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to the development of the stable boundary layer (SBL)

» The SBL is characterized by strong static stability and weak, intermittent, turbulent mixing
 Turbulence in the SBL can be generated by submeso motions, nonstationary shear events with
time scales on the order of one to tens of minutes and horizontal scales ranging from the
turbulent scales to the meso-gamma scales (~2 m to 2 km)

« Submeso motions, can result in the enhanced dispersion of pollutants near the surface, the
meandering transport of plumes, and the temporary coupling of the SBL with the residual layer

» Gravity waves are an important submeso mechanism

 Research has been conducted in order to understand the production and/or modulation of
turbulence by gravity waves in the SBL, where gravity waves are often observed
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« Waves can control both the production and/or destruction of turbulence through the
modification of momentum and thermal fluxes and nonlinear phenomena such as wave
breaking, rotor circulation and wave-wave interactions

» Two types of rotor circulations have been identified in the atmosphere:
* Type I. characterized by moderate or severe turbulence, where the rotor circulation becomes
collocated beneath the resonant wave crest
* Type II: characterized by severe to extreme turbulence associated with high amplitude waves

 Despite their relevance for the study and modeling of the SBL, the impact of this wave-induced
circulation on the surface cold pool has been largely ignored
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. bservationsom the Rock Springs network (in Central Pennsylvania) and WRF forecasts are
used to identify cases exhibiting these two types of wave circulation

*The sensitivity of WRF model forecasts to initialization strategy and to planetary boundary layer
(PBL) physics is examined for these case studies

« Three initialization strategies, including free-forecasts and four dimensional data assimilation
experiments, are examined

* Four PBL parameterizations currently available in WRF V3.3.1 are tested
*WRF forecasts are verified against Rock Springs network observations

*The feasibility of the WRF model to forecast these complex wave-turbulence interactions is
assessed through the analysis of filtered temperature (TEMP) and wind speed (WSP) fields
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» Observations from a surface network located near Rock Springs, PA USA are used for the
study of the SBL and wave-turbulence interactions

* The network consists of two SODARs and an array of 2-, 10-, and 50-m towers equipped
with
» Rapid response 2-D (T, u, v) and 3-D sonic anemometers (T, u, v, w)
* Thermistors (T)
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« Six case studies, presenting gravity waves "‘?\r g / I600
generated by both Allegheny Mts. and Tussey ol & College /
Ridge, are investigated ) & > .

« 14 April 2011 (APR14) & 5
* 16 September 2011 (SEP16) 20 ’ 4 - {400
« 06 November 2011 (NOV06) 15

. 04 December 2011 (DECO04 oS .,
. 24 August 2011 (AUG24) 4 # /
13 November 2011  (NOV13)
25
Table 1. Summary of Case Studies
WIND DIRECTION DIRECTIONAL SHEAR

CASES (Surface) (Surface-850 hPa) SOURCE WAVE TYPE
— QEPRllg Ew jg Allegheny Mts Resonta_lt;cheele Wave/
- I\chE)é/gj EE gg Tussey Ridge Resonta:;pL:le Wave/
— ﬁjch)?/ig S\SN jg Tussey Ridge Winzgtvgrr]ri:;:?;pe Il
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Description of Cases:
Network Measurements for APR14 and SEP16
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 TEMP fluctuations of ~1-2 K
through the night are observed at
all sites

 Fluctuations are associated with
wind directions shifts from NW to N
and NW to E and weak WSPs

T ~

 The onset of these fluctuations are E %
accompanied by changes in D E
vertical motions and enhanced E ‘g’gl
turbulent kinetic energy (TKE) E_“lg o

=

- TEMP, WSP and wind direction = °©
fluctuations suggest the presence " ) )
of a Type 1 rotor circulation zx U ”

« This can be the result of resonant = Sgm™ V 0 o .
lee waves excited by the Allegheny S8 § R 25
Mts. 58S ﬁ; 0 .

