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Abstract

The area of Fairbanks, Alaska is in a valley surrounded by mountains from the Alaska

Range to the South, the Brooks Range to the north, and the eastern mountain range that

extends into Canada. The topographical nature of this subarctic area brings unique atmo
spheric features to the Fairbanks area, such as temperature inversions and mountain wave

perturbation. This thesis will examine two case studies of gravity wave phenomena; one a
mountain wave from December 2017, the other a non-mountainous gravity wave from Decem
ber 2016. Data was collected from radiosondes and Global Data Assimilation Model (GDAS)

maps, with the former smoothed for comparative purposes. Profiles of the atmosphere were
created to see direct changes that mountain waves create on atmospheric parameters and
the subarctic valley area. Methods were explored to separate mountain wave buoyancy ef

fects from other atmospheric buoyancy effects, and then used to compare mountain wave
buoyancy effects with frontal motion buoyancy effects.

In all cases, the polar jet stream was found to have significant influence on gravity wave
effects in the Fairbanks area. Attention to the polar jet stream location can help predict
mountain wave effects and associated atmospheric perturbations. Weather phenomena local
ized by altitude due to gravity waves were also identified. These include localized short-term

surface pressure systems on the day of gravity wave cases. Mountain waves were found to be
strongly linked to synoptic temperature events in Fairbanks, Alaska, and the mountain wave

case was found to have more pronounced atmospheric effects than the gravity wave case.
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Introduction

1.1 Mountain Waves

This thesis examines cases of mountain wave phenomena over the Fairbanks area in Alaska

(latitude 64.8161N, longitude 147.8767W), the effects of these waves on the atmosphere and
weather, and how they compare to other types of gravity wave phenomena. Mountain waves
are a form of gravity waves created when air moves over the mountain peak, perturbing
the atmosphere and causing atmospheric oscillations. These gravity waves are measured

by the perturbation of other atmospheric variables and by their buoyancy against Earth's
gravity. Common effects of these mountain waves include atmospheric instability, turbulence,

formation of lenticularis clouds or other gravity wave clouds, and if the mountain wave

amplitude is large enough, strong downslope winds and gravity wave breaking may occur.
Fairbanks resides in the Tanana Valley, which lies between the Brooks Range to the
north, the Alaska Range to the south, and the Yukon mountain ranges to the east, as well

as smaller ranges in-between. This thesis will examine a case study of mountain waves
originating from the Alaska Ranges, and determine how they affect the atmosphere in the

Fairbanks area. This mountain wave case study will be compared to a gravity wave case
study in the Tanana Valley created absent of mountain influence. The area of study and the
topography surrounding Fairbanks is visible in Figure 1.1, along with the closest radiosonde

sites on the other sides of the Brooks Range and Alaska Range, and the ranges' tallest peaks.
Mountain waves are a form of internal gravity wave, which are caused by perturbations
in air due to air flowing over a mountain top or range. The structure of a mountain wave

is determined by the size and shape of the mountain, and by the atmospheric temperature,
wind speed, and moisture in the flow [Durran , 2003]. Gravity waves exist in a stably stratified

atmosphere; such conditions cause vertical displacement under buoyancy oscillations [Holton
and Hakim , 2013]. Gravity waves can also cause downslope winds in valleys and turbulence in

the atmospheric boundary layer (ABL), causing rapid rotor rotation [Molders and Kramm,
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Figure 1.1: Area and Topography around Fairbanks; Note the northern Brooks Range and
the southern Alaska Range. The tallest peak of each mountain range is marked, along with
the nearest radiosonde stations in Anchorage, McGrath, and Barrow/Utqiagvik.

2014]. Mountain wave clouds are typically formed at the peaks of wakes perturbed by
mountains. The appearance and effects of mountain waves and the resulting cloud types

formed are illustrated in Figure 1.2.
The atmospheric boundary layer is the lowest layer of the troposphere at a height of
~ 1 km, and is the section of the troposphere that is most influenced by surface effects such

as friction and temperature [Molders and Kramm, 2014]. There may be strong wind shears
around the atmospheric boundary layer, due to changes in temperature and due to different
forcings above and below the ABL. Gravity waves can enhance these ABL effects due to its

influence on temperature and wind speeds.
One of the possible effects of mountain waves is gravity wave breaking. Gravity wave

breaking occurs when energy is released from the gravity wave into the stratosphere, which
can affect the global energy budget. When a gravity wave breaks, the streamlines overturn,

resulting in strong mixing and local reversal of horizontal wind [Du rran , 2003]. Vertically

propagating energy and momentum from internal gravity waves may be released into the
stratosphere, resulting in zonal forcing that affects stratospheric temperature and atmo-
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Figure 1.2: Diagram of Lenticular Cloud Formation due to Mountain Waves and the Stream
lines of Mountain Waves.
spheric circulation [Holton and Hakim , 2013]. This may also affect the mixing ratio of
chemical components in the atmosphere. Vertical propagation from gravity wave breaking

can also result in Sudden Stratospheric Warming (SSW). During SSWs, the transported
momentum can create a high pressure system that can break the polar vortex, resulting in

dramatic stratospheric temperature increases and changes in zonal wind speed that results
in shifts in latitudinal location and strength of the polar vortex. SSW effects have been
demonstrated in Zulicke and Becker [2013]. SSWs are better linked to winters in the North

ern Hemisphere, and are thus associated with mountain waves due to enhanced topography
in the Northern Hemisphere [Holton and Hakim, 2013].

Mountain waves are typically identified and analyzed using satellite data and imagery.
From satellite imagery and from the ground, mountain waves are best identified through their

thermodynamic effect via clouds, mainly lenticular clouds and wave clouds. An example of

cloud formation due to mountain waves is in Figure 1.3.

3

To allow for such conditions,

Figure 1.3: Terra MODIS Satellite corrected reflectance imagery of mountain wave clouds
over the Alaska Range and propagating into Fairbanks, Alaska, on 2020 August 15th, taken
at 500 m horizontal resolution. The mountain wave clouds form to the west, over the Alaska
Range from Denali to the area of the Alaska Range south of Fairbanks, and propagating to
the northeast into Fairbanks. Image courtesy of NASA Earthdata EOSDIS Worldview.
relative humidity must be sufficiently high to form clouds, and the temperature and dew

point temperature must be closer to equal to reach the condensation level and and enable
cloud formation.

In weather maps, mountain waves can be identified via high wind speeds and their direc
tion compared to the mountain ranges. Mountain waves can be generated and strengthened

by the wind shear crossing over the mountain range, and can reach as far as 161 km down
wind from the mountain in strong cases [Vieira, 2005]. The distances are ~100 km from

the Fairbanks sounding site to the northern section of the Alaska Range, 247 km between
the Fairbanks site and Denali mountain, and ~380 km between the Fairbanks site and the
southern section of the Brooks Range.

Known effects from orographic uplift that may affect the environment and help indicate

the presence of mountain waves are described in Dingman [2015]. When air encounters a
topographic barrier, vertical motion increases to go over the barrier, and air parcels are
4

Figure 1.4: Diagram of Orographic Uplift, and known effects on atmospheric parameters. P
is the pressure, T is the temperature, and U is the wind speed.

cooled as they rise. The degree of cooling depends on the wind speed and direction, the
conditions of convective stability, and the barrier itself. Clouds and precipitation commonly

form on the windward side of these barriers, while the leeward side is dry. On the leeward
side, there is a decrease in pressure, increase in temperature due to adiabatic warming,
increase in wind speed, and decrease in humidity. Most orographic effects are created by

atmospheric convection, frontal motion, or cyclonic motion crossing over the terrain. A
diagram of orographic uplift effects to be expected can be seen in Figure 1.4.

1.2 Hazards from Mountain Waves

Mountain waves will still have an effect on the atmosphere without relative humidity
or dew point temperatures needed for cloud formation. Instead, clear-air turbulence (CAT)

and other atmospheric effects emerge. Without a visible indicator for gravity waves and thus
turbulence, a hazard is created for aircraft [De Wekker et al., 2018].

Mountain and gravity waves will also trigger hydrodynamic instabilities [Molders and

K ramm , 2014]. These instabilities can trigger severe weather or convective storms, or inten
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sify current storms. Most of these storms are better triggered with sufficient atmospheric

moisture [Hook e , 1986], but can still be a source for CAT. While Fairbanks has relatively
calm weather, atmospheric instabilities can lead to extreme temperature changes that are

common for the area, or wind-storms in other subarctic areas.
Instabilities can also impact prediction ability [Lilly, 1986], as small perturbations can
propagate to large scales. Predictive ability depends on the horizontal scale, seasons, geogra
phy and latitude, and synoptic conditions. Initial errors in the predictive processes that are
caused by instability can propagate and create greater errors than in areas without instabil

ity [Anthes, 1986]. Further, it was found in Fairbanks in a paper by Malingowski et al. [2014]

that gravity waves dominate near the surface when the pressure gradient force is weak, and

these oscillations make it difficult to predict thermodynamic parameters. Predictability with
regards to mountain waves depends on: horizontal scale, size of the case (around 8-16 days

is the limit of predictability, while initial errors double after 2-5 days), latitude, instabilities,
and type of atmospheric perturbations. Many of these are directly related to mountain wave
and mesoscale activity. Through examination of weather effects from waves and incorporat
ing them into models and procedures, predictability can be improved, or mountain waves

cases identified for weather prediction and identification of extreme weather events.

It is also important to analyze the lower section of the troposphere (the Atmospheric
Boundary Layer), given lack of gravity wave analysis on that area and due to increase of
turbulent friction [De Wekker et al., 2018]. Rotors may be generated from these turbulent

friction and wind shear conditions (particularly in cases of local eddies below the ABL moving
in opposite direction to the large eddy flow above the ABL). These rotors form a hazard
(particularly in CAT) for aircraft when an upward or downward component of turbulence or

wind hits wings during takeoff or landing.

Gravity waves also have a role in vertical and horizontal momentum and energy transport
in the atmosphere [Hooke, 1986]. Horizontal components would compete with the Rossby

effects, while vertical effects (such as transport of energy to the stratosphere) compete with
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gravity and buoyancy. Waves of short period (compared to the Brunt-Vaisala period) are

evanescent, and are vertically trapped. Long period waves tend to propagate horizontally,

while intermediate period waves are more likely to propagate vertically into the stratosphere.
Energy that propagates to the stratosphere is more likely to affect the global circulation and

energy budget by affecting the atmospheric parameters there. Even though mountain waves
are generated in the troposphere, they affect the stratosphere beyond the normal.

There are several immediate potential hazards for the Fairbanks area. Since Fairbanks
resides in a valley, there are valley-specific impacts from mountain waves. The strongest

impacts on the Fairbanks area from mountain waves that are impacted from valley-induced

synoptic conditions include: strong inversion layers and thermal belts [De Wekker et al.,

2018], increased pollution saturation in calm and statically stable weather (that thus absorbs

atmospheric radiation and affects the energy budget), reduced visibility due to increased
relative humidity from forced processes, and increase in turbulence that puts aviation at
risk, stresses aircraft fuselage, and increases fuel usage.

Gravity waves can also affect the vertical transport of aerosols and trace gases [Lane
et al., 2000]. This can be due to the inversion layers themselves and the vertical transport
of air. Strong inversion layers can trap pollutants in the area, leading to air quality hazards.
Further, gravity wave breaking can transport chemicals to the stratosphere, affecting the

stratospheric chemistry and interactions.

1.3 Observations

Mountain and Gravity Waves have been studied globally, along the continental US [Geller
and Gong, 2010] [Gong and Geller, 2010]), at the South Pole [Campbell, 2006], [Pfenninger
et al., 1999], at mountainous islands close to the South Pole such as South Georgia or New

Zealand [Jackson et al., 2018] [Lane et al., 2000], or along mountain ranges such as the Rocky
Mountains [Vieira, 2005], Andes Mountains [de la Torre et al., 1996], or mountain ranges in
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Scandinavia [Dornbrack et al., 1999], the Alps, and more. The papers cited are examples,

and are not a complete review of other gravity wave case studies.

1.3.1

Field Experiments

Many field campaigns focused on mountain waves (e.g. the Innsbruck valley campaign,
the Aosta field campaign, and more). The major findings of these field observations can be
summarized as follows.

Mountain waves form in atmospherically stable environments with wind speed of at
least 13

m/sin

the mid-troposphere, perpendicular to the orography, according to Vieira

[2005]. This paper studied 25 cases of mountain wave events in the Southern Rockies near

Albuquerque, New Mexico, in order to determine patterns in parameters. The events studied
largely occurred in the winter or spring, and were recorded using wind profilers, radiosondes,

and pilot reports (PIREPs), with most reliance on PIREPs for data. The PIREPs data were
collected using aircraft as a measurement platform.
All mountain wave events recorded wind speeds of at least 30 m/s at 700 hPa and 1000

hPa. Temperature changes were within about 1 oC , but sounding stations were sparser in the
valley area than on the mountains. Trapped lee waves were found to occur with high wind

shear (and thus small Richardson-gradient number; close to the critical Richardson-gradient
Number where Ri < 1/4, and thus indicate dynamic instability). The strongest gravity wave

cases occurred when a jetstream was over the mountain wave area.
Zhang and Seidel [2011] examined surface-based temperature inversions (SBI) in the sub
arctic, and how well the data holds up to statistical significance. There are some cautions

to take with using radiosondes, particularly when there were changes in equipment or ra
diosondes over the years and not taking these into account when calculating trends. While

most of the data was acceptable, there were strong variations in one dataset from a study
in Fairbanks, due to inhomogeneities in the data. Accounting for this requires smoothing
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in equipment readings. Otherwise, the IGRA dataset is acceptable, as deviations due to
equipment changes are not significantly different for this thesis' purpose.

Geller and Gong [2010] calculated gravity wave energies based on wave frequencies, in
order to examine the gravity-wave frequency that occurs with each type of gravity wave

energy. That experiment was over the entire continental US using data from radiosondes from
1998-2006, using information from Vaisala RS-80 radiosondes. The article also elucidates the
different types of perturbations of gravity waves that occurred during the field experiment.

