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LONG-TERM GOALS

When surface flow impinges on orography with horizontal scales of ~1-500 km, a variety of mesoscale
dynamical responses can result, including gravity waves, upstream blocking, flow splitting and lee
vortices. These dynamics produce important drag forces on the larger scale atmosphere. Because
global numerical weather and climate prediction (NWCP) models under-resolve orography at these
scales, all credible NWCP systems must include parameterizations of these missing orographic
mesoscale drag (OMD) forces as well as gravity-wave drag from unresolved nonorographic sources.
Recent evidence from mesoscale model simulations clearly indicates that OMD forces cannot be
described as a purely deterministic response to upstream forcing, but instead can exhibit a range of
values, time histories and states. Our long-term goals are (a) to build these new OMD dynamics
delineated from mesoscale models into a new class of OMD parameterizations, (b) to embed a new
unified parameterization of orographic and nonorographic gravity-wave and flow-blocking drag within
Navy NWCP systems, and (c) to investigate whether improved time-mean drag and new explicit
variability can improve NCWP skill in Navy global NWCP systems across a range of scales.

OBJECTIVES

The objectives of this project were to (1) understand fundamental physical processes relevant to the
parameterization of OMD and both orographic and nonorographic gravity-wave drag, (2) develop
compact efficient accurate descriptions of these processes amenable to implemetation within existing
or new parameterizations, (3) implement these new research results within a new unified gravity-wave
drag parameterizations to be transitioned into NAVGEM, and (4) validate the OMD parameterization
predictions using independent measurements and modeling results.

APPROACH
Our original approach is summarized in detail in the original proposal. However our initial research

into Objective (1) identified an unanticipated fundamental physical processes that was (a) missing
from all existing parameterizations and (b) exerted a first-order influence on the vertical variation of

1


mailto:stephen.eckermann@nrl.navy.mil
http://www.nrl.navy.mil/ssd/

Orographic

Surface
Flow-blocking
Drag

Subgrid-Scale
Orography

Surface
Gravity-Wave
Generation

Gravity-wave
Breaking &
Drag

Convective
Convective Gravity-wave Gravity-wave
Gravity-Wave Propagation Breaking &
Generation Drag
Jet/Frontal
Jet/Frontal Gravity-wave Gravity-wave
Gravity-Wave Propagation Breaking &
Generation Drag

Spectral

Gravity-wave
Propagation

Background Gravity-wave Gravity-wave

Gravity-Wave Propagation Breaking &
Spectrum Drag

Orographic

Turned off for Vertical
initial NAVGEM ;

At Turbulent
1.3 transition Mixing

Surface
Flow-blocking
Drag

Surface
Gravity-Wave Turbulence
Generation Generation

Convective

Unified G Urlified
Gravity-wave Erav 't:, -wa;e

P Propagation reaxing

Drag

Gravity-Wave Iiamaes
Generation

Jet/Frontal
Gravity-Wave
Generation

Dynamical

Background Heating

Gravity-Wave
Spectrum

Nonorographic

Figure 1. Diagram depicting our unification of physical mechanisms within inaugural NAVGEM
gravity-wave drag parameterization. Panel (a) shows the separate parameterizations of gravity-wave
drag due to flow across subgrid-scale orography (blue), deep subgridscale convection (red),
jet/frontal instabilities (green), and indistinct wave sources producing a background spectrum of
waves (gray), as existed prior to this work. Panel (b) shows the new unified scheme with common
modules for wave propagation and breaking. Note also the additional physics of turbulence
generation and mixing, and dynamical wave heating. Gray regions were deactivated for initial
NAVGEM 1.3 transition. See text for further details.

gravity-wave amplitude with height, and hence the location and amount of breaking and drag at any
given level. This process is the horizontal geometrical spreading of gravity-wave action into
progressively larger spatial volumes, which leads in turn, via the principle of wave-action
conservation, to corresponding reductions in local wave-action densities and hence the local wave
amplitudes that are critical for defining thresholds for the onset of wave breaking and the amount of
flux deposition and drag on the atmosphere. This realization motivated us to conduct detailed research
into the nature of geometrical spreading across the entire orographic parameter space relevant for
OMD parameterization using Fourier-ray numerical simulations. These results, revealing large effects
crucially relevant for parameterization, also revealed some surprisingly reproducible features that next
motivated a theoretical analysis based on the simplified fluid dynamical equations to see if these
findings could be reproduced and parameterized. This work led to a series of entirely new fundamental
research results that have generated compact analytical relations ideal for implementation into
parameterizations, thereby satisfying Objective (2) and providing a straightforward implementation
pathway for Objective (3). Objective (3) was satisfied for nonorographic gravity-wave drag by
generalizing the stochastic parameterization approach of Eckermann (2011) to provide a
parameterization fast enough for operational use in NAVGEM, then implementing both the orographic
and nonorographic within the new unified parameterization approach displayed in Figure 1b, which



used common (unified) parameterizations for wave propagation, breakdown, and resultant drag,
dynamical heating and turbulent mixing.