>LD/ 30 Gj) ‘7 8}0 15 -

° Time (UTC)
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TEMP fluctuatlons of up to 3-4 K
over 1 h, near the slope of Tussey
Ridge and within the cold pool are
observed

Weaker, high-frequency fluctuations
are present at Site 3, 7, and 9

WSP of less than 2 m s
observed throughout the night

are

Wind direction shifts from SW to E
are associated with downward
vertical motions and enhanced TKE
generation from 30 to 90 m AGL

Type | rotor circulation generated by
trapped waves excited by Tussey
Ridge are hypothesized to affect the
network through the night
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Description of Cases:
Network Measurements for NOV06 and DEC04

NOVO06
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changes of 5-7 K
over 10s of min are observed for
sites located lower in the valley

The onset of the fluctuations is
associated with increasing WSPs of
up to 6 m s' and wind direction
shifts from SW

For AUG24 (SODAR located on the
slope), downward motions
associated with the downward
branch of a lee wave is observed

For NOV13 (SODAR located in the
valley), upward motion associated
with the upward branch of the lee
wave is present

Both cases present large TKE
generation during the events
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Description of Cases:
Network Measurements for AUG24 and NOV13
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WRF Configuration v

Four one-way nested domains: 12, 4, 1.33, and 0.44 km

GFS 0.5°x0.5° or pre-forecast data assimilation initialization

WSM 3-class microphysics

RRTM longwave / Dudhia shortwave radiation (5 min updated frequency)

Kain-Fritsch cumulus parameterization on 12-km domain only

Noah LSM with MODIS land use

Model output every 1 h, 1 h, 12 min, and 12 min for the 12-, 4-, 1.33-, and 0.44-km domains
High frequency output (10 s) available over a small region encompassing the Rock Springs
network

UNCLASSIFIED 10



UNCLASSIFIED PENNSTAT
)

WRF Experiments: 0

Initialization Strategy

» Three initialization strategies are tested:

 CTRL: a 12-h forecast initialized at 0000 UTC from GFS
* BSL: a 24-h forecast initialized from GFS 12 h prior to 0000 UTC (1200 UTC)
« FDDA: a 12-h forecast following a 12-h four-dimensional-data-assimilation, pre-

forecast period initialized at 1200 UTC from GFS

* During the pre-forecast:

« Stauffer and Seaman (1994) multi-scale FDDA with analysis nudging of GFS analysis
data is performed in the 12-km domain (Deng et al. 2009)

« Observation nudging is also applied for all domains, over all levels, to constrain local
aspects of the WRF forecasts to:

*World Meteorological Organization (WMO) observations
*Rock Springs observations (Site 3 temperature and wind)

—
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WRF Experiments: 0

Initialization Strategy

« The CTRL, BSL, and FDDA initialization strategies are tested for all six case studies

« The experiments are conducted using the modified Mellor-Yamada-Janjic (MYJ) PBL
parameterization coupled with the NCEP Eta model surface layer scheme (Janjic 2002), as
described by Seaman et al. (2012)

« background mixing is reduced from 0.1 to 0.01 m? s-2

Table 2. Initialization Strategy Experiments

CTRL BSL FDDA
CASE Initialized at 0000 UTC Initialized 12 h prior to 0000 UTC 12-h pre-forecast period
APR14 APR14_MYJ_CTRL APR14_MYJ_BSL APR14_MYJ_FDDA
SEP16 SEP16_MYJ_CTRL SEP16_MYJ_BSL SEP16_MYJ_FDDA
NOVO06 NOV06_MYJ_CTRL NOV06_MYJ_ BSL NOV06_MYJ_FDDA
DECO04 DEC04_MYJ_CTRL DEC04_MYJ_BSL DEC04_MYJ_FDDA
AUG24 AUG24_MYJ_CTRL AUG24 MYJ BSL AUG24 _MYJ_FDDA
NOV13 NOV13 MYJ CTRL NOV13 MYJ BSL NOV13 MYJ FDDA
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WRF Experiments: 5

PBL Parameterization

« Four PBL parameterization/schemes currently available in WRF are tested:
1) modified MYJ
2) Yonsei University (YSU; Hong et al. 2006)
3) Quasi-normal Scale Elimination (QNSE; Sukorianky et al. 2005)
4) Mellor-Yamada-Nakanishi-Niino (MYNN; Nakanishi and Niino 2004)

« All experiments are conducted using the FDDA initialization strategy previously discussed

« Three cases, presenting the three gravity-wave types, are examined. These include SEP16,
NOV06, and NOV13

Table3. PBL Physics Sensitivity Experiments

PBL SFC
SEP16 NOV06 NOV13
Scheme Scheme
MYJ Eta SEP16_MYJ FDDA NOV06_MYJ FDDA NOV13_MYJ FDDA
MYNN Eta SEP16_MYNN_FDDA NOV06_MYNN_FDDA NOV13_MYNN_FDDA
QNSE QNSE SEP16_QNSE_FDDA NOV06_QNSE_FDDA NOV13_QNSE_FDDA
YSU MM5  SEP16 YSU FDDA NOV06 YSU FDDA NOV13 YSU FDDA
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Verification Strategy