The companion article Gong and Geller [2010] goes into further detail on the data analysis
of the vertical fluctuation, which is derived from the radiosonde ascent rate with respect to

the change in levels. The vertical fluctuation is taken from the radiosonde's ascent rate with
the note that this would only capture large-amplitude gravity waves. Thus, it was passed
through a low-pass filter that removes the frequency of the balloon oscillations, with the
assumption that any perturbations are caused by gravity waves. The vertical energy from

these vertical fluctuations were found to be an indicator of gravity waves separate from the

horizontal perturbations. Their findings indicated that convective gravity waves were more
common close to the tropics and in mid-latitude summers, and that gravity waves in mid

latitude winters are more likely due to topography and jet stream interference. The study
also revealed the diurnal variation and their effects on gravity waves. This effect will not be
explored in this thesis due to diurnal smoothing.

In Jackson et al. [2018]'s South Georgia Wave Experiment, mountain wave effects were
examined using the gravity wave momentum flux, which was calculated using wind speed and
temperature perturbations. These were used assuming that the vertical velocity perturbation

is equal to the radiosonde ascent perturbation. Jackson et al. [2018] showed that mountain
wave events significantly affect the circulation of the atmosphere.

Gravity wave energies calculated from radiosonde data have been explored widely in the
literature. These include various studies that explored gravity wave characteristics derived

from radiosonde data at the South Pole. Pfenninger et al. [1999], for instance, performed
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a gravity wave study over the course of four years. They used radiosonde ascents extend

ing to 25-35 km dependent on the season, thus permitting the study of gravity waves in

the troposphere and the lower stratosphere. In the data analysis, the effects of orographic

and frontal forcing were removed, given their minimal effect over the South Pole. Thus,
any generated gravity waves would be sourced either from wave propagation from other re
gions or from wind shear. Pfenninger et al. [1999] applied polynomial smoothing through

weights, and performed all spectral smoothing with the Hanning function, in order to gen
erate a smooth background. The study proved that perturbations in temperature affect the
structural stability of the atmosphere.

As another example of South Pole gravity wave studies, Campbell [2006] used radiosonde
data from the same study as Pfenninger et al. [1999] to study gravity wave influence on
polar stratospheric clouds (PSCs) in Antarctica. Campbell's study on gravity wave effects of

PSCs concluded that gravity waves were one component in PSC formation, but only when
the temperature was near the frost point and when chemical concentrations were largely
unperturbed. This study lends as an example of pole-most gravity wave effects, be it through
convection or via complex terrain.

Lane et al. [2000] studied a case of mountain waves and partially trapped lee waves

over the New Zealand Southern Alps using high-resolution radiosonde data, and examined

horizontal components using the horizontal projection method. The horizontal projection
method assumes monochromatic, two-dimensional stationary waves. The background ascent

(radiosonde ascent rate in absence of mountain waves) is taken from the radiosonde ascent
rate and the vertical velocity calculated by removing the 5 km centered running average
from the ascent rate. In the method, the incremental horizontal change due to mountain

waves is calculated from the radiosonde ascent rate and the radiosonde horizontal movement
calculated from the wind speed; the incremental horizontal change ultimately serves as a way

to calculate the perturbation in vertical wind velocity and find the horizontal wave number
k needed to determine horizontal properties of the wave.
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This method is not adequate

for identifying trapped lee waves, but can be a way to examine gravity waves that are only
partially trapped or not trapped. Lane et al. [2000] also used a model to verify the radiosonde

results. One thing they found was that moisture was an important component in analysis

of gravity waves and trapped lee waves.
A study of the Andes Mountains was performed by de la Torre et al. [1996], in a paper

which examined gravity wave effects and vertical velocity fluctuations using an open type

stratospheric balloon. These open stratospheric balloons are superpressure constant-level
balloons with an opening and constant heat; they differ from radiosonde balloon. With

these open stratospheric balloons, there may be more vertical wind velocity oscillation than

radiosondes, which was smoothed out in the study to examine gravity wave characteristics.
An orographic gravity wave case study was examined in de la Torre et al. [1996], and it
was determined that vertical wind velocity perturbations were caused mainly by buoyancy

forces on the weather balloon, with buoyancy forces affected by density perturbation due to
wave propagation. This conclusion was speculated to be in part due to the type of balloon
that was used.

1.3.2

Studies Using Satellite Imagery and Other Methods

Satellite imagery and data as well as model or reanalysis data added a spatial dimension
that was not available by wind profiler or sparse radiosonde data alone. Here, a brief review

is given on how the spatial aspect extended the understanding of various gravity wave aspects
discussed above.
Mountain wave effects have been analyzed with use of radiosondes combined with imagery

from the AQUA Atmospheric Infrared Sounder (AIRS) satellite and from models during the

South Georgia Wave experiment [Jackson et al., 2018]. Comparison of the satellite, ra
diosonde and model data revealed that despite of general agreement with each other, there
was less accuracy between the model and the radiosonde data upon reaching higher alti
tudes. The models would underestimate the length and effect of gravity waves. There was a
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significant difference in resolution quality between the instruments. The AIRS satellite data
provides a good overview, but may neglect to account for small-scale perturbations, some
thing which the model did better. Radiosondes and models showed high vertical resolution
agreement in the lower troposphere , but models oversimplified the processes taking place
in the upper troposphere and lower stratosphere. Nevertheless, radiosondes can be reliable

for observational data, but are restricted by the launch schedule and the lack of zonal and
meridional information.

Yu et al. [2019] studied the effects of gravity waves on the correlation between the temper
ature and the tropospheric height, using Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) Radio Occultation. This is a version of GPS Radio Oc-

culation Methodology developed by the University Corporation for Atmospheric Research
(UCAR). The focus of the study was centered around the equator, between 30N and 30S,
but examined global outlooks as well. The author discovered that the tropospheric height

was highly connected to temperature perturbations due to gravity waves and connected to

convective processes. The study also revealed that around the equator, the most common
source of gravity waves is convective processes.
A correlation between strong mountain waves and extreme low temperatures at high

latitude was discovered and investigated in [Dornbrack et al., 1999].

They investigated

record low stratospheric temperatures of -94.5 oC recorded by a radiosonde at Sodankylä,

Finland (67.42N, 26.59E), on the 22nd of January 1997. To examine the event, they analyzed
data from radiosondes, lidar, mesoscale modeling, and global analysis European Centre for
Medium-Range Weather Forecasts (ECMWF) data. The former two instruments examined

vertical profiles while the modeling and the ECMWF examined horizontal flow over the
Scandinavian Mountains (65N, 13E). The lower atmosphere was affected by air propagation

over the Scandinavian Mountains, resulting in high wind shear, mountain wave cooling,

and formation of ice PSCs in the stratosphere. Likely instigators of the event were strong
low pressure areas to the north (instigated by the polar vortex), directing the wind over
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the Scandinavian mountains, followed by propagation downstream and aloft. One notable
phenomenon was vertical alternation of static stability in three thin layers in the stratosphere,

characterized by brief peak values of the Brunt-Voaisaoloa frequency (N) in three stratospheric
layers. These N perturbations were likely due to gravity wave events in the troposphere.

Geller and Gong [2010] and Triplett et al. [2017] showed that the total gravity wave ener

gies are at their highest in the troposphere and lower stratosphere during winter, with higher
energy values in the lower stratosphere, but longer buoyancy frequencies in the troposphere.

However, there is a latitudinal variation to gravity waves, which can be well observed through
satellite and GPS imagery. Latitude variations to types of mountain waves produced have

also been shown in Geller and Gong [2010].

In a study on gravity waves produced by the Tatra Mountains by Szmyd [2016], a cor
relation was found between positive (negative) anomalies and high (low) surface pressure

systems, namely the surface pressure systems on waves. These results were found using lo

cal soundings and Moderate Resolution Imaging Spectroradiometer (MODIS) imagery, and

measured near-surface wind flow and pressure fields during a mountain wave case study.
There have been gravity wave studies in Alaska before. Lynch [1997] analyzed wind events

over the Brooks Range using the Arctic Region Climate System Model (ARCSyM) in order

to determine their magnitude and if such events could be simulated. The model generated
low pressure areas, and given a stable lower layer under a less stable upper layer, they were

able to use the shallow water equations. The model results showed that the mountain wave

event nearly doubled the wind speed as compared to conditions without these waves. Indeed,
such doubling of wind speeds was detected by nearby weather stations. This wind event was

accompanied by a decrease in temperature. This finding is in contrast to mid-latitude cases

where adiabatic warming is more common. This decrease in temperature was attributed to
the cold environment of Alaska and the inversion layers present over the study area.
Malingowski et al. [2014] studied Fairbanks temperature inversions during the shoulder

seasons using mostly radiosondes, but occasionally using Doppler Sound Detection and Rang
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ing (SODAR) acoustic soundings. The main finding was that during the shoulder season,

SBIs were often either formed or grown by surface cooling, followed by columnar cooling.
Triplett et al. [2017] performed an Alaska gravity wave study in Chatanika, Alaska (65N

147W) looking at middle-atmosphere gravity waves affected by wind-filtering and unbalanced
flow generation (such as jet streams), using Rayleigh lidar techniques and reanalysis data

from the Modern-Era Retrospective Analysis for Research and Applications (MERRA). One
finding was that while the buoyancy period varies through the year with smaller values

during the winter, it averages at around 300 s or 5 minutes. There was also increased gravity

wave potential energy during the winter. The strongest gravity waves were found when the
winds were at the strongest and the flow imbalance the greatest, lending to the strong kinetic

energy component. A correlation analysis was performed between gravity wave energies and
the wind speed. There was a high correlation between the wind speed and the gravity wave
potential energy, with the correlation being the highest where wind filtering of gravity wave
propagation was strongest. Unbalanced flow effects on gravity waves were determined by

calculating the nonlinear balance equation (NBD) and correlating them with the gravity wave
potential energy, to the conclusion that larger changes of NBD or spontaneous adjustment
of the jet stream corresponded with local gravity wave formation. One issue addressed is

that strong winds are both an instigator and a propagator of gravity waves, and that gravity
wave propagation must also be addressed in analysis.

1.4

Theoretical Background

Gravity waves are instigated through several ways: 1) Via atmospheric instabilities, and
2) External forces such as airflow over irregular terrain [Hook e , 1986]. There are three kinds
of instability in a horizontal uniform mesoscale flow, as described by Lilly [1986]. 1) Pure
buoyant instability, 2) inertial-buoyant or symmetric instability, and 3) Kelvin-Helmholtz

instability due to wind shear. This thesis will be focusing on buoyancy instabilities, partic

ularly those instigated by flow over mountain ranges.
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There are several gravity wave restoring forces. The first two are via the Coriolis force
and the buoyancy force [Molders and Kramm, 2014]. Another way is through cyclostrophic
or geostrophic equilibrium, as fluid motions are stabilized by rotation [Lilly, 1986]. Fur

thermore, there is one other method that shows up via convection. “When gravitational
instability is present in the ocean or atmosphere, nonhydrostatic movements tend to restore

stability through narrow columns of convection,” and rising thermal plumes in the atmo
sphere [Cushman-Roisin and Beckers, 2011]. This is often accounted for in data parame
terization through convective adjustment [Holton and Hakim, 2013]. Convective adjustment

refers to a method where the relative humidity and lapse rate are examined. If the lapse rate

is found to be super-adiabatic, the temperature profile is adjusted to a dry and statically
stable atmosphere. Convective restoration is often visible through the change in lapse rate,

derived from the data as the temperature or potential temperature change with height.

Mountain waves can be an instigator for lee cyclogenesis, in the case of high-amplitude
mountain ranges [Lin, 2007]. This is due to the resulting pressure trough, the resulting uplift
of air, and diabatic heating. The type of cyclogenesis depends on the angle of the mountain

range relative to the flow; that is, closer to parallel (e.g.: the Alps) or perpendicular (e.g.

the Rockies) to the flow.

Gravity waves can also trigger convection via the dryline; high gradients of dew point
temperature and relative humidity, with dryer air on the western side of the dryline [Schaefer,

1986]. The dryline can also be a strong source of perturbations. These gravity wave triggers
can alter atmospheric conditions that are strong enough to break the inversion, which could

release potential instability and trigger deep convection.

In most conditions, the atmosphere is stably stratified due to geostrophic motions, cir
culation, and the Coriolis effect that restores the background state of the atmosphere from
perturbed conditions. For instance, the Coriolis effect, calculated from Equation 1.1 (where

φ = 64.8161 is the latitude and Ω is the Earth's rotation frequency), completes one oscillation

in about 13.2245 hours.
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On the mesoscale (within several hours and 1000 km), the Earth is considered locally
planar, minimizing Coriolis effects [Hooke , 1986]. The primary restoring effect for gravity

waves is buoyancy. For point readings in areas such as Fairbanks, most of the atmospheric

effects of buoyancy exist in the vertical, and that is where these perturbations are found.
One consequence of internal gravity waves are trapped lee waves, where on the lee side of
the mountain and due to stratification, waves are repeatedly reflected from the upper layer

to the surface [Holton and Hakim , 2013]. These trapped gravity waves are adjusted by each
layer they pass through, and partial reflection can be indicated by less vertical motion than
before. These waves can be identified through the Equipartition Ratio, or the ratio between
the potential and kinetic gravity wave energies [Smith et al., 2008]. Clouds from trapped

waves are characterized by multiple wave crests downstream from the source of perturbation,

and are spaced apart in the same distance at which waves are trapped [Durran , 2003].
Another consequence of gravity waves is clear-air turbulence (CAT), which can be de

scribed by static instability. CAT can be generated in two ways; via local shear instability

(dynamic), or from convective forcing (thermal). In cases of convection-induced gravity

waves, atmospheric inversions or cumulonimbus clouds can act as a point source of gravity
waves when it encounters stable, overlying air. Close to these point sources, gravity waves

with short periods oscillate slower than long period gravity waves. Long period gravity waves

can be observed farther away from the point source and disperse more as they travel [Hooke ,

1986]. Local static instability is best described by the Richardson-gradient number, which
indicates that instability is generated by either low buoyancy frequency from less stratified
air, or from high wind shear, or both. Each gravity wave case must be examined for either

dominating wind shear or enhanced stratification in order to determine its attributes. Ex-
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amination of gravity waves and cases of CAT are thus best explored using the Brunt-Vaisala
frequency and the Richardson-gradient number.

Mountain waves can also be caused by frontal motions, with fronts defined as narrow
zones of strong winds and intense temperature gradient with large static stability and cyclonic
vorticity [Bluestein, 1986]. This feature would define them as thermal-induced gravity waves,
but they may still be influenced by topographic forcing. In the same way, jet streams may

have an effect on mountain waves, particularly after moving over complex high terrain.