WORK COMPLETED

The project culiminated this year and work tasks addressing Objectives (1)-(4) were seen through to
completion. The major final Navy deliverable, in addition to peer-reviewed publications cited below,
was the first version of a new unified parameterization of OMD and gravity-wave drag that
transitioned as part of the most recent NAVGEM 1.3 upgrade (Whitcomb et al. 2015; see Figure 1b).

RESULTS

Here we summarize the major research deliverables of this project. More details on specific
components can be found in the citations to the associated peer-reviewed scientific publication(s)
and/or previous yearly research reports for this project.
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Figure 2 (a) altitude ranges of NGV instruments, (b) NGV DEEPWAVE flight track for RF23 on 14

July 2014, (c) Fourier-ray simulation of this event as temperature perturbations, using analyzed

winds and temperatures for 14 July 2014 at 0600 UTC from NAVGEM, and (d) observations from

the AMTM on the NGV. See text for further details.

We completed the first ever detailed study of the form, effects and magnitude of horizontal
geometrical spreading of three-dimensional (3D) wavefields on the evolution with height of local
wavefield amplitudes and the transition to localized wave breaking leading to drag. This work
involved a large ensemble of three-dimensional Fourier-ray numerical integrations and a novel
Hilbert-transform-based diagnostic technique applied to the output for isolating peak wave
amplitudes most prone to break in three-dimensional wavefields. Results were presented across the
complete parameter space relevant to OMD parameterization, including functional dependences on
upstream wind, stability, obstacle oritentation and obstacle elliptical axial ratios. The high

relevance of this process to parameterizations was demonstrated by example (Eckermann et al.
2015a).

Based on reproducible results emerging from the former study for which no theoretical
explanations existed, we performed a follow-on study that tackled the problem from the
perspective of simplified solutions to the linearized fluid equations. Using appropriate
simplications, we are able to derive for the first time compact analytical solutions for the horizontal



geometrical spreading effects on wave amplitude evolution with height that reproduced many of
the salient properties across the parameter space. For example, vertical profiles varied strongly as a
function of the elliptical obstacles’ aspect ratio f=b/a [where a and b are lengths of the elliptical
obstacle’s principal axes parallel and orthogonal to the incident flow] and also varied strongly with
vertical variations in wind U(z) and buoyancy frequency N(z). Yet these curves collapsed onto
common forms when replotted them using a normalized height (phase) variable

z' = f; [izﬂ dz (1)

Our analytical solutions reproduced all these features, and further reinforced the first-order
importance of these physical processes for drag parameterizations (Eckermann et al. 2015b).

This analytical study produced a range of new analytical tools and results that led to a series of
additional research spinoffs. One new result was a previously unappreciated singularity in standard
three-dimensional mountain wave solutions near the ground for steepness, which is the vertical
derivative of vertical wave-induced displacement and the key variable for determining when and
where waves break and how strongly. We studied this singularity and identified it as a side effect
of the Hilbert-transform-based approach to diagnosing peak wave amplitudes, and derived
asympotic analytical solutions for the form of this singularity as z = 0 which closely matched
numerical results (Knight et al. 2015a).

Another unanticipated spinoff from this work was some fundamental new insights into so-called
stationary (or WKB) approximations to the three-dimensional wavefields coming out of the full
numerical transform solutions to the problem. This work was motivated by local amplitude maxima
in wavefields generated by winds incident at oblique angles to the major axes of an elliptical
obstacle, identified in our earlier Fourier-ray numerical work. While the standard stationary phase
method reproduces one of these local amplitude maxima that migrates downwind with increasing
altitude, another type stays close to the vertical axis over the mountain peak where the standard
stationary-phase solution is formally invalid. We derived a new generalized stationary phase
solution to describe this additional local amplitude maximum, accommodating both vertical
variations in wind and stability (Knight et al. 2015Db).
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Figure 3 OMD parameterization predictions for peak steepness amplitudes as function of height for
wave event in Figure 2. Results are shown for current OMD parameterizations without geometrical
spreading (black dashed), new OMD scheme with horizontal geometrical spreading included (red
dashed) and full 3D integral solution (blue dashed). Green curve shows steepness breaking
threshold (unity). See text for further details.