 Rock Springs observations are used to verify model predictions of gravity waves in the
0.444-km WRF domain

« Spectral decomposition is applied to the observations and model predictions in order to
evaluate the model’s ability to forecast motions at various scales

« Following Gaudet et al. (2008), the evaluation of the model is separated into a low-frequency,
“deterministic” component and a high-frequency, non-deterministic component

« The spectral distribution is determined by applying a 2-h running mean average filter to both
observed and modeled fields

« Verification of low-frequency components (greater than 2 h) is conducted by
computing mean absolute error (MAE) and mean error (ME)

« Verification of high-frequency components (less than 2 h) is conducted by
examining the mean amplitude distributions within the network

« This verification strategy is applied to TEMP and WSP

—
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Model-Predicted Wave-Turbulence
Interactions over the Rock Springs Network ¥
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. FDDA produces the best

initial
conditions (0000 UTC) for 2-m TEMP
over the network, and the lowest 2-m

TEMP MAE and ME
experiments

over all

« FDDA also produces the best initial
conditions for the 2-m WSP

* 10-h averaged WSP MAE (0.9 to 1.0 m
s') and ME (-0.3 to -0.4 m s) for all
initialization strategies are statistically
similar
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Initialization Strategy:
Verification of 2-m TEMP and WSP over the Network

2-m Temperature(K) ME

01234546 728 95101112

Time(UTC)

2-m Wind Speed (m s~ 1) ME

-2.0
0123456 7289101112

PENNSTATE
i

)
——CTRL=-1.8
Lo - -=BSL=-19 |
1 PP FDDA =-0.8
0.0
210 |
2.0
) S S
012345678 9101112
Time(UTC)
20, )
—— CTRL=-04
- - =BSL=-03
100 e FDDA =-0.3 |

Time(UTC)

—
UNCLASSIFIED

17



UNCLASSIFIED PENNSTATE

[_Zive)

e At9and 17

AND BioLo o

m AGL, the FDDA still has a

statistical advantage over CTRL and  so_2) )
BSL when forecasting TEMP 3 byl B T Bsicar |
g GO L FDDA=16 | & 7| e FDDA =-1.1
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For APR14, FDDA produces larger than
observed 2-m TEMP fluctuations. CTRL
and BSL seem to better forecast the
fluctuations for this event.

For SEP16, BSL and FDDA better predict
2-m TEMP fluctuations than CTRL

For NOV0O6 and DECO04, all of the
initialization strategies produce TEMP
fluctuations smaller than those observed.

For AUG24, all of the experiments perform
comparably. FDDA median is closer to
those observed.

For NOV13, FDDA produces a larger range
of fluctuations with amplitudes larger than
those forecasted by CTRL and BSL.

Initialization Strategy:
2-m TEMP Fluctuations between 12 min and 2 h
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Initialization Strategy: %

2-m WSP Fluctuations between 12 min and 2 h

APR14 SEP16
- For APR14, CTRL under-predicts the _ 2s 25
amplitude of WSP fluctuations 720 i 2 20
o 15 = 15
« For SEP16, all of the schemes forecast _%1-0 4 T %1-0 L L
similar spread. However, BSL and FDDA £ °° % i % ‘ ===
better match the observed median >0 0BS CTRL BSL FDDA %" 0BS CTRL BSL FDDA
« All of the PBL schemes forecast much NS i bEo
weaker WSP fluctuations than observed for . ,, "o 20| ©
NOV06, DEC04, and AUG24 £ s E
S0 810 !
+ For NOV13, FDDA has an advantage Zos L Eos| 1 _% %
forecasting the amplitude of WSP = ool == == == 00—

fluctuations over the CTRL and BSL

AUG24 NOV13
_ _ 25 2.5
 For this case, BSL produce slightly larger <, a0
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Initialization Strategy: ¥
TEMP and WSP Fluctuations for All Cases

than observed

- FDDA has a small advantage forecasting TEMP and WSP fluctuations over the other
initializations

« CTRL produces much weaker WSP fluctuations than observed over all experiments
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experiments (initial cold bias of ~ 2 K)
and YSU has the largest warm bias
(0.7 K)

e The MYJ and MYNN have near zero
10-h averaged TEMP bias

« Similar 2-m WSP MAE for all
parameterizations

« The MYJ, MYNN and YSU have
positive WSP biases of 0.3, 0.3, and
0.4 m s respectively, while the QNSE
has a slight advantage at 0.1 m s
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PBL Parameterization:
Verification of 2-m TEMP and WSP

