree of stability of the
lowest portion of the atmosphere. An exam-
ple is the cooling of the surface over night
due to the emission of longwave radiation,
by which the air just above the surface cools
relative to overlying air thus creating a stably
stratified layer.

The mixing of the atmosphere, such
as through turbulent eddies, would tend to
counter the set up of a strong vertical gradient
and reduce the stability strength. The PBL
schemes thus serve an effectual role in deter-
mining the generation or dispersion and diffu-
sion of turbulence and the degree to which a
stable stratification is maintained.

The underlying theory of the MYNN
scheme is based on the fundamental equa-
tions of conservation of mass, momentum.
The presentation below follows closely that
given by Mellor (1973), Mellor and Ya-
madal (1974), and|Mellor and Yamada, (1982)
(heretofore referred to as M73, MY74, and
MY82 respectively). The continuity equation,
equation of motion for mean velocity, U;, and
conservation of mean potential temperature,
O, are
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for which Einstein summation notation has
been adopted. Here P is mean pressure,
while u;, 6, and p are fluctuations about the



mean values of wind velocity, potential tem-
perature, and pressure respectively. Expres-
sions with an overbar represent Reynolds av-
eraged values. Also, g represents the (ver-
tical) gravity vector, f is the Coriolis param-
eter, and [ the coefficient of thermal expan-
sion (5 = —(0p/0T)/p) while v represents
kinematic viscosity and o kinematic heat con-
ductivity.

In order to obtain a closed solution for
these set of equations, it is necessary to ob-
tain values for the moment and heat flux vari-
ance terms wu; and w0, which altogether
represent 9 combinations of variables. The
governing equations for these variables are
detailed in M73, MY74, and MY82 as well
as Nakanishi (2001) (herein denoted as NO1)
and given here:
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where FEj . is the energy distribution term,
E,isp 1s energy dissipation, B buoyancy, and
F'is the Coriolis term.
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Such that T, and Ty, denote energy dis-
tribution, dissipation, and diffusion terms.

This system requires solving 9 differen-
tial equations. For practical purposes, certain
simplifications are warranted. The approach
used in the MYNN scheme was based on
a series of assumptions and simplifications
as are detailed in M73, MY74, MY82 and
NO1, and which include the boundary-layer
approximation and neglecting time-tendency,
advection, and diffusion terms. The result-
ing simplified set of equations (denoted as a
Level 2 model by the noted authors) are pre-
sented in NO1 as
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Note that although the MYNN scheme itself is
based on Level-2.5 and Level-3.0 equations,
these simplified Level 2.0 equations are used
to derive the closure constants in NO1, the
method of which is the focus of this paper.

The variables in these equations remain
as earlier defined, although the coordinate
system has been oriented such that vw =
0. The equation for ¢* represents twice the
TKE (¢*> = u? + v* + w?). L represents
a turbulent master length scale associated
with anticipated eddy size. Note that the
above equations include a set of closure con-
stants (A1, AQ, B, B, Cl, Cg, Cg, 05) , which
are the result of certain approximations that
define a linear dependence of turbulent co-
variance variables on gradients of other co-
variance variables or variables of the mean
flow. Also Y1 = 1/3 — 2A1/B1

Of interest to this specific study is the dis-
sipation term. In the works of M73 and MY74
energy dissipation in Eq. [4]is directly related



to the downscaling of turbulent kinetic energy,
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where v is kinematic viscosity.. An analogous
thermodynamic relation was also used for the

dissipation term of Eq. 5]
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where « is thermal diffusivity.

The work presented in NO1 was to de-
fine appropriate values for each of these clo-
sure constants. A set of LES simulations
was initiated with the same neutral thermo-
dynamic structure, but with different constant
heat fluxes at the surface, both positive and
negative, as to promote thermal stratifica-
tion of various degrees of stability/instability
near the surface. The resulting data were
used to calculate explicitly covariance vari-
ables such as in the equations above and
thus, consistent with the dynamic relation-
ships among the variables as defined in the
above equations, identify specific values for
the closure constants that are appropriate for
all test cases.

It is interesting to note, though, that in
order to identify values for the closure con-
stants, NO1 simplified yet further the set of
equations above by invoking similarity theory.
Such approximations may be appropriate for
the surface layer but may not necessarily be
applicable for higher levels of the BL and par-
ticularly for LLJ cases for which the vertical
wind profile does not follow standard log-law
characterization.

In consideration of a need to improve
wind forecasts by improving the depiction and
evolution of BL winds in mesoscale models,
the purpose of this study is to initiate an effort
to re-evaluate the closure terms of the MYNN
scheme specifically in context of LLJ cases in
the SBL and in consideration of levels above
the surface layer.