Jets are intense, narrow horizontal wind currents with strong vertical shear. For the lower

troposphere, intense jets are defined at minimum 15

m/s,

while for the upper troposphere,

intense jets (and the jet stream) are defined at a minimum 30

mm

[Bluestein, 1986]. The

jet stream is part of the global circulation along the tropopause, and its location varies by

latitude, season, and general weather situation. For Fairbanks, the upper jet stream (if
present) is between 250-300 hPa.

Mountainwavesaretypicallystudiedusing2Dor3Ddataanalysis, usinglatitude/longitude
or latitude/longitude/height dimensions. Analysis is done this way due to the horizontal na
ture of waves as they propagate over land, and because areas of high moisture and cloud

formation make gravity wave effects more visible horizontally. Vertical data is used as an
indicator of vertical perturbations or as a measure of buoyancy.
The advantages of using radiosondes for sources of data are outlined in Geller and Gong

[2010] and are summarized as follows. High resolution measurements can be directly acquired

for the zonal and meridional wind, the temperature, and the ascent rate. These quantities
allow the gravity wave energies (potential, kinetic, and total) to be derived independently

from each other. Vertical and horizontal data are frequently used in conjunction depending
on the scope of research. However, studies exist that use solely horizontal data or solely

vertical data, such as Emanuel [1983], Pfenninger et al. [1999], and Gong and Geller [2010].
There is a way to extract some horizontal data from radiosondes, as pointed out by
Emanuel [1983]. This author discusses how to determine local symmetric instability from
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radiosondes. This method would be to take two radiosonde locations that cross the phenom
ena, and calculate the horizontal distance between them in order to solve the momentum

equations. These momentum equations serve to determine surfaces of equal momentum

(M surfaces), which are used to measure perturbations. Other authors used solely vertical

coordinates and measured vertical perturbation. Emanuel [1983] also discusses using only
radiosonde data to derive horizontal components so long as the vertical component of vortic
ity is known. The horizontal components of vorticity are estimated using angular momentum
M gradients. This approach would require other sources of data, independent verification, or
radiosondings in separate locations to obtain horizontal components of radiosonde data for

gravity wave analysis. Unfortunately, this method cannot be applied to this thesis study due
to sparse density of the radiosonde network in Alaska, resulting in large distances between
the stations, as can be seen in Figure 1.5.

When using radiosondes, there are sampling errors to be found in using momentum flux
methods for slanted or vertical profiles, as they are always sensitive to height and thus are

smaller than the horizontal flux [Vosper and Ross , 2020]. This leads to underestimation of

gravity wave flux by radiosondes. Further, vertical mountain wave profiles are not indepen
dent from the horizontal, and so without horizontal or topographic details, information is

lost. These sampling errors are found either when the sounding extent is outside the wave
area, or when the effects of the Coriolis force are implemented.

1.4.1

Model Studies

Mountain waves are often tested and studied by models. A way to test the performance

of the model dynamics is to use a symmetric mountain range and compare the model output

to the analytical solution.
Model studies are limited by their resolution, which is currently around 9.4 km, that limits
view of small scale properties such as turbulence. There is also bias of atmospheric stability

in high mountainous areas, leading to overestimation of temperature and underestimation of
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Figure 1.5: The 13 Radiosonde Launch sites in Alaska. The station code for Fairbanks
is PAFG. The closest site south of the Alaska Range is Anchorage, PAFC. The closest
site north of the Brooks Range is Barrow/Utqiagvik, PABR. These launch sites are hun
dreds of km apart, making horizontal radiosonde readings in Alaska difficult. Image from
https://www.weather.gov/upperair/nws_upper.
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inversion strength [Lehner and Rotach , 2018]. This bias poses problems for Alaska mountain

wave study, due to the mountainous nature of the state.

Molders et al. [2011] did a study comparing observational data from SODAR, radiosondes,

and surface meteorological and aerosol sites to the Weather Research and Forecasting model
with the chemistry package (WRF/Chem) for studying ABL characteristics in the Alaska
Interior during the winter, when atmospheric radiation is low. The WRF model largely
agreed with most variables, with small biases in the ABL. Wind speed biases increased in

the upper troposphere compared to radiosondes. WRF models were shown to underestimate
inversions in strongly stratified atmospheres, which requires further eddy parameterization

to resolve. Topography effects were also smoothed out during that study.

1.5

Knowledge Gaps

There are several gaps in the understanding of gravity waves. Several gaps addressed by
this thesis will be discussed here, while others not addressed will be in Chapter 4: Conclusion.

Gravity wave studies tend to assume isothermal or other conditions that do not define the
real atmosphere or accurately depict gravity waves. Further, the coordinates used to examine
gravity waves change the magnitude, especially given varying mountain range heights or the

fact that isobaric surfaces will cross-sect mountains. Even so, this paper will use isobaric
surfaces to examine pressure layers in the troposphere, pinpoint the vertical location of
gravity waves, and to better depict a real atmosphere, as pressure is more likely to change

with height and thus change conditions.

Gravity wave effects can be dependent on latitude, since different types of gravity waves
are seen in different latitudes, as shown in Geller and Gong [2010] and Gong and Geller

[2010]. There are also different temperature perturbation readings at different latitudes,
which can affect the magnitude of mountain waves. This latitude effect on gravity and

mountain waves indicates the influence of the Coriolis effect. Atmospheric phenomena unique
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to the subarctic can also influence gravity wave effects, and in the winter minimize factors
such as atmospheric radiation.
Atmospheric moisture has effect on gravity waves beyond cloud formation. Moisture
plays a role in triggering convective stability. When the atmosphere is borderline stable,

instability can be triggered during vertical phases of wave motion [Hooke, 1986]. The role
of moisture is not well involved in atmospheric gravity wave equations despite their role in
convection. This could indicate a role in moisture beyond cloud formation and nucleation.

There are heights in the atmosphere called the critical level, where the component of
the background wind speed in the direction of wave propagation is equal to the horizontal
phase speed, resulting in a negligible vertical wavelength and massive increase in horizontal

velocity perturbations and vertical shear [Hooke, 1986]. These are difficult to calculate and
simulate numerically, affecting the analysis.

Waves can be generated by shear instability itself, since in large shear conditions with
full wave analysis, there are cases of wave over-reflection [Hooke, 1986]. Further, other wind

complications may be in effect, such as when wind converges such as during a wind storm.
Multiple atmospheric effects can be enacted by wind shear and atmospheric instability. It is
important to note the background wind conditions while analyzing the wind shear and the

Richardson-gradient number, which should be small in cases of large wind shear, in order to

properly examine gravity wave effects by themselves.
Waves are difficult to parameterize over highly mountainous, complex terrain. This affects

the ability to adequately measure horizontal wave parameters, inversions, and boundaries.
Lehner and Rotach [2018] suggested a new boundary layer called the Mountain Boundary
Layer, indicating the layer where mountain processes happen and affect the atmosphere,

since the ABL does not adequately describe this. This boundary layer is still subject to

changing mountainous terrain, such as over a mountain range. Topographical review with

atmospheric measurements, along with better resolution over mountain ranges, is work that
will help improve this for the future.
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1.6

This Thesis
This thesis will attempt to analyze gravity waves solely using radiosonde data, and will

examine if an accurate depiction of mountain waves can be obtained from a distant subarctic

valley area by examining weather effects from mountain waves. This research seeks to identify

otherwise less visible mountain wave phenomena deductively from atmospheric parameters
and patterns. Such identification and exploration of causes would allow forecasts to be better
able to identify when a case is happening, and how the local temperature and global energy
budget will be affected. This thesis will also aim to examine near-surface (ABL) weather
effects from gravity waves. The study of this thesis has been limited to radiosondes extending

up to ~12 km in height, thus permitting only analysis of gravity waves and their effects in

the troposphere.
The case studies will be focused in Fairbanks, Alaska, a subarctic valley surrounded by

mountain ranges from all but the western side (see Figure 1.1).

The area is known for

extreme temperatures, dry climate, strong stability layers, and strong inversions [Mayfield
and Foch es atto , 2013]. These effects are particularly common in the winter, and all of these

factors make an ideal area to study atmospheric gravity waves. Subarctic areas such as

Alaska are also strongly affected by climate change, and understanding the effects of gravity
waves in such a region can help with understanding effects on the local weather and the global
circulation, as well as improve mitigation of strong wind or temperature events generated by
gravity waves.

This thesis analyzes mountain waves by using radiosonde data from the Integrated Global

Radiosonde Archive (IGRA) [National Centers for Environmental Information, 2004]. Ra
diosonde data was downloaded for the Fairbanks area and extracted the data from: 2016-2017

(for the data) and from 1985-2015 (for the climatology). This data was then read to pressure
levels in the troposphere between 925-200 hPa with 25 hPa layers. Any radiosonde data that
was not recorded at a pressure level was subject to logarithmic interpolation, and any data

that was missing or could not be resolved was set to missing values. The values from the
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radiosonde data were then compared with weather maps, satellite imagery, and geography
in order to determine and analyze cases. Diurnal variations were also smoothed out by using
2-sonde running means, which allows focus on perturbations due to the waves themselves
but smooths out diurnal forcing of gravity waves, removing those from consideration.

Because gravity waves exist as perturbations in a stably stratified atmosphere, there will

be examination of gravity wave and stability using atmospheric parameters that include the
Brunt-Vaisala frequency and the Richardson-gradient number, both of which are character

istics of buoyancy and atmospheric stability. The Brunt-Vaisala frequency was also used

to help find strong buoyancy cases that could be caused by mountain waves. Radiosonde
skew-T plots will also be used to analyze stable stratifications and the mechanisms in each
gravity wave case.
The dew point temperature and the relative humidity, and the magnitude of their gradi

ents over time, will be examined for instances of gravity wave induced convective processes.

However, due to the clear-air nature of gravity waves in cases where relative humidity is low,
there will be more attention to other atmospheric parameters.

Use of the momentum equations or other atmospheric dynamic equations are compli

cated by the fact that this thesis' dataset is restricted to the vertical, and thus cannot read

horizontal changes. Changes in time are restricted to 12-hour limits, which will be used in
some velocity calculations. Note that these calculated vertical motions cannot be considered
instantaneous measurements. Changes with respect to altitude are more reliable given the

available data. This thesis will focus more on direct parameter measurements in an attempt

to draw direct conclusions about the concurrent atmospheric phenomena. Further, it is
important to remember that radiosonde readings are not instantaneous, given the required

ascent time for each reading. In this thesis, it will be assumed that these differences in
atmospheric parameters from this ascent time are small, and that the radiosonde profiles

make up a time series with 12 hours between each reading.
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Note that this master thesis takes a more general look at vertical velocity to examine

the effects of mountain waves than the studies discussed above. The thesis focuses on the
temperature and wind speed perturbations, supplemented with the Brunt-Vaaisaalaa frequency

and calculated gravity wave energies. The use of the Brunt-Vaaisaalaa frequency and later
the Richardson-gradient number ties in with Pfenninger et al. [1999]'s approach. These
parameters serve to examine the effects of wind shear and to test atmospheric stability.
This thesis as a whole will focus more on the resulting gravity wave energies and the

associated resulting synoptic conditions more than the structure of the wave itself. This is

due to the lack of horizontal information and a focus of the thesis on the synoptic parameters.
Some variables will be derived from the vertical structure to read the vertical effects.

There will be two case studies examined in this thesis; 2017 December 04-11 (hereafter

theDecember2017case), and2016December21-27(hereaftertheDecember2016case). The
December 2016 case examines gravity waves in the Fairbanks area that are not instigated
by mountain waves, and will serve as a base case study to determine the strength of gravity

waves with or without mountains. The December 2017 case examines gravity waves caused
by ajet stream crossing over the Alaska Range. The December2017case will be the primary

focus of study in this thesis. The findings of both cases will be the subject of discussion.

24

Methods

2.1 IGRA Data
The goal of this research is to examine atmospheric parameters in the Fairbanks area

for signs of major cases of mountain and gravity wave influence and interpretation. To
accomplish this goal, radiosonde sounding data for Fairbanks was downloaded from the In
tegrated Global Radiosonde Archive (IGRA) Version 2 [National Centers for Environmental

Information, 2004].

Radiosondes are in-situ data instruments that are attached to and launched via weather
balloons.

For the Fairbanks area, balloons are launched at the Fairbanks International

Airport, at (64.8161 N, 147.8767 W). Balloons are typically launched twice a day, at 0000

and 1200 UTC (1500 AKST/1600 AKDT and 0300 AKST/0400 AKDT, respectively). For
comparative and computational purposes, only sounding data taken at these times were

accepted; extra soundings were disregarded.
Quality of radiosonde data from the IGRA, and quality assurance check procedures, are
outlined in detail in Durre et al. [2006]. These checks include gross checks such as checks for
plausibility, internal consistency, temporal consistency, and repetition of values. Then after

checking for data completeness, there are station-specific quality assurance checks including
climatology based checks and vertical and temporal consistency of temperature. These are

basic checks and algorithms that are implemented into retrieved radiosonde data before being
published to the archive.

One thing to note is the similarity thresholds between different data sources, from differ

ent locations or different instrumentation. While the location for this thesis will remain the
same, the instrumentation will change over the course of the 30-year period of 1986-2015,
with all the instrumentation changes and errors that come with it. The similarity threshold
table is reprinted from Durre et al. [2006] in Table 2.1.
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Table 2.1: Radiosonde Data Similarity Threshold. Reprinted from Durre et al. [2006].

Variable

Threshold

Geopotential Height z

10 m

Temperature T

0.2 oC

Dew Point Depression

0.5 oC

Wind Speed S

2

Wind Direction Sd

10

s

m
o

Table 2.2: Instrumentation Variables Table for the Vaisala RS-80-15 LH Radiosonde.
Reprinted from Lesht [1995]. Instrumentation for the Mark-II Microsonde has the same
parameters, although the parameters for the wind velocity were not available.

Sensor

Resolution

Accuracy

Pressure

0.1 hPa

0.5 hPa

Temperature

0.1 oC

±0.2 oC

Humidity

1 %

±2%

Velocity

0.1 m/
s

0.5 m/
s

2.2 Instrumentation
The data was acquired by Vaisala RS-80 radiosondes for the years 1986 to 2009, and

then Lockheed Martin Mark-II Microsondes (LMK Microsondes) from autumn 2009 to the

present. These radiosondes give a high-resolution vertical profile of the atmosphere above
Fairbanks.
The IGRA data may be affected by instrumentation or observation changes Such changes

may produce systematic errors in the readings. While small errors will be smoothed out by

taking the daily average over 30 years, these errors should be noted. The accuracy and
resolution for both radiosonde types is listed in Table 2.2. The equipment has a resolution

with an order of magnitude of 10-1. This order of magnitude is deemed acceptable for this
study.