e We developed an initial parameterization of these geometrical spreading effects based on the
results of Eckermann et al. (2015b) and Knight et al. (2015b), then validated its predictions against
observations of a deep mountain-wave event over Auckland Island during the NSF/NCAR/NRL
Deep-Propagating Gravity-Wave Experiment (DEEPWAVE: Fritts et al. 2015). The instrument
suite on the NSF/NCAR Gulfstream V (NGV) is illustrated in Figure 2a, and the flight track over
Auckland Island during Research Flight #23 (RF23) on 14 July 2014 is illustrated in Figure 2b.
Imagery from the Advanced Mesospheric Temperature Mapper (AMTM) instrument on the NGV
(depicted in green in Figure 2a) is plotted in Figure 2d, and shows a large amplitude mountain
wave immediately downstream of the island. Figure 2¢ shows a Fourier-ray simulation of this wave
event using analysis winds and temperature from a high-altitude NAVGEM reanalysis run. These
simulations and the observations reveal that this wave propagated largely unattentuated into the
mesosphere and thus did not break until it reach an altitude of ~70-80 km, given the similarity to
the AMTM observations from the NGV at ~80km in Figure 2d. We used these observations to test
OMD parameterization predictions for this event, with results shown in Figure 3. The standard
critierion for onset of wave breaking is shown as the green line, so wherever amplitudes exceed
this threshold, wavebreaking is predicted to occur. Existing OMD parameterizations that omit
horizontal geometrical spreading (black line) predict that this wave would break at ~20 km, in
complete disagreement with these observations. Our new OMD parameterization that incorporates
our new parameterization of horizontal geometrical spreading effects (red line) predicts wave
breaking at 70 km. While this is still a little too low compared to observations and full 3D model
simulations (blue curve), this is a substantial improvement over current parameterization
predictions (Broutman et al. 2015).
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Figure 4 Monthly zonal mean zonal winds (m s) over the equator as a function of height (pressure)
and time (years) from a 10-year free-running Navy global model simulation using the unified
gravity-wave drag parameterization, revealing a realistic model-generated QBO (see McCormack et
al. 2015 for details).

e The nonorographic gravity-wave component was optimized using the fast stochastic
parameterization methodology set out by Eckermann (2011). Both the new nonorographic and
orographic components were then combined into a new unified gravity-wave drag
parameterization, depicted in Figure 1b, in which common physics modules are shared for
efficiency. The first version of this unified scheme was implemented into NAVGEM for the first
time as part of the NAVGEM 1.3 operational transition, as documented in section 2.13 of the
Validation Test Report of Whitcomb et al. (2015). For this initial transition the new OMD
component was deacivated until detailed tests against the current standalome OMD
parameterization can be performed to assess its suitability for use in future NAVGEM operational
transitions. Nonetheless the unified infrastructure is now a part of NAVGEM and can be
successively augmented in future transitions as needed.

e As an example, work with this new unified scheme focused on changes to the parameterized
spectrum of tropical gravity waves, leading for the first time to a self-generated realistic quasi-
biennial oscillation (QBO) in a Navy global forecast model, as shown in Figure 4. The ability to
generate and sustain a realistic QBO is due to the new physics provided by the unified gravity-
wave-drag parameterization in Figure 1b (McCormack et al. 2015).

IMPACT/APPLICATIONS

The new unified gravity-wave drag parameterization has transitioned into NAVGEM as part of the
recent NAVGEM 1.3 operational update (Whitcomb et al. 2015) and is providing key new prediction
capabilities for Navy global models (see Figures 3 and 4). For example McCormack et al. (2015) show
that the new QBO prediction capability in Figure 4 yields additional new realistic teleconnections
among the tropical stratosphere and Arctic winter stratosphere and troposphere that are critical to long-
term seasonal predictions of key Arctic parameters, such as sea ice, thereby directly impacting the



Navy’s need for accurate future seasonal prediction systems as part of the Earth System Prediction
Capability initiative.

TRANSITIONS

The new unified gravity-wave drag parameterization code has transitioned into the NAVGEM as part
of the operation NAVGEM 1.3 update, as documented in Whitcomb et al. (2015).
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