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Introduction
Gravity wave drag (GWD) parameterizations in numerical weather prediction models 
provide the drag tendencies of the mean (resolved) flow caused by the vertical propagation 
and breaking of gravity waves formed by sub-grid scale (unresolved) topography, deep 
convection, and frontal instability.  Low-level flow blocking due to unresolved topography in 
the lowest model levels is also parameterized.  The atmospheric component of the NCAR 
Model for Prediction Across Scales (MPAS-A) (Skamarock et al. 2012) includes the same 
orographic gravity wave drag and low-level blocking (OGWD+BLK) parameterization used 
in the Weather Research and Forecasting (WRF) Model.  There is ongoing effort to improve 
weather forecasting skill through GWD parameterization development.
We have implemented the NOAA Unified Forecast System (UFS) suite of GWD 
parameterizations in MPAS-A and are currently testing its performance.  The Unified Gravity 
Wave Physics (UGWP) suite (Toy et al. 2025) includes modified versions of the 
OGWD+BLK WRF schemes and three additional parameterizations:  1) non-stationary 
GWD (NGW) representing GWD from non-orographic sources, such as deep convection 
and frontal instability (Yudin et al. 2018); 2) turbulent orographic form drag (TOFD) (Beljaars 
et al. 2004); and 3) small-scale GWD (SSGWD) (Tsiringakis et al. 2017).  The latter two 
schemes include the effects of horizontal topographic variations down to the ~1km scale.

Impact of non-stationary GWD parameterization on 
simulated stratospheric winds

A 2-year global simulation illustrates the impact of the NGW parameterization on the 
evolution of the equatorial stratospheric winds.  Inclusion of the NGW scheme results in a 
‘QBO-like’ downward propagation of easterly and westerly winds, however, with an 
oscillation period of about one year instead of two, which points to the need for further 
tuning.

Summary
We have introduced the UFS UGWP suite of drag parameterizations in MPAS-A and have 
performed initial testing.  Improvement to wind forecast skill compared to the default GWD 
scheme for regional forecasts are anticipated.  The addition of the non-stationary GWD 
scheme produces the downward propagation of easterly/westerly winds in the stratosphere 
as observed in the QBO.

References
Beljaars, A. C. M., A. R. Brown, and N. Wood, 2004:  A new parametrization of turbulent orographic form drag. Quart. J. Roy. Meteor. Soc., 130, 1327-1347, 

doi:10.21957/6c5u3bbpk.
Skamarock, W. C, J. B. Klemp, M. G. Duda, L. Fowler, S.-H. Park, and T. D. Ringler, 2012:  A Multi-scale Nonhydrostatic Atmospheric Model Using Centroidal 

Voronoi Tesselations and C-Grid Staggering.  Mon. Wea. Rev., 140, 3090-3105.  DOI: 10.1175/MWR-D-11-00215.1.
Toy, M. D., J. B. Olson, F. Yang, B. Yang and S.-Y. Hong, 2025:  A description of the Unified Gravity Wave Physics Package, NOAA Technical Memorandum (in revision).
Tsiringakis, A., G. J. Steeneveld, and A. A. M. Holtslag, 2017:  Small-scale orographic gravity wave drag in stable boundary layers and its impact on synoptic 

systems and near-surface meteorology.  Q. J. R. Meteorol. Soc., 143, 1504-1516. doi:10.1002/qj.3021. 
Yudin, V. A., R. A. Akmaev, J. C. Alpert, T. J. Fuller-Rowell, and S. I. Karol, 2018:  Gravity wave physics and dynamics in the FV3-based atmosphere models extended 

into the mesosphere.  25th Conf. on Num. Weather Prediction,  Amer. Meteor. Soc.

Acknowledgments
This research was supported by funding from the NOAA/OAR Weather Program Office Joint Technology Transfer Initiative (JTTI) and NOAA 

cooperative agreement NA22OAR4320151, for the Cooperative Institute for Earth System Research and Data Science (CIESRDS).

Implementing the UFS Unified Gravity Wave Physics (UGWP) 
parameterization in MPAS-A

Michael D. Toy1,2 and Joseph B. Olson2

1Cooperative Institute for Research in Environmental Sciences, CU Boulder; 2NOAA Global Systems Laboratory

300

30

3

300

30

3

Wind Speed (m/s)

Observed Quasi-biennial Oscillation 
(QBO) from NASA’S MERRA-2 reanalysis • 28 Mar 2021 thru 01 April 

2023 
• Initialized with GFS analysis 
• 74km model top, 125 levels 

• 240km quasi-uniform global 
mesh 

• ‘mesoscale_reference’ 
physics suite + UGWP drag

20232021

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991

 

300

100

30

10

3

E E E E EW W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

 

300

100

30

10

3

E E E E EW W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     
Pr

es
su

re
 (h

Pa
)

 

 
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

 

300

100

30

10

3

E E E E EW W W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

 

300

100

30

10

3

E E E EW W W W W

  
 

 

  
 
 
 
 
 
 
 
 
  

  
 
 
 
 
 
 
 
 
  

-55
-45
-35
-25
-15
-5
5
15
25
35
45
55

W
in

d 
Sp

ee
d 

(m
/s

)

Equat.

Paul A. Newman, Larry Coy, Steven Pawson (NASA/GSFC) Thu Jan  2 17:50:39 2025 GMT

U

MERRA-2
No smoothing

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991

 

300

100

30

10

3

E E E E EW W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

 

300

100

30

10

3

E E E E EW W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

 

300

100

30

10

3

E E E E EW W W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)
     

     

Pr
es

su
re

 (h
Pa

)

 

 
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

 

300

100

30

10

3

E E E EW W W W W

  
 

 

  
 
 
 
 
 
 
 
 
  

  
 
 
 
 
 
 
 
 
  

-55
-45
-35
-25
-15
-5
5
15
25
35
45
55

W
in

d 
Sp

ee
d 

(m
/s

)

Equat.