In Vaisala RS-80 radiosondes, there is reported error with the humidity sensor that will
affect relative humidity and dew point temperature readings in temperature environments
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below -20 oC. As described in Miloshevich et al. [2001] (which discussed correction al

gorithms specifically for the Vaisala RS-80-A radiosondes), this error occurs because the
hygrometer will not respond as well in temperatures below -20 oC. Further, calibration is

performed closer to 0 oC, and linear function coefficients are used for instrumentation data

processing rather than non-linear functions. While these conditions are mitigated in RS-80-H

radiosondes and future radiosondes, correction algorithms are still commonly implemented,
or humidity data beyond the -20 oC threshold is removed.

Because the case studies in this thesis are performed in subarctic winters and because
correction algorithms have proven efficient at mitigating errors, the use of non-linear correc
tion algorithms is recommended. In Mayfield and Fochesatto [2013], a correction algorithm

is derived and applied to minimize the temperature deviation errors in order to more accu
rately measure temperature inversions. In that paper and in the correction algorithms in
Miloshevich et al. [2001], curve fitting is applied to retrieve correction coefficients. Because

interpolation is used in this thesis' case studies to read data, implementation of these func

tions is made complicated. Until these algorithms are applied, humidity readings at high
altitudes may be misleading.

2.3 Data Processing

Radiosonde data for Fairbanks was retrieved as a text file named USM00070261-data,
via the NOAA IGRA website [National Centers for Environmental Information, 2004].
The IGRA data was run through a FORTRAN90 program to select time ranges for

the radiosonde data and translate the data into an ASCII text file, with a header for each
timestep. The program was originally written for a paper in Bourne et al. [2010]. The

program was obtained and modified on July 24th, 2008 by Nicole Maolders, and then further

modified for this research. This program was written to process individual radiosondings
only or segments of data that had been human-cleaned from additional soundings between

the 0000 and 1200 UTC soundings. Furthermore, the data format of the radiosonde records
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had changed slightly, which also required modifications. The former format did not include

any additional soundings. Running the program with modifications made for this thesis
created comprehensible text files of data that can be easily read by humans and by this

thesis' visualization software of choice, NCAR Command Language (NCL) [National Center

for Atmospheric Research, 2019].

While the initial FORTRAN90 program was designed to output individual files for each
date or periods without additional soundings, it has since been modified to output data over

a given range of timesteps to one text file instead. This modification allows reading of large

amounts of data into NCL for plotting purposes. Smaller ranges were chosen from the text

file via NCL as needed. Larger amounts of data are useful for looking at the entire range, for
creating a climatology mean to compare with the data, and for looking at data and contour

plots over large time ranges.
Several modification needed to be made to the FORTRAN90 file regarding how it in

terpreted data for the purpose of this thesis. To calculate the 30 years climate average for

statistical analysis, an older version of the IGRA data that contained all the radiosondes in

Fairbanks since its inception in 1930 needed to be read. To read this version, the program
needed to be modified to account for all the changes in data output, to account for leap years

automatically, and to account for missing data and changes in data representation. Modifi
cations were successfully made to account for different hour outputs for the same timesteps

(such as 1199 instead of 1200), and to account for leap years.
While revising the program, several shortcomings were removed. The program was mod
ified to automatically account for missing soundings and extra soundings at different hours

(such as 0600 UTC). This modification was needed to create a continuous dataset for analy
sis. The FORTRAN90 program read through each sounding dataset via a loop. The problem
of extra soundings was resolved by forcing the loop to cycle again, thus ignoring that seg

ment of data. Resolving the issue of missing soundings proved to be more challenging, as
even storing data from a previous loop into a variable did not help with cross-referencing
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data. The problem was not identified, but was resolved by having the program identify the

discrepancy in time and date and modify accordingly. Missing soundings were indicated as
not-a-number in the data file for correct use in NCL. The program then adds as many miss

ing soundings as needed until the date and time matches the last sounding read. Following

this program restructuring and additions, the data was reliably and automatically converted

from IGRA format to ASCII format for further use.

2.4 Interpolation
With NCL, the resulting ASCII file was read in order to create radiosonde plots, contours,
histograms, time series, and other plots for data analysis. Radiosonde skew-T plots are

created per individual 12 hour timestep, and are useful for identifying inversion layers and

to examine other atmospheric processes. Histograms were used to determine pressure level
intervals for later interpolation, or to help optimize later plots. Contour, time series, and
other plots take data with a time span ranging ranging from 30 years or 1 year, to small
case-size data; this is useful for seeing overall and long-term trends, and visualization of data

changes. The main dataset is from a 2-years period from 2016 January to 2017 December.
Cases were sought and found within this time range.
The data from the ASCII text file was converted into Network Common Data Form

(netCDF) format for two reasons. The first reason is because NCL reads netCDF easier
as it calls the function without needing to consider formatting that would complicate pro
gramming. The second reason was to use logarithmic interpolation to perform at coordinate

transformation from an irregular spaced z-coordinate system to a regular spaced isobaric

coordinate system for later data comparisons.
The radiosonde data altitude coordinate system differs for all soundings because the

values are taken at a set time interval. Different distances may be traveled during this
interval depending on the meteorological conditions. To accommodate this irregularity for

the purpose of programming and data analysis, the data was transformed from irregular

29

altitude coordinates to isobaric pressure coordinates, using pressure coordinate interpolation

to 31 isobaric levels. This creates a standard system of data points for each reading by
creating equal pressure surfaces and the same pressure heights for the top and bottom of the
grid. Geopotential height is still used in calculations over isobaric surfaces as a dependent

variable to pressure.
The isobars range between 950 hPa and 200 hPa, with 25 hPa layers, creating a total of
31 pressure levels from the surface and covering the troposphere and the low stratosphere.

In case the radiosonde data failed to have observations to 200 hPa, missing values were
assigned. The fact that NCL can recognize missing values and automatically ignore them

in any mathematical operations was another reason why this software and data format were
chosen. Occasionally, there were no measurements at height levels between two consecutive

pressure levels. A logarithmic interpolation between existing measurements was made to

accommodate this.
Using this standard pressure system assists analysis in several ways. This coordinate

system has the advantage of allowing easy comparison between different days and pressure

levels, removing the need for density and time-derivative measurements during analysis [Ja
cobson , 2005]. This will help detect stratification and analyze other atmospheric parameters.

For statistical analysis, this coordinate system is used to calculate a 30 years climate mean,

its standard deviations, its skew, and its kurtosis. Here, the standard deviation describes the

inter-annual variability for a given day and sounding at that time of the year. The purpose of
the 30 years climate mean is to determine the background conditions, and then calculate the
anomalies for buoyancy calculations and thus detect significant buoyancy waves. In addition,

reanalysis and/or weather maps from National Centers for Environmental Prediction [2001]
also uses gridded data as isobaric surfaces, and thus makes for easy comparison between

radiosondes and analyzed weather maps. Gridded reanalysis and weather map data uses
isobaric surfaces partly for historical reference, but also because density is implicit in the
governing equations when using pressure as a vertical component [Holton and H akim , 2013].
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Despite the need for logarithmic interpolation for coordinate transformation, there are
some downsides to using this method. Small-scale perturbations may be lost when data is
smoothed. It is possible to decrease the number of pressure levels to avoid the possibility

of there being no measurements between the assigned pressure levels. However, doing so

would smooth the data further. When the spacing is too coarse, available information may
get lost. Increasing the number of pressure levels may require more frequent interpolation

between adjacent pressure levels. Pressure frequency histograms were created in an attempt

to optimize the choice of pressure levels. Further action to optimize these pressure levels was
beyond the scope of this thesis.
Another method to avoid this information loss would be to do readings of raw data on
an equally spaced grid and subsequent moving through spectral and Fourier methods. Such

a method would also catch perturbations from buoyancy waves. However, this method is

not applicable for this thesis' data as each radiosonde provides readings at different levels,
creating computational difficulties. Therefore, this method was not considered in this study.

Another method that was considered was creating a polynomial time series data trend,

and calculating the perturbations from that. While this calculation is possible, it would
have to be computed climatologically to be of significance. While there is merit to using

polynomial fitting, this thesis will focus on the climatological statistics and their veracity.
Instead, this thesis will determine the perturbations from the differences between the

data and the climatology (the anomalies). As such, this thesis will focus on the interpolated
method and deviations calculated through statistical methods, and explore the veracity of
this tactic.

2.5 Variables for Analysis
After the coordinate transformation, more atmospheric variables were calculated to as

sist with analysis of static stability, buoyancy, gravity wave energies, and local uplift. The
resulting data were written into a netCDF file via NCL. Calculations were done via NCL func
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tions unless otherwise stated. The following quantities were calculated: the Brunt-Vaisala
frequency, the Richardson-gradient Number, the static stability parameter, the meridional

wind speed, the zonal wind speed and the vertical wind speed. These quantities were all

calculated over isobaric surfaces. These were calculated using the geopotential height, a

dependent variable of the isobaric pressure surfaces. Were the vertical wind speed calculated

with pressure, the sign would be negative that of the vertical wind speed calculated with
z. A positive vertical wind speed indicates air rising, while positive pressure with negative
vertical wind speed indicates air sinking.
The Brunt-Vaaisaalaa frequency is calculated using the virtual potential temperature, which

was calculated from the potential temperature, which was calculated from the temperature

in Kelvin and the mixing ratio, which was calculated from the relative humidity and the
pressure levels. The potential temperature is the temperature the parcel would be if the

parcel of dry air were expanded or compressed adiabatically to standard pressure at 1000
hPa [Holton and Hakim, 2013]. Thus, standard potential temperature levels could be used.
The Brunt-Vaaisaalaa frequency is computed using Equation 2.1. The higher the Brunt-Vaaisaalaa

frequency, the more stable the atmosphere (i.e., the higher

dθ)

[Hooke, 1986].

The Richardson-gradient number Ri (Equation 2.2) is used to determine atmospheric

stability by dividing stable and unstable shear-regime flows. This results in two ways to

interpret gravity wave generation: through shear instability or through shear forcing, or a
combination of both [Hooke, 1986]. “Convective instability occurs when N2 < 0 and Ri < 0,

while dynamic instability occurs” at the critical Richardson-gradient number, 0 < Rc < 0.25

[Pfenninger et al., 1999]. Otherwise, stratified shear flow is stable [Cushman-Roisin and
Beckers, 2011]. Cases of convective instability can extend beyond regions of instability where

N2 < 0 and thus N alone is not indicative of local instability [Cushman-Roisin and Beckers,
2011]. Thus, the Brunt-Vaaisaalaa frequency was compared to the Richardson-gradient number
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Table 2.3: Static Stability Conditions for dry air.

dzθ
dzθ
dzθ

dpθ
dpθ
dpθ

d

>0

d

< 0

statically stable

d

=0

d

=0

statically neutral

d

<0

d

> 0

statically unstable

to understand the atmospheric stability. Although critical Richardson-gradient numbers can
be as high as 1, this paper will take Rc = 0.25 as the cut-off point for atmospheric instability.

Numbers at or below Rc indicate either wind shear dominating the buoyancy frequency,
or large atmospheric instability as can be observed from negative values of the stability

parameter for dry air,

dθ

[Holton and Hakim, 2013]. The criterion from Holton and Hakim

[2013] is reprinted here in Table 2.3, along with pressure coordinate conditions. During

analysis, there is no significant data point where

dθ

= 0, so analysis will only use the

parameters for static stability and instability.
The two parameters for static stability and Rf are examined to determine whether there

are gravity wave perturbations. Since the stability of the atmosphere can create possible
inversion layers, cases will also be analyzed using skew-T diagrams. These diagrams print the

temperature and dew point temperature together with the vertical profiles of wind speed and

direction. These diagrams can be read to determine characteristics about the atmosphere
such as the strength and location of inversion layers, likelihood of cloud formation, the

location of the tropopause, how adiabatic the atmosphere is, the degree of saturation in
the mixing ratios, and other parameters not discussed in this thesis. The skew-T diagrams

for each sounding of a case were examined for these details, particularly the strength and
presence of inversions and for further details on atmospheric processes.
The vertical wind speed w (Equation 2.3) was manually calculated using the geopotential

height on isobaric surfaces. The i in the equation indicates the index counting time. It
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should be noted that the vertical wind speeds are based on changes in height over each 12
hour period using a backwards finite differences method with respect to time, as typical in

numerical weather prediction models [Jacobson, 2005]. Thus, these values denote a general

geopotential height trend at that time compared to the previous sounding, rather than the
exact vertical wind speed at the time of the sounding. Wind speed will be measured in

meters/hour.

The zonal (Equation 2.4) and meridional (Equation 2.5) wind speeds were calculated via

NCL [National Center for Atmospheric Research, 2019] to allow for plotting and/or calcula

tions that require wind speed S in component form. The wind direction Sd is incorporated
into wind components this way.

Due to the diurnal cycle, a wave-like signal is inherent in the radiosonde data in the

atmospheric boundary layer (ABL). Since the boundary layer height varies with the weather
situation and time of the year, and to avoid diurnal effects being confused with mountain

wave effects, these diurnal signals are considered a source of noise. A 2-soundings running

mean in time was applied onto the dataset at all pressure surfaces to remove signals from
the diurnal cycle. Here 2-soundings-running means indicate that each mean was composed

of the values of two soundings per day, one daytime and one nighttime.
Choosing this running mean method is only inclusive to gravity wave cases that last

longer than a day, or have high enough magnitude or resolution to be read despite the
smoothing. Cases were found that fulfilled these assumptions.
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Once the data was processed, the following variables were analyzed to detect waves: Tem

perature, Dew Point Temperature, Wind Speed, Wind Direction, Relative Humidity, Height,
and the calculated Brunt-Vaaisaalaa frequency, Richardson Gradient Number, and the vertical
wind velocity. These quantities were examined for seasonal trends, large-scale perturbations,

and the whole data trend.
Background data was needed for quantitative analysis such as finding a gravity wave
case and to calculate the perturbations of gravity wave energies. Here it is assumed that

the annual course of the two daily 30 years mean values (the climatology) represents the

mean background conditions. The climatological mean T is used to manually calculate the
deviations from the case quantities (the anomaly) by removing the mean quantity from the

data quantity, as described in Equation 2.6 [Taylor, 1997]. T is given as an example quantity

and all the other anomalies are computed analogously.