(15)

3 Methodology

The first step is to identify the sensitivi-
ties that mesoscale numerical wind forecasts
have to small or large variations in the clo-
sure constants, B1 and B2, which are asso-
ciated with energy dissipation. Forecasts are
generated using a mesoscale model for three
weather events that exhibit a wind ramp asso-
ciated with the set up of a low-level jet within
a nocturnal SBL.

The second step of this study is to for-
mulate values for the closure constants as
appropriate for LLJ cases in a SBL. For
such wind ramp cases, turbulence-scale data
are generated by a LES model, by which
explicitly-derived turbulence variance data
are used to calculate values for B1 and B2.
The models and methodologies used in this
study are described below.

3.1 Identifying mesoscale wind
forecast sensitivity to closure
constants

Wind and temperature observations from a
200m tower near Mason City, IA were used
to identify three events for this study. Chosen
cases exhibited a wind ramp associated with
the set-up of a nocturnal LLJ in a SBL and
with evidence of no other larger-scale forc-
ings such as from a frontal passage or nearby
storms.

The tall tower data, which represent a
continuous record of 10-minute averaged ob-
servations at 50m, 100m, 150m, and often
200m heights [AGL], were provided through
the lowa Energy Center, which supported a
project to instrument several tall towers in
lowa and collect meteorological data for a lit-
tle over two years starting in late 2006.

The numerical model used in this study
to generate a suite of mesoscale numerical
wind forecasts for select ramp event cases



was the Weather Research and Forecasting
(WRF) model, version 3.5.1. The NWS North
American Regional Re-analysis (NARR) data
files were used for model boundary and initial
conditions. All forecasts were initialized at 18
UTC on the first day of the respective case
and ended at 12 UTC the following day (an
18-hour forecast horizon).

40°N
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100°W 98°W 96°W 94°W g°wW 90°W

Figure 2: Nested domains used for WRF simu-
lations.

Two one-way nested grids were used as
shown in Fig. [2 and consisted of hori-
zontal resolutions of 10-km and 3.33-km re-
spectively. Vertically, the domains were de-
picted by a stretched grid of 46 sigma lev-
els up to 100mb. At and below 250m,
the specific levels in the model included
7.8m, 21.6m, 37.2m, 52.9m, 68.6m, 84.36m,
104.1m, 133.7m, 177.2m, and 250.8m [AGL].
As mentioned above, the PBL scheme used
for all tests was the MYNN scheme along

with Noah Land-Surface scheme
2001). The WRF Single-Moment 5-Class

(WSM5) microphysics scheme (Hong et al.,
2004) was used for all runs, and the cumu-

lus parameterization scheme of Kain-Fritsch

2004) was used only for the 10-km

grid. Shortwave radiation processes were
represented by the Dudhia scheme (Dudhia,
and longwave radiation by the rapid ra-
diative transfer model (RRTM) (E.J. Mlawer,
[1997).

In order to evaluate wind forecast sensi-
tivity to closure constants, the WRF model is
re-run for each case using values of B1 or
B2 that are half and then also twice the val-
ues used for a control run (B1 = 24.0 and
B2 = 15.0) as are hard-coded in the MYNN
scheme. The basis for varying these closure
constants in such a way is influenced by the
various values that have been proposed in
the literature for both the MYJ and MYNN
schemes (M73, MY74, NO1, and
)and Niino| (2004) ). It should be noted that all
other closure constants, such as those asso-
ciated with the energy distribution term, are
kept at their initial MYNN values. The mod-
eled wind forecasts resulting from this suite
of sensitivity tests are analyzed by calculating
a percentage change in wind velocities that
exist relative to the forecast velocities of the
control run.

3.2 Calculating closure constants
using LES-derived turbulence
data

A LES version of the WRF model is run us-
ing a finely-resolved computational grid such
that turbulent eddies of extent 20m and larger
are explicitly resolved. The LES version used
in this study is described in Yamaguchi and
Feingold (2012) and is based on WRF ver-
sion 3.3.1. A grid spacing of 4m is used hor-
izontally for a computational domain consist-
ing of 96x96 points. This domain is identical
to the domain of NO1. The vertical grid con-
sists of 239 points with a constant resolution
of 4m for the first 200 points (750m AGL) and
a stretched grid to the top (1296m AGL).
The cases chosen for this study consist




of an environment that is horizontally homo-
geneous and thus it is plausible to initialize
the model with a single vertical sounding of
temperature and wind data. Large-scale forc-
ings outside the domain are not considered
and thus horizontal periodic boundary condi-
tions are invoked. However, a specific con-
stant cooling flux is maintained at the surface.
Precipitation effects are not included and thus
all moist processes are turned off. Subgrid
processes are parameterized using a 1.5 or-
der TKE closure scheme that is based on a
prognostic equation for TKE and a mixing co-
efficient based on TKE and an empirically-
defined mixing length. These LES simula-
tions are executed using a Linux system con-
sisting of 17 nodes (2 Intel Xeon processors
per node) as part of the computing platform
within the Department of Geological and At-
mospheric Science at lowa State University.