Paul A. Newman, Larry Coy, Steven Pawson (NASA/GSFC) Thu Jan  2 17:50:39 2025 GMT

U

MERRA-2
No smoothing

Pr
es

su
re

 (h
Pa

)

Al
tit

ud
e 

(k
m

)

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     
Pr

es
su

re
 (h

Pa
)

 

 
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991

 

300

100

30

10

3

E E E E EW W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

 

300

100

30

10

3

E E E E EW W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

 

300

100

30

10

3

E E E E EW W W W W W

10
15
20
25
30
35
40

A
lti

tu
de

 (k
m

)

     

     

Pr
es

su
re

 (h
Pa

)

 

 
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

 

300

100

30

10

3

E E E EW W W W W

  
 

 

  
 
 
 
 
 
 
 
 
  

  
 
 
 
 
 
 
 
 
  

-55
-45
-35
-25
-15
-5
5
15
25
35
45
55

W
in

d 
Sp

ee
d 

(m
/s

)

Equat.

Paul A. Newman, Larry Coy, Steven Pawson (NASA/GSFC) Thu Jan  2 17:50:39 2025 GMT

U

MERRA-2
No smoothing

https://acd-ext.gsfc.nasa.gov/Data_services/met/qbo

MPAS-A simulation

Equatorial (5°S - 5°N) zonally averaged zonal wind

Without 
NGW

With 
NGW

Equatorial zonally averaged zonal wind

17 
 

 
 
 
 

5. Results 
 
5.1  Rapid Refresh (RAP) 
 
Here we present results of tests with the 13km horizontal resolution RAPv5 that show the 
sensitivity of forecast skill to the various components of the GSL drag suite.  The tests consist of 
a series of reforecasts initialized every 3 hours starting at 0000 UTC 2 Feb 2019 and continuing 
through 0000 UTC 15 Feb 2019.  Eight experiments were run with different combinations of the 
orographic drag components of the GSL drag suite (note that the non-stationary GWD drag was 
not active).  Experiment “0” is the control run with all of the components active.  Experiment “1” 
is the case with no GWD.  Experiments “2-7” implement various combinations of the drag 
components as shown in the table within Fig. 4, where “MS” is mesoscale GWD, “BL” is low-
level blocking, “SS” is small-scale GWD, and “FD” is turbulent orographic form drag.  The 
number “1” indicates the schemes that are active in each experiment.  Figure 4 shows vertical 
profiles of RMS errors and bias of windspeed with respect to radiosonde observations (RAOBS) 
over the full RAP domain at forecast hour 27.  The control experiment, with all the GSL drag 
components active, generally gives the best results, with Experiment “1” with no GWD 
parameterizations giving the worst results.  The experiments with partial use of the drag 
components give intermediate results. 
 

 
 

 
Figure 4.  Vertical profiles of RMS windspeed error and bias over the full RAP domain compared to RAOBS at 00 and 
12 UTC at forecast hour 27.  The table shows the configurations of the eight experiments with “1” indicating that a 
given drag scheme is turned on.  The control experiment, with all schemes turned on is denoted by “Curve0”, and the 

27-h wind: full RAP domain, 00/12 UTC

RMSE bias

MS

Impact of TOFD + SSGWD schemes (in RAP)
The two figures below show the effects of each of the four orographic components of the 
UGWP suite on forecast skill in early tests of the current NOAA Rapid Refresh (RAPv5) 
NWP model (13km horizontal grid).  The experiment consists of a series of reforecasts 
initialized every 3 hours starting at 0000 UTC 2 Feb 2019 and continuing through 0000 
UTC 15 Feb 2019.  The addition of TOFD and SSGWD improves forecast skill and we 
anticipate similar improvement in MPAS-A applied to a regional domain.
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“Curve1” is a run with no GWD parameterization.  The drag components are “MS” (mesoscale GWD), “BL” (low-level 
flow blocking), “SS” (small-scale GWD) and “FD” (turbulent orographic form drag). 

 
The effects of the drag parameterizations on the surface winds are shown in the 10-m windspeed 
RMSE and bias plots of Figs. 5 through 7.  Figure 5 shows the errors over the full RAP domain 
at forecast hour 21, with the largest errors generally associated with the run with no GWD 
parameterization, and the least errors from the control run. 
 

 

 
Figure 5.  RMS error and bias of 10-m windspeed at forecast hour 21 compared to METAR observations over the full 
RAP domain.  The table shows the configurations of the eight experiments with “1” indicating that a given drag 
scheme is turned on.  The control experiment, with all schemes turned on is denoted by “Curve0”, and the “Curve1” is 
a run with no GWD parameterization.  The drag components are “MS” (mesoscale GWD), “BL” (low-level flow 
blocking), “SS” (small-scale GWD) and “FD” (turbulent orographic form drag). 

 
The results over the western CONUS, shown in Fig. 6, exhibit similar results to the full RAP 
domain, with a large reduction in the 10m windspeed bias that sometimes becomes negative with 
the drag suite in use. 
 

 

21-h 10-m wind: full RAP domain
RMSE

bias

MS

Improved bias and RMSE 
(Curve0 vs Curve5)

Improved bias and RMSE 
(Curve0 vs Curve5)