T=T-T

(2.6)

To compute the climatology, the IGRA weather data from 1986-2015 was run through

the same FORTRAN90 procedure as before. Then NCL was used to calculate the 30 years
climatological average for each sounding over the annual cycle. This average is used to calcu
late the anomalies and thus the perturbations. Other statistical parameters were calculated

using climatological procedures, including the mean, median, standard deviation, variance,
skew, and kurtosis. The mean and median would be used to determine the perturbations us

ing two different methods of determining the mean. The standard deviation, variance, skew,

and kurtosis will be used to help determine how strongly a case differs from the typical
background conditions. (See subsection: Statistical Methods.)

To calculate the gravity wave energies, this thesis uses an adapted, but similar method

to the one described in Pfenninger et al. [1999], where parameters and perturbations were
defined on a 1-week/500 m vertical grid. In this thesis, gravity wave energies will be defined

only over a 2-step running time average, given the time resolution required to make sense of
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the potentially short case studies and because the vertical resolution was already smoothed
by transformation onto the pressure grid. Gravity wave energy densities are defined through

the sum of the gravity wave potential and kinetic energy densities, which are all defined and
manually calculated using Equations 2.7, 2.8, and 2.9.

Here T0 and N0 corresponds to the background mean temperature and Brunt-Vaisala
frequency, calculated from the climatological mean. The temperature values T must be
computed in Kelvin in order to comply with the mathematical derivations for these equations.
Since the mean Brunt-Vaaisaalaa frequency maintains a consistent order of magnitude of

104, the gravity wave potential energy density relies on the mean of the temperature relative
variance, (T')2. In Pfenninger et al. [1999], the perturbation parameters are defined through
spectral and polynomial fitting. This thesis will be taking a simplified method involving the
climatology of each parameter. Significant deviations from the climate mean will result in

high gravity wave potential energy densities. Because of the imprecise nature of the climate

mean, high peaks in gravity wave energies will be noted for a signal in gravity waves.
There were two possible equations for the potential energy; one is Equation 2.7 that uses
temperature T, and the other is from Holton and Hakim [2013] that instead uses the relative
variance of potential temperature θ. Using the potential temperature relative variance could
have an advantage of having a value compared to the standard pressure in dry adiabatic

air at all levels. However, when this computation was tested, the respective values for the
relative variances of T and θ turned out to be equal, with a difference between them only
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existing by a factor up to 10-5 K, an insignificant order of magnitude for this thesis. For
simplicity and consistency, the gravity wave potential energies were calculated using the

temperature T in Kelvin.
In addition to the gravity wave energies, the buoyancy period was calculated from the
Brunt-Vaisala frequency. The buoyancy period is also the mesoscale timescale of inertia

gravity waves [Lin, 2007]. This is manually calculated using Equation 2.10 to determine the
length of time each buoyancy oscillation was in effect. For easier analysis, this period will

be converted from seconds to minutes. For reference, for the troposphere as a whole, τ ~ 8

minutes [Hooke, 1986], but near Fairbanks the average buoyancy period is TFbx ~ 5 minutes
[Triplett et al., 2017].

There are two ways to confirm the presence of gravity wave characteristics in the atmo
sphere, which include the vertical position of the gravity waves and the presence of trapped
lee waves. This is done through examination of the Equipartition Ratio (EQR) and the
Scorer Parameter l2.
The EQR was used in Smith et al. [2008] as a method to detect partial reflection from

trapped gravity waves. EQR is defined as the ratio between the gravity wave potential

energy PE and the gravity wave kinetic energy KE. Equipartition is the principle where
different types of energy are equal to each other, including the potential and kinetic energy.
The degree of equipartition is defined using Equation 2.11, and can be used as a ratio of

the strength of each gravity wave energy type. Energy is conserved when EQR = 1. In the
upper troposphere , EQR tends to be much less than unity, likely due to the strong kinetic

energy effects from increased wind speeds.
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The Scorer Parameter measures the vertical propagation of waves in the troposphere
[Holton and Hakim , 2013] by evaluating its vertical components with the mean wind flow.

It is determined using the buoyancy frequency scaled with the mean horizontal wind. The

Scorer parameter is manually calculated via Equation 2.12 over isobaric surfaces, with the
running mean wind speed and Brunt-Vaisala frequencies used for calculation. The Scorer

parameter is interpreted by examining its vertical change. A nearly constant Scorer parame
ter with respect to height indicates favorable conditions for vertically propagating mountain

waves [Szmyd , 2016]. A suddenly low Scorer parameter layer surrounded by higher value
layers may be an indicator of trapped lee waves.

These changes are best examined via

contour plots. Large values of l2 may indicate high vertical propagation that lead to wave

breaking in the atmosphere. This interpretation comes from the equation of motion over

simplified sinusoidal topography, referenced in Equation 2.13. From the vertical wind speed
momentum equation, the Scorer parameter modulates the vertical wind speed perturbation.
Note that the Scorer parameter is simplified for the real-world situation, and that there is

no available horizontal component to solve for the vertical wind speed momentum equation.

Further analysis of horizontal gravity wave components needed to explore wave parame
ters and the dispersion relation is limited by lack of horizontal data coordinates. This thesis'
analysis is limited to vertical gravity wave components and parameters for this reason, while

aiming to get as much information from vertical data as possible.
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2.6

Statistical Methods
To examine perturbations and the climate background, the climate mean, standard de

viation, variance, skew, and kurtosis were calculated. Recall that the climate mean was
calculated using the same day for each year over a span of 30 years from 1985 to 2015.
February 29th has a shorter period of time incorporated into the mean, and thus may have

a less accurate climatology. This smaller sample of the climatology will not be explored as

this date is not included in the case studies of this thesis.
To determine statistical significance, a two-tailed Student t-test was performed, following

the procedure described in Taylor [1997]. A Student t-test determines the significance of
the data compared to the null hypothesis, which states that the data for that day matches
the climate background [von Storch and Zwi ers , 1999]. Generic variable calculations are
expressed using x and can be applied to atmospheric parameters analogously. For each data

variable and time, t-values are manually calculated to 95% confidence interval using:

For the sake of incorporating the standard deviations, xbest is defined according to the

95% confidence interval as described in Taylor [1997] in Equation 2.15. Note that this is not
implemented in the data for this thesis so far due to programming limitations. Currently,

xbest is defined as the climatological mean.

The value σSDOM represents the standard deviation of the mean, and is calculated from

the climatological standard deviation as per Equation 2.16. The variable n is the size of the

sample; in this case, they represent 12-hourly calculations over 30 years.
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The significance of the data is determined by the expression tσ, which shows the range

of the discrepancy between the mean value and the data point. Higher values of t indicate
high probability that the data point is inside the range tσ.
The two-tailed probability of the t-values accounts for deviation in either direction, and

is calculated using the error function, an equation handled via a built-in NCL command (see
Equation 2.17).

The confidence level is set to 95%, which is the threshold for the probability of the data

to be outside the range of discrepancy. If this threshold is met, the data values are close to
the mean climatology and are not significant. Data points that do not meet the threshold

and show large discrepancy indicate statistically significant deviations. Significant data can
indicate one of two things. (1) That the data perturbation is indicative of a mountain wave

case. (2) That the climatological mean is not indicative of the background data, and so the
null hypothesis must be rejected.

Errors in reading the background climate are handled in several ways. One is done via

smoothing of data over large periods of time in order to smooth out errors due to variations.
Another way is to incorporate the standard deviation into the calculation of the mean,
creating an expected value. Then, student-t tests are used to calculate probabilities which

are used to examine the data and determine whether significant areas are correlated to peaks

in cases or if they stand alone.
The skew and kurtosis of the climatological mean distribution was interpreted according

to Moolders and Kramm [2014], and was calculated using NCL statistics functions [National
Center for Atmospheric Research, 2019]. The skew is the third order moment of the 30 years
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climatological input and is defined as the direction and degree of asymmetry of the climate

mean distribution; that is, when the skew is much larger than the standard deviation of the
distribution. The kurtosis is the fourth order moment of the input, and is a measure of how

peaked or flat the distribution is compared to the normal distribution. Positive kurtosis is

when the distribution is more peaked and is referred to as leptokurtic. Negative kurtosis

is when the distribution is more flat and is referred to as platykurtic. Neutral kurtosis is
closer to normal distribution and is referred to as mesokurtic [Molders and Kramm, 2014].
The skew and kurtosis are known as shape parameters [von Storch and Zwiers, 1999]. These

values will be plotted for each case to determine which way the data is biased, and thus
account for this when analyzing the direction and degree of perturbation.

2.7

Finding Case Studies

In order to pick out case studies, two methods were used. The first cases were acquired
through three steps: looking directly for (lenticularis-type) clouds or clouds induced by
gravity waves, which would show that there is a current case in the area. This identification

of cases was assisted by two steps. The first was by accessing the Micropulse Lidar Network
(MPLNET) to look at lenticularis cloud type data over Fairbanks, and check for signs of

waves in clouds.
The second step was by accessing the NOAA/ESRL reanalysis data in order to show the

change in geopotential height over Alaska. (NOAA/ESRL Physical Science Division, Boulder

Colorado is available at their Web site: https://psl.noaa.gov/cgi-bin/data/narr/plotday.pl.)
The reanalysis data was analyzed for pressure gradient winds, or winds that would travel

from high pressure areas to low pressure areas. Cases were narrowed down and considered
if there was evidence of wind coming from the Alaska, Brooks, or eastern mountain ranges.

These initial steps helped form the first few cases that were considered and tested.
A more robust test using data was created and used in order to detect more cases with

stronger evidence, and to examine and narrow down discovered cases. A running mean
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of the data over 1 day was created in order to remove diurnal variation and then detect
peaks. By examining the time series of the running mean of the calculated Brunt-Vaaisaalaa
frequency, peaks in the data could be detected, indicating that there is buoyancy activity

in the atmosphere. Once a list of prominent peak ranges was created, wind roses for each

potential case were plotted in order to determine the wind direction in these cases. This
procedure was to confirm that the wind was coming from the surrounding mountain ranges in

question. This method was also used to narrow down time ranges that were large enough to
include wind from unrelated parameters. Once the list was further narrowed and confirmed,
each of the variables along with the Richardson-gradient number, Rf were analyzed. The

plot of wind bars overlaid over wind contours helped confirm the wind direction as a result
of N during ambiguous cases that were not sufficiently explained by wind roses.

By comparing the geopotential height, the relative humidity, the wind speed, the vertical
wind speed, and the Richardson gradient number, patterns could be seen from each variable

and how they connected to the buoyancy frequency. This analysis was used first to finalize

potential cases, and then used again for further study.

In addition to these methods, the presence and effect of a jet stream was analyzed. The
presence of a jet stream over the area may indicate either strong westerly winds, or if it

passes over a mountain range, may indicate a strong mountain wave case. The jet stream

is determined by examining pressure vs. time contour plots that measure wind speed, and
then comparing with the correlated 300 hPa weather map from NOAA/NCEI Global Data

Assimilation (GDAS) model archive. The jet stream over Alaska is at about 250-300 hPa

height, and the jet stream is measured at speeds over 70 knots, or 30 m/s [Bluestein, 1986].
At 250-300 hPa height, wind speeds that remain consistently strong at or above this speed

indicate a jet stream.

Cases that confirm the presence of a jet stream are examined with a weather chart, taken

from NOAA's NCEI GDAS model weather map archive. Two maps were examined to help
determine case studies and details of each. These are northern hemisphere 300 hPa charts,
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and the surface analysis over Alaska. The surface analysis charts will help determine the
area's weather conditions and influential weather before it reaches the Fairbanks area.

By examining the 300 hPa charts over Alaska for each sounding, the location and wind

direction of the jet stream was determined, and then confirmed with prior analysis of wind
direction and the wind speed's magnitude. Each case will note whether or not a jet stream
passed over the Brooks or Alaska Range before reaching the Fairbanks area, and will be

considered in mountain wave analysis. If a jet stream does not cross over a mountain range
before entering the Fairbanks area, it will be considered a non-mountainous wave case.
This thesis mainly used the second method by locating peaks in N, examining wind
vectors, and using weather maps to confirm and examine cases. Several possible case studies

were extracted this way. This thesis will examine two case studies; one frontal motion case

in December 2016, and one case of multiple parameter perturbations during December 2017.
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Results

3.1 Overview
To isolate cases for study, one-day running mean plots of each variable were examined

for wavelike structures. In particular, the strong presence and anomaly of the Brunt-Vaaisaalaa

frequency was examined. Then, atmospheric parameters were examined to understand the
correlation between their changes and presence of mountain waves.

Statistical variables

were calculated and analyzed alongside the data. The statistical analysis uses the 30 years
day-hour climatology calculated for the 1986-2015 period as the reference or base state; any
reference to the climatology indicates that the values are from this 30 years mean. For

anomalies, the difference is with respect to the 1986-2015 climate mean.

It was also important to test each potential case with other factors, such as the weather

conditions of the time. In particular, each potential case must be examined for the presence
and direction of high-altitude winds that constitute the jet stream. The jet stream was
examined by use of the running mean plot of the wind speeds for that case, and determining
if the wind speed at 300 hPa ever exceeds 30 m/s. The wind contours were then checked with

a map generated by NCEI to determine the global circulation of the jet stream, and if the
jet stream crosses over a mountain range before going over Fairbanks. Since the Arctic jet

stream is a westerly flow, the jet stream can only cross over from the Pacific Ocean to the
Brooks Range, Alaska Range, or unrelated areas west of Fairbanks.

It was discovered when isolating several cases that all potential cases had the jet stream
running over the Brooks or Alaska Ranges. Potential cases that didn't have this condition
had weaker mountain wave conditions, or were not a case of mountain waves in Fairbanks.

For ease of study, only strong cases that had the Arctic jet stream cross over the Brooks or

Alaska mountain ranges or strong frontal cases to compare with were considered.
The mountains in the Alaska Range have a height average of ~2-4 km (775-600 hPa),

while Denali stands 6.19 km tall reaching to the ~425-450 hPa surface depending on the syn
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optic situation. While this thesis studies the whole troposphere as recorded by radiosondes,
there will be particular attention to these heights, along with the jet stream height of 300
hPa∕~9 km. Note that even if the wind direction is found to come primarily from Denali,

this fact cannot be fully validated without topography analysis, which is beyond the scope
of this thesis. Thus, mountain wave cases are taken from a general area, and the average

height of mountains from that range is considered for analysis of mountain waves.