Although the LES simulations are ideal-
ized, their initial states are based on real
cases as analyzed using the mesoscale
model described above. The single sounding
that depicts the base state for the LES simu-
lation is extracted from the center of the do-
main of a 3-km model simulation of a selected
LLJ case. The LES modelis initiated at a time
after the development of the jet and run over
a 2-hour period for which the mean state (the
resolved state of the mesoscale model) is rel-
atively steady as evidenced by a vertically in-
tegrated TKE that is quasi-stationary.

Although the MYNN scheme contains
8 empirically-defined closure constants that
warrant investigation, only two closure con-
stants, B; and Bs, are evaluated herein sim-
ply as a means to limit the scope of the
present study. These two constants were
chosen because they exist as the only clo-
sure constant in their respective variance
equations and thus their appropriate values
are more easily derived.

The approach to formulate values for the
closure constants follows that as outlined in

NO1, although specifically for experiments in-
volving a LLJ in a stable boundary layer. Sim-
ilar to NO1, experimental data of relatively
fine-scale resolution will be generated using
a LES model, as described above. These
data can be used to represent explicitly the
perturbation values for wind and tempera-
ture: u,v,w and 6. Reynolds-averaged co-
variances can then be calculated along with
the mean wind in order to evaluate Egs.
and Specifically, the objective is to iden-
tify whether a single value for each closure
constant can be identified such that the dy-
namic relationships as posed by the equa-
tions are indeed valid especially in the con-
text of the LLJ cases of this study.

One value of B; needs to be set such
that there is maintained a TKE production-
dissipation balance according to Eq. [12] Us-
ing the LES data and invoking Reynolds av-
eraging, it is possible to explicitly represent
the momentum and heat fluxes that comprise
these terms in order to investigate the verac-
ity of Eq. [T2]over the entire domain for a given
case. The mean wind and potential temper-
ature are also known such that it is possible
to identify one value of B; for a given case
at one select time and vertical level (through
Reynolds averaging the solution is horizon-
tally homogeneous). The crux of this study
is to investigate whether Eq. using one
defined value of B; remains valid across the
various cases and for different vertical levels
in the BL.

A similar procedure is undertaken to in-
vestigate Eq. B, although based on an eval-
uation of [T3]using the LES data for the given
cases.



4 Resulis

4.1 Mesoscale Wind Forecast
Sensitivity to Closure Con-
stants

The WRF model was used to generate
mesoscale wind forecasts for three arbitrary
LLJ cases occurring near Mason City, IA dur-
ing 2007-08, and for which the closure con-
stants, B1 and B2 were systematically var-
ied in magnitude. The remaining closure con-
stants, C,, and A,,, remained set to original
values as prescribed in the MYNN scheme.
For each test case, four WRF simulations
were run such that B1 and B2 were individ-
ually set to twice and then half their original
values (B1 = 24.0 and B2 = 15.0 ) as used
for the control run. B2 was kept at its original
value when B1 was varied and vice versa.
The percentage changes in forecasted winds
resulting from varying closure constant val-
ues are given in Table[l]

100m WRF Wind Forecast - Mason City, IA 10/25-26/07
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Figure 3: Time series of 100m wind forecasts for
WREF simulations with varying values for B1 and
B2 closure constants.

Fig. [3] shows wind forecast sensitivities
to variations in B1 and B2 for one of the
cases. The results are very similar for the
early part of the simulations, during which
time the mixed layer yet exists and the LLJ

has not yet developed. There is very little
creation of turbulence at 100m and thus also
little dissipation of turbulence. It is thus not
surprising that varying either B1 or B2 is of
little significance. However, after the LLJ has
developed after 1 UTC, turbulence is gener-
ated at 100m as well as dissipated and thus
it is anticipated that varying the closure con-
stants could have notable impact.

Table 1: Percentage change of each WRF wind
forecast with variation of B1 and B2 relative to
the control run.