5.0 a)
—MYJ=15
gw = MYNN = 1.4
------- QNSE =2.2
) -=-=-YSU=15
‘53.0
5 ol
E. .
=
£ 1.0
Q
0.0
0123456 7 8 9101112
Time(UTC)
4.0 C)
—MYJ=0.6
= MYNN = 0.6
3.0 e QNSE=0.5
- ==YSU=0.6

2-m Wind Speed (m s ") MAE
5 S

0.0

0123 456789101112

Time(UTC)

2-m Temperature(K) ME

2-m Wind Speed (m s~ l) ME

PENNSTAT
|_Zhve)

w0 D)
20 ——MYJ=-0.1 |
) m— MYNN=0.1
2.0 Lo QNSE=-1.7
S —-== =
Lol L7 N YSU=0.7
0.0
-1.0 .
20"
-3.0
-4.0
01234546 7 8 9101112
Time(UTC)
3.0 d)
—MYJ=03
m— MYNN = 0.3
20r e QNSE =0.1
- ==YSU=04

e L e Tt
0123456789101112

Time(UTC)

—

UNCLASSIFIED

23



The QNSE
large MAE and ME with a cold bias
of 2.4 K through the night

MYNN and YSU have a small

advantage (0.2 K) over MYJ
forecasting TEMP at 9 and 17 m
AGL for 10-h averages

All of the PBL schemes have similar
WSP MAE (1.1to 1.2 m s™)

MYJ and MYNN have near zero
biases in WSP

QNSE has negative WSP biases of
0.5ms

YSU has a positive WSP bias of 0.4
m s
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Temperature(K) MAE

Wind Speed(m s 1) MAE

PBL Parameterization:
Verification of 9 and 17-m TEMP and WSP
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Temperature(K) ME
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PBL Parameterization: 0
2-m TEMP and WSP Fluctuations between 12 min and 2 h
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‘For SEP16,

SEP16
comparable fluctuations to those Q“’ o~
observed. MYJ and MYNN produce %.:10 N T ogts) N
fluctuations closer to observed for ¢ 1 - E g B 1o oL o
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PBL Parameterization:
Mean TEMP and WSP Fluctuations for All Cases

are some advantages for the TKE-based schemes

PENNSTAT
i

The YSU has some disadvantages forecasting TEMP and WSP fluctuations since it over-
predicts fluctuations for SEP16 and largely under-predicts fluctuations for NOV06 and

NOV13

QNSE has some advantages when forecasting 2-m TEMP fluctuations over other schemes

Although the medians are similar, the MYJ and MYNN produce a spread of WSP fluctuations
more consistent with observations than the QNSE
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All of the initialization strategies forecast the complex wave-turbulence interactions for the case
studies. This includes the production of Type | and Type Il rotors as hypothesized from
observations (not shown)

All of the strategies forecast similar wave structures; however, they differ in the specific wave
characteristics such as amplitude, frequency, wavelength, and transitions (not shown)

FDDA strategy has some advantages when forecasting TEMP and WSP for both low- and high-
frequency motions

FDDA produces TEMP MAEs less than 1.6 K and TEMP ME less than 1.1 K at all levels (2, 9
and 17 m AGL)

All the initialization strategies perform comparably for low-frequency WSP forecasts

Nevertheless, FDDA produces slightly more realistic WSP fluctuations than the other
initialization strategies for four out of the six cases examined

—
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For low-frequency, deterministic motions, the MYJ, MYNN and YSU perform comparably for
TEMP, while the QNSE has a large cold bias that results in poor MAE and ME

The QNSE poor temperature forecasts can be a result of using the scheme during the daytime
(where this scheme has been shown to have some difficulties)

All of the schemes perform comparably when forecasting WSP

Overall, all of the PBL schemes under-predict 2-m TEMP and WSP fluctuations, but there are
some advantages for the TKE-based schemes

QNSE has some advantages when forecasting TEMP fluctuations over the other schemes;
while MYJ and MYNN perform better than QNSE and YSU when forecasting WSP fluctuations
for SEP16 and NOV13

Deterministic accurate predictions of submeso motions (i.e., the timing and detail structure of
temperature and wind fluctuations) is very difficult if not impossible

Stochastic methods for representing the effect of submeso motions should be investigated

—
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