In this thesis, two case studies are presented. One is a frontal motion case from 2016
December 21-27. This case shows similar effects to what is being studied without necessarily

being caused by mountain waves, as the wind is dominantly westerly. The December 2016

case will be compared to the second and primary case, which occurs with multiple peaks

over a period of 2017 December 4-11. The December 2017 case shows multiple iterations
of mountain wave effects over the period of one week. All cases will be compared to the
background 30 year climatology.

3.2

Case Study: Alaska Range Jet Stream: 2017 December 4-11

This case is marked by several visible wave-like structures in the weather data, and large
peaks in the Brunt-Väisälä frequency, along with periods of atmospheric instability. This
case is the primary focus of this thesis. Each peak is examined individually, and the entire
case period is examined as a whole. The date range 2017 December 1-15 is also examined in
order to compare the weather conditions before and after the gravity wave event. Hereafter,

this case study will be referred to as the December 2017 case.
The case was identified while examining the whole 2016-2017 dataset and seeing strange

appearances in the variables, mainly the Brunt-Vaaisaalaa frequency. A peak in the BruntVaaisaalaa frequency was examined further using its 1-day running mean value, visible in Fig

ure 3.1. Higher values of the Brunt-Vaaisaalaa frequency can be seen in multiple locations, with

peaks at three points in time; two are around the 300 hPa altitude on the 5th at 0000 UTC
and the 9th at 0000 UTC, and one is around the 400 hPa altitude on the 7th at 0000 UTC.
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Figure 3.1: Running Mean Contours and Data at 300 and 500 hPa for the Brunt-Vaisala
frequency during the December 2017 case.
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Wind Rose: 2017/12/04/00 - 2017/12/11/00

Figure 3.2: Wind Rose for December 2017. Winds during this case are from the southwest
and the southsouthwest, and thus from the Alaska Range.
Before cases can be examined, they must be assessed for mountain influence. This is
done using jet stream wind analysis and surface map analysis. The wind speed at 300 hPa is

of particular importance as it is a strong indicator of the presence of the jet stream. There

is a period of high wind speeds greater than 30 m/s that lasts between the 6th at 0000 UTC
and the 9th at 0000 UTC.
A wind rose is generated to analyze the possible jet stream wind, specifically by determin
ing the wind's origin over multiple days and determining the strength of a possible mountain

wave case. The wind rose determines the strength and direction of wind at all altitude levels
over the case period (Figure 3.2). This rose shows dominant wind speed magnitudes up to
60 — 70 m/s
s , and dominant wind directions from the southwest and southsouthwest. These
wind directions indicate that the jet stream enters the Fairbanks area after crossing over the

Alaska Range. Further, the mostly southwestern wind directions indicate that Denali could
be a possible source of perturbation for mountain waves in Fairbanks. This case considers

the Alaska Range mountains or the Ester Hills directly south of Fairbanks as the sources of

any possible mountain wave propagation.
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Figure 3.3: Segments of NCEI Global Data Assimilation Model 300 hPa surface maps for the
December 2017 case. Includes one map each before (a) and after (f ) the event, and 4 maps
during the event (b-e). Shaded areas indicate where wind speeds are or exceed 30 m/s, i.e., a
jet stream. Pressure contour lines indicate the direction of westerly flow. These maps show
the development of the jet stream crossing over the Alaska Range into Fairbanks, confirming
the jet stream effect during this case.
To confirm that the jet stream crossed over the Alaska Range (strongly indicating moun

tain wave perturbation due to the jet stream), NOAA NCEI maps were accessed for the

period between the 6th at 0000 UTC and the 9th at 0000 UTC (Figure 3.3). These maps
confirm that the jet stream crosses the Alaska Range, and thus confirms the possibility of

mountain wave perturbation. With confirmation of the jet stream location and possible air

perturbations from the Alaska Range, the case study can proceed.
Data was analyzed and variables compared using contours.

An overview of contour

plots of the data smoothed to 1-day running means for the December 2017 case can be
found in Figure 3.4. Variables examined in particular for gravity wave analysis were the
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Figure 3.4: Contours for 2017 December 4-11, with diurnal variations smoothed out on
pressure coordinates as obtained for temperature, dew point temperature, relative humidity,
geopotential height, wind speed with wind bars, and vertical wind velocity (m/hr)∙

temperature, relative humidity, and wind speed. Figure 3.5 shows similar plots for the first
half of December to compare the case to surrounding temporal weather conditions.

The temperature and dew point temperature indicate a cold period at the beginning of

December before the case start date of December 4th. After this date, there are oscillatory

peaks in the temperature until the end of the case period on December 11th. The oscillatory
peaks in temperature occur on the 4th at 1200 UTC, 6th at 0000 UTC, and 8th at 0000
UTC. They are associated with relatively warmer air. Between these peaks are instances of

relatively lower temperature values on the 5th at 1200 UTC, the 7th at 0000 UTC, and the
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Figure 3.5: Contours for 2017 December 1-15, with diurnal variations smoothed out as
obtained on the pressure coordinates for temperature, dew point temperature, relative hu
midity, geopotential height, wind speed and wind bars, and vertical wind velocity (m/hr)∙
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9th at 0000 UTC. After the 9th, the temperature stabilizes and stays consistent at a higher

than climatological value than before.

Comparison of the temperature data with Figure 3.6 for statistical analysis reveals the
following. At 500 hPa, the temperature has a climatological mean about -31 oC. The data

during the case time shows overall lower temperature, but ranges between -22.7 oC and
-36.2 oC . This cold period is reflected in the anomalies relative to the climatology, with

the exception of a warm peak on December 8th. There is a positive standard deviation over
the oscillating case period from 4th to the 9th. The skew is positive in the mid-troposphere
by about 1 oC. According to the kurtosis, there is more “peakedness” from the 6th to the
end of the case, with the most prominent time being around the 8th. The peak of both the

dewpoint and air temperatures around the 8th indicate the effects of a prominent wave that
precede or occur on that day.

Analogously, the perturbed temperature peaks at the beginning of the case are seen in

the dew point temperature as well (Figure 3.7). The average 500 hPa climatological mean for
dew point temperature Td is -40 oC , while the case data ranges from -25.2 oC to -53.5 oC.

Agreement between T and Td will be explored in later skew-T plots. There are dominating
warm anomalies from the climatology. This comes with positive standard deviations and
small positive skew for all but the 8th to the end of the case in the lower troposphere. The

kurtosis indicates general “flatness” of Td throughout the case, except for peaks from the
8th to the end of the case at 850-700 hPa.

Relative humidity (Figure 3.8) shows high values and strong anomalies at the same time
as when the temperature (Figure 3.6) showed peaks.

There is high deviation from the

climatological mean of RH as seen from the standard deviations, but more “flat” kurtosis

from the climatology. There is a high RH skew on the 8th from the climatology of about
1%, but the data is not overall affected by this skew. Following the 8th, relative humidity

is lower than before. The decrease in relative humidity is due to the warmer, more stable
weather conditions.
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Figure 3.6: December 2017 Case Temperature Anomalies.

52

Figure 3.7: December 2017 Case Dew Point Temperature Anomalies.
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Figure 3.8: December 2017 Case Relative Humidity Anomalies.
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The wind direction climatology is not shown as the wind direction has already been
analyzed using the wind rose and GDAS maps, and is included as wind bars in the wind

speed plot. The wind direction is still incorporated when calculating the zonal and meridional
components u and v in order to later plot the gravity wave energies. Winds (Figure 3.9)

began westerly until the start of the case period, after which the winds turned southwesterly,

and remained so after the case period. The wind speed magnitude shows strong correlation
with high wind speed anomalies in the upper troposphere due to the presence of the jet
stream from the 6th at 0000 UTC and the 9th at 0000 UTC. Recall that the jet stream is

indicated in the plot for measurements where s > 30 m/s at 300 hPa. There are very few
indications of climatologically high surface wind events, indicating that as typical in the

atmospheric surface layer and boundary layer, wind speed depends on local conditions.
The geopotential height z anomalies indicate low geopotential height at a wide range of

pressure levels at the start of the case (see Figure 3.10). As the time moves forward towards

the 9th, the geopotential height gradually increases. This indicates a low pressure system

moving towards or developing in the upper troposphere, but localized high pressure remains
at the surface. Despite the low z anomaly at high altitudes around the 5th, the climatology
also shows high positive standard deviation and skew as well as more peaked kurtosis. This
finding indicates that according to the climatology statistics, pressure strongly varies at this

time of the year in the area. Through the whole case, while the perturbations seem subtle in

the data, there are slight z perturbations compared to the mean, which could be indicative
of buoyancy oscillations.

For a more meaningful analysis of geopotential height changes over the time, refer to the
vertical wind speed from Figure 3.11. The climatological mean of the vertical wind speed
in

m/hr

indicates very little change, around 0 — 0.5 m/hr The kurtosis shows only a peak in the

climatology during the 7th at 1200 UTC to the 9th at 0000 UTC and during the 10th. There

is oscillating skew between the 7th at 0000 UTC to the end of the case that may affect the
magnitude of anomalies. Through the data, there are peaks and troughs in the anomaly.
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Figure 3.9: December 2017 Case Wind Speed Anomalies.

56

Figure 3.10: December 2017 Case Geopotential Height Anomalies.
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Figure 3.11: December 2017 Case Vertical Wind Speed Anomalies.
Recall that these vertical wind speeds are calculated in terms of geopotential height on

isobaric surfaces over every 12 hours, and indicate the change in geopotential height over the
previous 12 hours.

There is high vertical wind speed anomaly on the 5th at 1200 UTC from the surface to
700 hPa and on the 7th at 1200 UTC from 500 hPa to the tropopause. Surrounding the
7th at 1200 UTC, there is strong negative vertical wind speed anomaly on the the 6th at

1200 UTC and the 8th at 1200 UTC. These large changes are affiliated with the jet stream
crossing over the area from the 6th at 0000 UTC to the 8th at 1200 UTC.
Recall the following three parameters that were calculated to examine the buoyancy

and the static stability: The Brunt-Vaisala frequency, the Richardson-gradient number, and
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Figure 3.12: Static Stability Variables for 2017 December 4-11, with diurnal variations
smoothed out. Describes the Brunt-Vaisala frequency, the Richardson-gradient number,
and the static stability parameter.

the static stability parameter

dθ.

These parameters are evaluated together and shown in

Figure 3.12 and Figure 3.13.
Negative values of

dθ

indicate static instability, but there are no negative values of the

static stability parameter in this case (and for most of the full dataset). Thus, the tropo
sphere is mostly statically stable. Higher values of the static stability parameter indicate

higher static stability, and potentially stronger atmospheric stratification. A statically stable

atmosphere permits use of the Brunt-Vaaisaalaa frequency. All N > 0, and thus all N 2 > 0.
This condition confirms that the atmosphere has local static stability or near neutral static

stability [Cushman-Roisin and Beckers , 2011].
The Brunt-Vaaisaalaa frequency shows small, but frequent changes at all altitudes. There

is a region of high Brunt-Vaaisaalaa frequencies between 350-300 hPa, which for this latitude is
approximately the location of the jet stream and the tropopause. The Richardson-gradient
numbers remain high, indicating statically stable conditions. During the case period, there
are several Ri oscillations near the surface, around 350 hPa, and at some spots between the
surface to 400 hPa. Recall that the threshold for the critical Richardson-gradient number

and thus dynamic instability is 0 < Rc < 0.25. The Rc for convective instability is when
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Figure 3.13: Static Stability Variables for 2017 December 1-15, with diurnal variations
smoothed out. Describes the Brunt-Vaisala frequency, the Richardson-gradient number,
and the static stability parameter.
Ri < 0. Since there are no values where Ri < 0 in this case or surrounding the case, there

is no convective instability. This indicates a case of dynamic instability.
To further examine static stability, inversions and the tropopause height are examined

through Skew-T plots for each date, which are visible in Figure 3.14. Throughout, there is
mostly high humidity where the T and Td data lines are close, albeit with periods of low

humidity. The values of relative humidity during these periods and heights can be examined

more quantitatively in Figure 3.8. Small inversions can be seen through all the period's

radiosonde data. Note that such small multi-layers are not uncommon in the Fairbanks area
in the winter [Molders et al., 2011] [Mayfield and Fochesatto, 2013].
The case starts with low temperatures, but after the 8th at 0000 UTC, there is a dramatic
temperature increase, followed by stronger and more dramatic inversions. Several strong

notable inversions are visible between 600-450 hPa on the 8th at 1200 UTC. Towards the end

of the case, more inversions remain, and the temperature has smaller oscillations with higher
average temperature compared to the climate mean and the days prior to the wave event.
This finding is consistent with what is seen on the temperature contours in Figure 3.4.
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Figure 3.14: Radiosondes for each sounding during the case period. Note the sudden tem
perature increases at particular altitude ranges, which indicate inversion layers
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Both the temperature and dew point temperature peak on the 8th at 0000 UTC, which
show a notable temperature increase from previous comparatively colder conditions. The
variables on that day indicate at 500 hPa, dramatic increases in temperature (-25.4 oC ,

a 12-hour change of ∆6.0 oC ), dew point temperature (-28.8 oC, a 12-hour change of

∆14.6 oC), relative humidity (73.4%, a 12-hour change of 43.5%), and Brunt-Vaisala fre
quency (0.01291 s-1, a 12-hour change of 0.0046 s-1). Vertical velocity (geopotential height

change) was negative. Anomalies show that geopotential height is high at this time except

for the anomaly on the 8th at 1200 UTC below 500 hPa. This condition coincides with
Richardson-gradient numbers below the critical point at about 800 hPa and the layers below
this height, indicating buoyancy instability. This finding suggests low pressure in the upper

troposphere, but high pressure in the low altitudes below 500 hPa. This indicates influence

not just from the global circulation, but from the jet stream and mountain wave effects.
The significance of the data versus the climatological mean has been evaluated using the
student-t test, and then the probabilities calculated using the error function. The proba
bilities can be seen in Figure 3.15. Recall that non-significant values indicate data that is

close to the climatological mean. Values that are significant indicates either a perturbation
of the variable or data that cannot be representative of the anomaly. Significant data will
be used to indicate areas of possible perturbations and cross-referenced with contoured data

to determine perturbations (Figure 3.4).
The areas of significance relative to the high temperature peaks are examined on the 4th
at 1200 UTC, 6th at 0000 UTC, and the 8th, and the low temperature troughs on the 5th
at 1200 UTC, 7th at 0000 UTC, and 9th at 0000 UTC. On the 4th at 1200 UTC, there is
statistically significant deviation from the climatology in the T, Td, w, and the N values

from 600-300 hPa. On the 5th at 1200 UTC, there is statistical significance in the upper
troposphere for T, Td, S and w. On the 6th at 0000 UTC, there is statistical significance

only in the upper troposphere, save for the N, where statistical significance is found in the
lower troposphere. On the 7th at 0000 UTC, there is statistical significance in the mid-upper
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Figure 3.15: December 2017 Case t-test probabilities for each prominent variable. Values
that are not significant indicate data that is close to the background climatology.
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atmosphere for Td and s, at the surface for N, and through most of the troposphere for w.