Case 0.5x 2.0x 0.5x 2.0x
Bilorig Bilorig B2orig B2orig

6/13/08 0.18 9.51 3.46  -2.41
10/25/07 -2.46 1230 5.69 -4.30
9/19/07 -0.73  0.92 0.21 -0.97
Average -1.00 7.59 3.12 -2.56

In Eq. B1 exists in the denomina-
tor, thus it would seem reasonable to antic-
ipate that the dissipation of TKE would be
decreased as Bl is increased allowing for
higher amounts of TKE to remain. The ef-
fect as seen in Table [1] when doubling the
value of B1 is to increase the wind forecast
velocities on average 7.6% across all three
cases. Specifically for the case of 10/25/07,
there was an overall increase of 12.30% with
an instantaneous increase in velocity as high
as 2 m/s later in the forecast (Fig. [3). Reduc-
ing B1 to half its original value did not cause
as strong of response with an overall reduc-
tion in forecasted winds of only 1% across all
three cases.

In consideration of forecast sensitivity to
changes in B2, Eq. dictates that an in-
crease(decrease) in B2 would result in a re-
duction(increase) in thermodynamic dissipa-
tion. Table [1] shows the effect on the fore-
casted winds upon doubling B2 for the three
cases considered. On average there is a



2.56% decrease in wind velocities as com-
pared to the control run. On the other hand,
reducing B2 to half of its original value results
in a slightly higher absolute change in wind
velocities with wind velocities increasing on
average 3.12% over the control run. It is in-
teresting to note the greatest forecast sensi-
tivity was registered with an increase in B1 as
compared to a reduction of this same closure
constant or as compared to equal variations
in B2.

4.2 Formulation of closure con-
stants

Mesoscale wind forecasts were created us-
ing WRF for three wind ramp cases near Ma-
son City, IA. Example results for one of these
cases that occurred 09/15-16/08 are given in
Fig. M, which shows a time series of fore-
casted horizontal velocities at 50m, 100m,
150m and 200m heights. The other two LLJ
cases for which mesoscale forecasts were
generated (not shown) occurred also near
Mason City on 9/19/07 and 6/14/08. Vertical
profiles of horizontal wind and potential tem-
perature were extracted from the 3D, 3.33-
km resolution forecast domain for each case,
above a surface point nearest the tall tower
data at Mason City and at a time after the de-
velopment of the LLJ when the solution was
quasi-steady state. These profiles were used
to initialize idealized LES simulations with a
horizontally-homogeneous base state as de-
scribed in the methodology section. A 2-hour
forecast is generated, for which a time step of
1/30th of a second was required to maintain a
numerically stable solution. It was found per
several preliminary simulations that 2 hours
were sufficient to obtain a steady-state solu-
tion as demonstrated by a near-constant ver-
tically integrated TKE.

Variables from the LES runs were output
every minute to allow for the calculation of

Reynolds-averaged velocities for a given ver-
tical height (based on a 10-minute temporal
average and 2D spatial average over the hor-
izontal domain). The Reynolds-averaged ver-
tical profile of wind velocities after 2 hours are
given in Fig. (5 and corresponding profiles of
TKE in Fig. |6l TKE values were calculated
using velocity variances from the Reynolds-
averaged velocity at a given height along with
the subgrid TKE as generated per the 1.5
TKE scheme of the LES model.

Fig. [6] shows higher TKE values are as-
sociated with cases with higher overall ve-
locities and vertical wind shear (Fig. [5).
The highest TKE values are also identified at
the level just below the LLJ wind maximum,
where vertical shear is yet significant and at
a level where winds are close to maximum
strength.

WREF (dx=3.33km) - Mason City 09/15-16/08
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Figure 4: Mesoscale wind forecast of a wind
ramp event near Mason City, IA on 09/15-16/08.
Results are shown at vertical levels 50, 100, 150,
and 200 meters. The vertical line indicates time
at which vertical profile is extracted to initiate the
LES simulation.



LES 2-hour Simulation
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Figure 5: Vertical profiles of horizontal wind [m/s]
after a 2-hour LES simulation. The values are av-
eraged spatially over a given height level and tem-
porally over the last 10 minutes of the simulation.
Only the levels below 500m are shown.
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Figure 6: Vertical profiles of TKE [m?/s?] asso-
ciated with the wind profiles as given in Fig.

Using the explicitly-resolved turbulence
data from the LES run, various turbulence
variables, such as momentum and heat
fluxes, can be calculated explicitly, and most
importantly, values for the closure constants
can be identified. The constants B1 and B2
are calculated according to the Level 2 equa-
tions of the second-order turbulent energy
model as presented in NO1, specifically Eqgs.
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[T6]and [17]respectively.
ou

Bl ==[-u

9 —m—1
—wb
w82+ wb]

q3
T o, (16)
q6?
L{wd 32
The Reynold’s averaged variables in egs. [16]
and 17} such as ¢, ww, 62 and wé can be de-
rived explicitly from the LES data.