Between the 8th at 0000 UTC and the 9th at 0000 UTC (the period of the most prominent
temperature peak), there is statistical significance in all parameters except for wind speed

at the ABL and some sparse areas of N. A notable exception to this statistical significance

is with z on the 8th at 1200 UTC below the ABL, where there is a period of statistical
insignificance, one that is not shared with w at the same time and height. This exception

indicates surface-localized effects at the highest temperature peak on the 8th at 1200 UTC.
Data portions that are not statistically significant indicate parameters that are not differ

ent from the background climate within the confidence interval. Small portions of statistically

significance could indicate local propagations or data that is not matching the climatology

for reasons that are not indicative of mountain waves. For the period between the 8th at 0000
UTC and the 9th at 0000 UTC, there is high statistical significance above the atmospheric

boundary layer, around the same time that a jet stream crosses over Fairbanks and causes
a warm event. These deviations are from large perturbations in the data, and not simply
local trends or systematic errors, for they are correlated with significant local events.

To conclude the presence and effect of gravity waves, gravity wave energies were calculated

using the climate mean and the perturbations/anomalies. The perturbations and relative
variances were averaged over a 1-day running mean in order to get the relative variances of

the temperature and zonal and meridional wind speeds (see Equation 2.7 and Equation 2.8).
Each of the gravity wave energies can be seen in Figure 3.16. Their buoyancy periods and
equipartition ratios can be seen in Figure 3.17.

There are high gravity wave kinetic energy values in the upper troposphere/lower strato
sphere at 2017/12/06 1200 UTC through 2017/12/08 0000 UTC, on the order of magnitude

of 103

j/kg

for the kinetic energy. These values correspond with the jet stream velocities at

this time. The gravity wave potential energy peaks at about the 350-500 hPa area, on the
4th at 0000 UTC, 8th at 0000 UTC, and 11th at 0000 UTC. For this case, this thesis will

focus on the peak on the 8th at 0000 UTC. There is also increased gravity wave potential
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Figure 3.16: December 2017 Case Gravity Wave Energies and Equipartition Ratio.
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Figure 3.17: December 2017 Case Buoyancy Periods and Scorer parameter. Brunt-Vaisala
frequency is included for comparison purposes.
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energy below each temperature peak, with changes valuing up to order of magnitude 102

.

J/kg

The increase in gravity wave potential energy follows the jet stream crossing, indicating the

possibility that the jet stream affected the gravity wave potential energy density and any
perturbations in other atmospheric variables.
Recall that the average buoyancy period is about τ = 8 minutes, or τ = 5 minutes for the

Fairbanks area. The climatological buoyancy period tends to be lower near the surface and
near the stratosphere, and is ~ 101 minutes higher between 725-425 hPa. There are several

points where the calculated buoyancy periods for this case are higher than the average or the

background. There are large buoyancy periods at various altitudes around the temperature

peaks or troughs except for the 7th at 0000 UTC. In general, longer buoyancy periods are
found closer to the surface, before and after the peak in gravity wave energy. Other points
of higher periods are found aloft, downwind, or following the peaks of gravity wave potential
energy. Higher gravity wave energy (Figure 3.16) corresponds with a lower buoyancy period

(Figure 3.17) in the area of the gravity wave itself.
The equipartition ratio EQR is near unity close to the tropopause. Close to the surface

and in the mid-troposphere, there is a higher ratio of gravity wave potential energy vs.
kinetic energy and thus high EQR. There is an EQR peak at 450 hPa from the 5th at 0000

UTC to the 8th at 0000 UTC, after which the EQR significantly peaks in the 850-600 hPa

region. The lower altitude peak corresponds with the gravity wave potential energy, while
the higher altitude peak corresponds with the gravity wave kinetic energy above; both EQRs
are below the actual altitudes of the gravity wave energy events. Consistently higher gravity
wave potential energy remains in the lower troposphere following the December 8th gravity
wave event, and perturbations in the EQR can be seen in the upper troposphere.

There are several gravity wave peaks and evidence of buoyancy periods following the
temperature extremes in the case period. The most pronounced peak is on December 8th.

On this day, the Richardson-gradient number is closer to critical near the surface, indicating
dynamic instability. Further, that day is when the gravity wave potential energy is at its
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highest, and is only 100 hPa below the jet stream and the source of gravity wave kinetic
energy. The Brunt-Vaaisaalaa frequency N peaks for the mid-troposphere at around 500 hPa,

which is within the range for Alaska Range mountain peaks. Since the gravity wave potential
energy and the Brunt-Vaaisaalaa frequency remain at about the 500 hPa level, gravity wave
energies are likely trapped at this height due to stable stratification.
The Scorer parameter l2 is used to help confirm the location of trapped gravity wave

energies.

Recall that a consistent and low Scorer parameter throughout the atmosphere

indicates favorable conditions for vertically propagating waves.

Scorer parameter values

that suddenly decrease with height indicate the possibility of trapped waves due to how they

modulate the vertical wind speed.
From Figure 3.17, the Scorer parameter is consistently low through most of the atmo
sphere. There are spots through the case study where the Scorer parameter is much less

than its surroundings (and are where l2 < 0), indicating the possibility of vertically trapped
waves. Where l2 < 0, changes in horizontal wind dominates the effects of

N2,/u3 indicating

strong wind shear effects that trap gravity wave energies.
The most prominent spot of decreased Scorer parameter is at the same point of the

Brunt-Vaaisaalaa frequency peak and buoyancy period trough on 2017/12/08 1200 UTC, at

500 hPa. The suddenly low Scorer parameter and the local Brunt-Vaaisaalaa frequency peak

help confirm the presence of trapped waves. There are several smaller areas of suddenly
low Scorer parameter throughout the middle troposphere. These small areas are found to

be below spots of high N and above spots of low N, though this is not true for all negative
Scorer parameter cases. Spots of low Scorer parameter are associated with high Brunt-

Vaaisaalaa frequency and low wind shear. These spots may also be found below areas of high

wind speed, particularly below the jet stream. (Figure 3.9 and Figure 3.17.)
Near the surface at 2017/12/09 0000 UTC, there is a suddenly high Scorer parameter by a

factor of ~ 101

1/m2

near the surface. This is associated with high Brunt-Väisälä frequency and

static stability and low surface wind speed, and occurs with a decrease in surface pressure.

68

The cause of this gravity wave event can be attributed to the jet stream, which had spent

several days crossing over the Alaska Range into Fairbanks, and a strengthened pressure low
in the area. The buoyancy waves had to travel over the Alaska Range and the Ester Hills
in order to enter Fairbanks, and thus buoyancy effects were sustained. At 500 hPa, this
buoyancy created a peak in temperatures, low relative humidity above a region of high
relative humidity, and lower geopotential height. There is also increased temperature (above
the freezing point of 0 oC at the surface), dew point temperature, relative humidity, and

surface wind speeds, particularly on the 8th at 1200 UTC. This indicates that an inclement

warm and wet weather event happened on this day unique to the subarctic December climate
in Fairbanks.

3.3

Case Study: Frontal Motion: 2016 December 21-27

This case is marked by a sudden increase in temperature starting on December 24th,
indicative of a warm front. During this time, there is evidence of static stability, represented

by high Richardson-gradient numbers and high Brunt-Vaisala frequency values along the
surface. While not strictly a case of mountain waves, this case is presented as a method of

comparison to the December 2017 case.
The N running mean peaks can be seen in Figure 3.18. Through it, there are peaks in N

on December 24th at around 800 hPa, 700 hPa, and 400-300 hPa, and then again the next

day at 600 hPa. There is also a dip in Brunt-Vaisala frequency near the surface (~900 hPa)
on the 24th.
A wind rose was used to determine the dominant magnitude and direction of the wind.

The wind rose (Figure 3.19) for the whole case shows wind directions predominantly from the

west and the southwest. The bottom rose was created for just the 24th-25th to determine from

which direction the shift came from. This rose indicates winds from the west and west-south
west. These directions are not directly from any mountain range, nor are there prominent

mountains to the west of Fairbanks that would create notable mountain waves. Thus, the
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Figure 3.18: Running Mean Contours and Data at 300 and 500 hPa for the Brunt-Vaisala
frequency during the December 2016 case.
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increase in static stability at this time and the shift in parameters is best explained by a

warm front and the influence of a jet stream. This case will still be examined as a comparison

to other mountain wave cases.
GDAS maps were recovered for this case to interpret the direction of the jet stream. Six

maps were extracted from the case period to demonstrate the path of the jet stream between

December 23-25th (Figure 3.20). There are high pressure contours crossing from the Pacific

Ocean over Alaska, with westerly jet stream flow. It can be seen from the figure that the jet
stream winds crossed from the mountain-less west (with the possible exception of the 24th

1200 UTC), before high pressure enters Alaska. These maps demonstrate that this case is
not a mountain wave case, but it will be examined as a jet stream and gravity wave case in
order to distinguish from the December 2017 mountain wave case.
The temperature, dew point temperature, and pressure (Figure 3.21) were gradually

decreasing until the 24th at 0000 UTC, after which there was a peak in temperature. In

the time leading up to this, the relative humidity was also decreasing except for two peaks
at the surface on the 22nd at 0000 UTC and the 24th at 0000 UTC. Between 200-400 hPa,

the wind speed indicative of a jet stream was present from the 23rd at 1200 UTC and the

24th at 1200 UTC. The vertical wind speed shifted on the 24th with the arrival of the warm
front and increase in pressure, indicating new downwind motion. There is indication of a

correlation between the arrival of a warm front and the arrival of the jet stream.
The temperature (Figure 3.22) starts off decreasing, with the exception of temperature

increase near the surface on the 23rd at 0000 UTC. After the frontal passage on the 24th,

the temperature peaks, indicating a warm front. As indicated by the skew and standard

deviations, the change cannot be explained by statistical bias.
The dew point temperature (Figure 3.23) follows analogously to the temperature trend,

except for the dew point temperature decrease near the surface on the 23rd at 0000 UTC.
Inversions are weak for most of the case as confirmed by later Skew-T plots. There is positive
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Figure 3.19: Wind Roses for December 2016. Top rose represents winds from the entire case.
Bottom rose indicates the wind direction during the shift due to the influence of a warm
front. Winds are from the W and WSW, and indicate influence from the jet stream and the
Coriolis force, but not any particular mountain range.
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Figure 3.20: Segments of NCEI Global Data Assimilation Model 300 hPa surface maps for
the December 2016 case. Shaded areas indicate where wind speeds are or exceed 30 m/s, i.e., a
jet stream. Pressure contour lines indicate the direction of westerly flow. These maps show
the crossing of a jet stream from the non-mountainous west. There may be some indirect
jetstream effects on the 24th, but this case should be considered a non-mountainous case of
gravity waves.
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Figure 3.21: Contours for 2016 December 21-27, with diurnal variations smoothed out on
pressure coordinates as obtained for temperature, dew point temperature, relative humidity,
geopotential height, wind speed with wind bars, and vertical wind velocity (m/hr)∙ The grey
black area indicates missing data.
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Figure 3.22: December 2016 Case Temperature Anomalies.
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Figure 3.23: December 2016 Case Dew Point Temperature Anomalies.

standard deviation and skew throughout the case, indicating a warm climatology bias. This
bias is still offset by strong positive anomalies.

The relative humidity (Figure 3.24) remains high throughout the case, with only devia

tions on the 23rd at 0000 UTC and the 24th at 1200 UTC (except below 850 hPa, the ABL).
The deviations in relative humidity are overall not indicative of buoyancy effects.
The horizontal wind speed (Figure 3.25) is mostly calm throughout. Winds near the

surface start weak, then increase with the jet stream and the front on the 24th. Winds

remain mostly calm after the front passes, but is higher in magnitude compared to the start
of the case. The largest increase in wind speed happens on the 24th, when the jet stream
crosses the area; this results in an increase in wind speed at nearly all levels. Wind speeds
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Figure 3.24: December 2016 Case Relative Humidity Anomalies.
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Figure 3.25: December 2016 Case Wind Speed Anomalies. The grey-black areas indicate
missing data.

cannot be confirmed for the 27th due to missing data, but surrounding data indicates a wind

speed decrease after the brief positive deviation in wind.
The geopotential height (Figure 3.26) decreases with increasing pressure in the days
leading up to the frontal event on the 24th, then increases with decreasing pressure. There is

columnar low pressure from the 23rd at 0000 UTC to the 26th at 0000 UTC, with geopotential
height at its highest during the arrival of the warm front on the 24th. There is a high positive

skew and kurtosis during this peak time that could bias matters.
The vertical wind speed (Figure 3.27) is positive (indicating upward winds and decrease

in pressure) until the frontal event on the 24th, after which the vertical wind speed is negative
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Figure 3.26: December 2016 Case Geopotential Height Anomalies.
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Figure 3.27: December 2016 Case Vertical Wind Speed Anomalies.
(indicating downward winds and increase in pressure). This decrease in vertical wind speed

is contrary to the mean, skew, and kurtosis, which would indicate upward wind speed during
this time. Thus, there is indication of frontal motion influence from a pressure high moving

into the area, which is consistent with the geopotential height deviations (Figure 3.26) and
the GDAS map contours (Figure 3.20).

To examine the static stability parameters, refer to Figure 3.28.

The Brunt-Vaisala

frequency is consistently low throughout, but peaks through the middle troposphere on

the 24th at 0000 UTC. The exception to this trend is at the surface, where the BruntVaaisaalaa frequency decreases. Near the tropopause on the 24th at 1200 UTC, the BruntVaaisaalaa frequency suddenly but briefly decreases. Similar findings are seen with the static
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Figure 3.28: Static Stability Variables for 2016 December 21-27, with diurnal variations
smoothed out. Describes the Brunt-Vaisala frequency, the Richardson-gradient number,
and the static stability parameter. The black area indicates missing data.

stability parameter; the atmosphere is statically stable throughout by this parameter. The
Richardson-gradient number is high throughout, indicating and confirming static stability.

There is lower Richardson-gradient number on the 25th at 0000 UTC, but not below the

critical Richardson-gradient number level.

While there is activity on the 24th-25th , the

atmosphere is statically stable with few buoyancy events.
Skew-T plots are used to examine static stability, inversions, tropopause height, and the

location of the atmospheric boundary layer. For the December 2016 case (Figure 3.29), there
are no significant inversions until the 22nd 1200 UTC, then again on the 24th 1200 UTC. This

is consistent with the static stability (Figure 3.28), which is consistent until the 24th at 0000
UTC. The ABL remains consistently at 850 hPa until the 27th at 0000 UTC, after which the

ABL increases to 800 hPa, occurring after the front and high pressure system moves into
Fairbanks. The tropopause varies between 300-250 hPa except for on the 24th at 1200 UTC,

when the tropopause decreases to 450 hPa.
Before the frontal event on the 24th-25th, there is statistically significant T data in most

of the troposphere. Geopotential height data is statistically significant until the 22nd at 1200

UTC, and the shift during the event has statistically insignificant data in z and w. The
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Figure 3.29: Radiosondes for each sounding during the case period. Note the sudden tem
perature increases at particular altitude ranges, which indicate inversion layers.
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Figure 3.30: December 2016 Case t-test probabilities for each prominent variable. Values
that are not significant indicate data that is close to the background climatology. The
grey-black area indicates missing data.
wind speed is statistically significant in the upper troposphere until the 23rd at 1200 UTC,

at a time which correlates with the arrival of the jet stream. The data for T and S becomes
insignificant after the frontal shift, indicating values that are closer to the climatological

mean. The reason that data was significant before the frontal event may be due to conditions
prior to the case study.
The analysis of gravity wave energies (Figure 3.31) indicates high gravity wave potential

energy before the front comes in, and high kinetic energy during and at the location of the

jet stream, making all the gravity wave energies happening before the frontal event. Such
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behavior could be due to the temperature perturbations and deviations from the climatology
prior to the event, and could allude to an event that has not been examined. The equiparti
tion ratio demonstrates high gravity wave potential energy below 500 hPa, and high gravity

wave kinetic energy in the upper troposphere, where there is expectation of a normally high
wind shear.
Recall that the buoyancy period is τ ~ 5 minutes for Fairbanks. The buoyancy period

for this case (Figure 3.32) is consistently low, and does not show strong buoyancy effects.
The exception to this is a long buoyancy period on the 27th, but it is unclear if this is due to

mountain wave effects. The Scorer parameter has high surface value at the start of the case,
but most of the Scorer parameter remains consistent through all the observed atmosphere

throughout the case. Decreases in the Scorer parameter with height happen on the 25th, at
850, 675, and 400-450 hPa. These Scorer parameter values are negative, indicating stronger

wind change with height than buoyancy. As cross-referenced with Figure 3.25, Scorer pa
rameter changes happen shortly after the front on the 25th, giving credence to the possibility

of trapped waves due to buoyancy effects from the front.

3.4

Discussion
There are strong mountain wave events that are tied to the presence of the jet stream

crossing prominent mountain ranges. This mountain wave process leads to downslope effects
on the valley area, and atmospheric propagation below and above the case altitude. The

December 2017 case led to a warming event in Fairbanks, which was most prominent on
December 8th, when the temperature rose above the freezing point and created wet and
windy weather.
The December 2016 case was not a mountain wave case, but is examined on its own and

as a comparison to the mountain wave case. The December 2016 case was caused by a warm

front crossing from the Pacific Ocean over Western Alaska into Fairbanks. While the jet
stream caused some buoyancy perturbations, effects were weak, and dissipated quickly. The
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Figure 3.31: December 2016 Case Gravity Wave Energies and Equipartition Ratio. The
grey-black areas indicate missing data.
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Figure 3.32: December 2016 Case Buoyancy Periods and Scorer Parameter. Brunt-Vaisala
frequency is included for comparison purposes. The grey-black area indicates missing data.
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strongest buoyancy effects occurred on the day the jet stream crossed over Fairbanks, and

these effects dissipated once the jet stream dispersed or moved on. This case highlights the
more significant effects of the December 2017 case, indicating that the extreme buoyancy
effects were not caused by frontal motion or the jet stream alone. This finding would indicate

that gravity wave hazards are stronger when induced or influenced by topography.
Of note were instances of different effects depending on the altitude. During the December

2017 case, there were trapped lee waves found at 500 hPa, creating a localized pressure high,
and temperature and wind changes near the surface. There was also a localized surface

pressure high around and below the ABL during the December 2016 case. Conditions were

stronger during the December 2017 case than the December 2016 case. During the 2017

case, the resulting inclement weather conditions including warm and wet weather (creating
slick conditions) and stronger winds create a transportation hazard in both aviation and

road travel. The different effects in these cases could be attributed to vertical changes due

to wave propagation, and effects of downslope winds from mountain waves.

Mountain wave and trapped wave effects are more amplified in the winter. The air over
Fairbanks is strongly stratified. Fairbanks is a common location for inversion layers, where

below the ABL, it may be cooler at the surface than at upper altitudes. These effects increase
the chance of trapped lee waves and mountain wave effects. In the summer, this effect is
less pronounced due to the lower temperature gradient, making pronounced mountain wave
effects less common. The fact that summer gravity waves are less common is confirmed in a

study by Triplett et al. [2017].
Since mountain wave effects in these cases occurred with global atmospheric circulation

effects, care must be taken to separate the effects. This separation was done by analyzing
the global atmospheric circulation effects and noting when and where there was buoyancy.

Sudden changes in buoyancy at particular altitudes can indicate local buoyancy effects not
strictly related to global circulation. This finding was used to separate frontal cases from
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mountain wave cases. Still, it is common for these two events to be intertwined, with global

circulation causing mountain wave events depending on the direction of upper air circulation.
There are several different buoyancy waves causations: atmospheric instability, convective
instability, wind shear instability, or external forcing from irregular terrain. The Richardson-

gradient number was used to rule out the effects of convective instability, as no values of Ri <

0 during the case studies that would create that effect. Instability was ruled out using an

atmospheric stability parameter, which confirmed that the atmosphere was stably stratified,

and thus localize effects of buoyancy waves to isobaric surfaces. Consequently, convective
instability and atmospheric instability were not explored in this thesis, thus eliminating those
parameters from consideration.

Wind shear instability was possible from the jet stream effect, and is difficult to separate
out. The fact that the jet stream crossed over the mountain range causing oscillations in the

atmospheric variables lends to gravity waves being caused by external forcing. The strength
of the magnitudes between the two case studies lends to the hypothesis that gravity wave

generation due to external forcing is stronger than gravity wave generation created by wind
shear instability alone.

Isobaric surfaces were used to helped compare atmospheric variables on the same pressure

level at different times, and assisted in finding buoyancy effects localized at a particular
altitude. This thesis was able to find trapped lee waves on isobaric surfaces, such as the
December 2017 case having trapped lee waves at 500 hPa, which is within the altitude range

of mountain heights in the Alaska Range. Using these isobaric surfaces avoided the problem
of requiring isothermal atmosphere equations, which would not be representative of a real

atmosphere or extreme temperature areas such as Fairbanks, Alaska. Thus, by using these
isobaric surfaces and by smoothing diurnal effects, this thesis was able to simplify analysis

of buoyancy effects.

In this thesis, the vertical wind speed was calculated using backwards finite-differences
method of geopotential height over time. This is not an instantaneous, and may not be an
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accurate representation of the wind speed. This value was taken as a general look of pressure

changes over the area to estimate magnitude of uplift or downward motion. A different
method should be taken for future work, such as the kinematic method when horizontal
measurements are available, or the adiabatic method.
A difficult part of this work was determining the background data for each parameter.

This thesis explored mountain waves using the climatological mean and other statistical
parameters derived from 30 years worth of radiosonde observations. While the statistical
parameters assisted in matching the climate state, the 30 years climate mean does not match
the climate trends of the data years in question. A fitted trend line was considered and tested,

but it would not take into account smoothing out changes over the 30 years period due to

climate change, or a trend line could be biased by strong wave events. A strong reason
the climatology approach was chosen was to smooth out other trends over time such as
the Southern Oscillation Index (SOI), global temperature changes, changes in atmospheric

chemistry, and more. Spectral analysis was also considered, but spectral analysis could not
conform to isobaric levels in accordance to this thesis' methods due to the nature of the

radiosonde data. Radiosonde data are taken at arbitrary heights and at different vertical
spacing, ruling out spectral analysis tools that require raw data at prescribed vertical levels.

The results from this thesis-using the climatology and comparing data from previous

days-were still sufficient in showing data peaks and large changes in gravity wave ener

gies, and so fits that scope. Future work should consider alternate ways to compute the
background parameters or put together a more robust statistical approach.
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Conclusion

Two gravity wave cases in Fairbanks, Alaska were examined for buoyancy effects. One

case in December 2016 was a frontal motion case from the west and thus unaffected by
Alaska's mountain ranges. The December 2016 case also weak buoyancy effects from frontal

motion and the jet stream, generating gravity waves from wind shear instability. The other
case in December 2017 involved a jet stream that crossed over the Alaska Range into Fair
banks, creating strong buoyancy effects and adverse weather conditions. These conditions in

clude higher than normal winter temperatures (above freezing temperature) and high winds,

as well as an anomalous localized ABL and surface pressure high. These hazards occurred

even given the large distance of ~100 km between Fairbanks and the northern edge of the

Alaska Range.
The two cases were compared to indicate that the strong buoyancy effects of the December
2017 case could not be explained by the jet stream and front alone. The December 2017

mountainous gravity wave case had higher gravity wave energies and atmospheric effects

from mountainous jet stream interference than the December 2016 frontal gravity wave case.
This finding suggests that topographically induced gravity waves create stronger effects and

hazards over a stably stratified subarctic valley area. The change in pressure also lends to

cyclogenesis due to gravity waves, to enhanced effect by mountain waves. This cyclogenesis
can propagate to affect global circulation.

There were also short term localized gravity wave effects found on gravity wave day events,

both at the height of the suspected gravity waves and near the surface. These localized effects
can be connected to extreme weather events, such as the anomalous high temperature created

by gravity waves in the December 2017 case, temperatures that would cause adverse travel

conditions due to snow and ice phase changes. These localized atmospheric and near surface
effects can defy weather prediction, unless there is effort to examine the jet stream and

topographical effects on the upper troposphere.
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This thesis highlights the effects of topography on the atmosphere over the Fairbanks

valley and highlights the probable causes of adverse weather conditions in the Fairbanks
area.

Topography must be taken into account when analyzing strong synoptic weather

events, especially to give weather warnings to people in transit and the general populace in
order to avoid hazards and accidents.

4.1

Future Work
This thesis analyzes subarctic mountain waves in an area of strong atmospheric inversions,

and compared these mountain waves to non-mountainous gravity waves. However, there are

several other atmospheric parameters that are subject to further examination.
To remove error propagation of dew point temperature and relative humidity in the upper
atmosphere, and to analyze water vapor content, quality assurance algorithms still need to

be implemented.
This study did not include complex topographical analysis of mountain ranges and waves,
and instead determined mountain wave influence from the strength of the wind speeds,

direction of upper air atmospheric circulation (to determine mountain range origin, if any),
and from variable and gravity wave perturbations. Further research on this subject would

involve including data that incorporates horizontal components in order to confirm direct
mountain influence and to acquire readings of shear and horizontal wave parameters. This

work can be done either by referencing the Fairbanks radiosonde launch site with other
radiosonde launch sites, by incorporating horizontal data sources such as satellite data, or
with horizontal projection methods.
This lack of wave analysis results in missing information that would otherwise give insight

to the physical nature of these mountain waves. Fourier and spectral analysis or incorpora
tion of satellite data could provide horizontal information, and give further information on
trapped mountain waves beyond their location in the atmosphere. Indeed, several trapped

lee waves were detected in the atmosphere in response to gravity wave events, with more
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trapped waves in response to mountain waves. These trapped waves can lead to vertical
wind speed propagation, and should this breach the stratosphere, this can transport mo

mentum that can affect the global energy budget. The horizontal information which informs
the degree of vertical propagation from trapped waves or gravity wave breaking is missing
by using radiosonde data alone, since only vertical components can be derived. This thesis

stands as a method to examine gravity waves and predict effects on a populated area using
limited data. Still, wave analysis is a subject of future analysis for these gravity wave cases.

Trapped gravity waves are known in the atmosphere where gravity waves are trapped
between statically stable layers, creating high Brunt-Vaisala frequency N. One other reason

for this aspect not deeply explored in literature is the effect of the layer index of refraction
on gravity wave energy trapping, and the resulting angle of vertical propagation. This event
may look like high N surrounded by low N in the atmosphere, or a duct [Hooke , 1986]. This

feature could be examined with complex wave analysis. This investigation could also come in

conjunction of study of atmospheric radiation. While effects of atmospheric radiation were
minimized in this work due to winter conditions and 1-day smoothing, they should be taken

into account in other works that do not take such corrections.
Of further study should be the short-term localized pressure effects on cyclogenesis, due

to the large-scale nature of cyclonic effects. Analysis of these would involve measurements
in the stratosphere and wave analysis to determine the long-term effects. Localized effects
create a strong hazard for predictive ability and the general populace, and should be studied

in more instances to determine a mathematical correlation.

In this study, only two winter cases were examined in depth, although more mountain
wave or gravity wave cases were detected. Thus, this thesis stands as a hypothesis to the

significance of mountain waves vs. gravity waves in a stably stratified subarctic area. To
give more conclusive results about the effects of the jet stream and fronts with or without

mountain interference, to test possible mountain waves over different seasons, and to examine

localized effects due to gravity waves, more case studies would need to be run.
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