Fig. [7]shows calculated 51 values based
on the LES data for the 3 cases. The verti-
cal axis represents height normalized by the
level of the LLJ wind maximum, H. It is clear
that B1 is not a constant value at all heights.
This is especially true in the surface layer,
the region below 20% of the height of the
LLJ, for which B1 decreases with height, and
then just below the wind maximum where B1
increases significantly and then switches to
a negative value at a level 66% of the LLJ
height. (Reasons for this trend and ramifica-
tions of a negative closure constants are dis-
cussed below).

It is interesting to note, however, that for
the cases in 2008 for which there exists some
vertical separation between the effect of the
LLJ above the surface layer, B1 is semi-
constant over this mid-region with an aver-
age value of 35. This suggests that a con-
stant value for B1 may be appropriate within
the center of a SBL, although the value of
B1 24 as currently hard-coded in the
MYNN scheme of WRFV3.5 would be too low
for the cases considered here.

To get a better understanding of the rea-
son for the trends in B1 especially in the re-
gion of the LLJ, it is worthwhile to investi-
gate the individual terms in Eq. [16] The
first term on the RHS is a shear term and the
second a buoyancy term. Calculated values
for these terms are plotted with height in Fig.
8l It can be seen that the shear term dom-
inates at lower levels but its value generally
reduces with height while the buoyancy term

B2 =— (17)



increases its negative magnitude slightly with
height. In the middle region below the LLJ,
both terms seem to balance such that B1
maintains a near constant value with height.
In the region of the LLJ, however, the shear
term is reduced while the buoyancy term re-
mains of the same (negative) magnitude. The
result is that both terms nearly cancel and the
denominator in Eq. tends toward infinity.
At slightly higher levels above the wind maxi-
mum, the negative buoyancy term dominates
and thus B1 becomes negative.

A negative value for B1 would mean
that a dissipation term is generating energy,
which makes no physical sense. This result
suggests that in the region of the LLJ and
above, that a physical effect has been ne-
glected, which would otherwise have bear-
ing on the solution of B1. That is, using the
Level 2.0 equation to determine B1 (as done
here as well as in the study of NO1) is an
oversimplification and would require the use
of higher-order equations for which such ef-
fects as vertical momentum fluxes and time-
tendency of heat fluxes are not neglected.
Such effort is part of on-going research.

B1

normalized height z/H
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0 100
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N
1<)
S
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Figure 7: Calculation of the B1 closure constant
based on explicitly resolved turbulence variables
from the LES model for the 3 cases.
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Figure 8: Specific terms in calculating B1 based

on Eq. [16].
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Figure 9: Values for the B2 closure constant cal-
culated by vertical height.

The B2 closure constant was calculated
for the three LLJ cases in this study with the
same LES-generated data as used in calcu-
ating B1, although based on Eq. [T7} The
results are shown in Fig. 9] The turbulent co-
variant values are spatially averaged horizon-
tally across the domain and temporally over
10 minutes based on the LES simulation af-
ter the first two hour forecast window.

Fig. [9)shows a near constant value for B2
of approximately 12 to 15 for the two cases in



2008 in the region below the LLJ. Except for
the case in 2007 with a LLJ at a relatively low
height, these results show that setting B2 to
a single value may be appropriate, although
only within the SBL below the wind maximum.
The values of B2 for the two 2008 cases are
very close to the constant value of B2 = 15
as prescribed by NO1 and currently set in the
MYNN scheme of WRF version 3.5.

5 Summary and Future

Work

The closure constants B1 and B2, which are
associated with the dispersion term of the
MYNN BL scheme, have been re-evaluated
in context of several LLJ cases existing within
a SBL. It was found that mesoscale wind
forecasts show notable sensitivity to signif-
icant variations in these closure constants
thus indicating that wind forecast improve-
ment could be effected by carefully tuning
these constants for the SBL. Based on fine-
scale simulations of LLJ events, it was found
that appopriate values for B1 and B2 may be
set as constant, but only over limited regions
of the SBL below the LLJ. For the cases con-
sidered in this study, results suggest a value
of B1 35, which is higher than what is
currently hard-coded in the MYNN scheme,
B1 = 24. Calculated values of B2 for these
same cases, however, propose a value of 15,
which is congruent with what exists in the
MYNN scheme.

These results are highly preliminary given
the limited number of cases considered in
this study. Future work will involve the analy-
sis of a suite of 10-15 LLJ cases, which would
help to substantiate proposed adjustments to
closure constant values for the SBL.
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