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Abstract

The elevated building at Scott-Amundsen South Pole Station was designed
to mitigate the effects of windblown snow on it and the surrounding infra-
structure. Because the elevation of the snow surface increases annually, the
station is periodically lifted on its support columns to maintain its design
height above the snow surface. To assist with planning these lifts, this effort
developed a computational model to simulate snowdrift formation around
the elevated building. The model uses computational fluid dynamics meth-
ods and synthetic wind record generation derived from statistical analysis
of meteorological data. Simulations assessed the impact of several options
for the lifting operation on drifts surrounding the elevated building. Simu-
lation results indicate that raising the eastern-most building section (Pod
A), or the entire station all at once, can reduce drift accumulation rates over
the nearby arches structures. Long-term analyses, spanning 5—6 years, de-
termine whether an equilibrium drift condition may be reached after a long
period of undisturbed drift development. These simulations showed that af-
ter about 6 years, the rate of growth of the upwind drift slows, appearing to
approach an equilibrium condition. However, the adjacent drifts were still
increasing in depth at a roughly linear rate, indicating that equilibrium for
those drifts was still several seasons away.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

Background

The elevated building (Figure 1) at Scott-Amundsen South Pole Station
(SPS) is nearing a scheduled incremental lift to reestablish its design ele-
vation over the surrounding snow. Long-term observations of the drifting
snow around the elevated building reveal that considerable drifting snow
is deposited on the adjacent arch structures that house the garage/shops,
power plant, and cargo storage. This unanticipated extra snow overburden
on the arches appears to be accelerating the settlement and deformation of
these structures, potentially leading to premature failure of these build-
ings. The National Science Foundation (NSF), who oversees the operations
at the US Antarctic facilities, is concerned that lifting the building will ex-
acerbate this issue by depositing more snow on the arches.

The building design allows for a periodic incremental lifting operation to
account for the annual increase in bulk snow depth in the region (about
2.76 in.! snow water equivalent per year; Fegyveresi et al. 2019). The long-
standing plan has been to raise the building all at once. However, NSF was
interested if there may be a benefit, such as a reduced drift volume to man-
age, by lifting the two pods separately.

Figure 1. lllustrations of the elevated building at SPS. To the /eftis an isometric view of the
building; on the rightis a top view.

West-end stairwell

L
®

3}

Pod B Pod A

1 For a full list of the spelled-out forms of the units of measure used in this document and their con-
versions, please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US
Government Publishing Office, 2016), 245-252, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-
2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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1.2

1.3

Objectives

This effort uses computer modeling to consider several scenarios for lifting
the elevated station and the potential impact, in terms of snowdrift loca-
tion and depth, of these different strategies. In contrast to raising the en-
tire elevated building, we considered raising it one pod at a time.
Furthermore, we explored the long-term effects of doing no snow removal
arounds the elevated building and over the arches for several years to de-
termine how long it may take to achieve an equilibrium drift shape around
these buildings and what the resulting drift shape would be. The results of
these model studies will inform long-term planning for station manage-
ment and prioritizing building maintenance.

Approach

In this paper, we use the SAGE computational flow solver and the particle
entrainment, dispersion, and deposition (PEDD) models to investigate
snowdrift formation around SPS. SAGE is a general-purpose flow solver
developed by the University of Tennessee Space Institute and Flow Analy-
sis, Inc. We chose SAGE for this application due to our extensive experi-
ence using SAGE for rotorcraft analysis applications (Steinhoff and
Wenren 2006; Wenren, Steinhoff, and Caradonna 2005) as well as related
prior work incorporating a predecessor of the PEDD model into SAGE
(Haehnel et al. 2008). These models form the computational backbone of
our investigation.

Our effort included four main tasks:

Task 1. Conduct statistical analysis of historical meteorological data at
the South Pole to determine representative wind directions and
speeds for the planned snowdrift simulations. This information is
necessary as inputs for the computational model.

Task 2. Prepare solids models of building geometries and initial snow-
surface topography as the starting snow surface for the simula-
tions.

Task 3. Conduct simulation of the raising of the SPS elevated building.
This includes three subtasks:

A. Simulate snowdrift accumulation for the elevated building at
its current elevation above the existing terrain. This serves as
the baseline case to compare the change in drift accumula-
tion for the following subtasks.
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B. Simulate the elevated building being lifted one pod at a time
to the proposed new height.

C. Simulate the entire elevated building being elevated to its
proposed new height.

Task 4. Conduct simulations exploring the potential to achieve an equilib-
rium drift. This uses the same geometry as in Task 3.A, only the
simulation will carry on for multiple seasons to determine what
an equilibrium drift shape would look like and how many seasons
it would take to reach that state.

Finally, we analyzed the results obtained in Tasks 3 and 4 to determine the
relative impact of each scenario on station operations.
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2.1

Wind Record Analysis

Snow transport

We estimated snow transport by using the procedure of Haehnel and Bigl
(2016), which uses an empirical estimation of the instantaneous snow
transport, g, as a function of wind speed (Tabler 1994),

3.8

U
-1a-1Y — 10 1
q (Ibm s~ tft™1) 0'671233846' (1)

where U, is the wind speed at a standard reference height of 32.8 ft

(10 m). The parameters used in equation (1) were originally obtained from
a fit to Antarctic data (Tabler 1994; Mellor and Fellers 1986). From this
equation, we note that the transport depends on nearly the fourth power of
the wind speed, meaning that small changes in wind can produce large
changes in snow transport. For this reason, the accuracy of the transport
prediction strongly relies on the frequency of observations. Infrequent ob-
servations with averaging tend to eliminate the peak wind gusts, therefore
eliminating the winds that would result in the highest transport. This is
also the reason that simply using an average wind speed for the duration
of the simulation is not practical as it does not produce significant
transport. Fortunately, the meteorological data reported from SPS con-
tains hourly observations; given the relatively high observation frequency,
we expect equation (1) to yield reasonable results (Haehnel 2019).

To estimate the cumulative snow transport, Q, for an entire period of in-
terest (e.g., a season or a year) we apply a summation over time, according
to the equation

Q= Atzn: i (2)
i=1

where At is the reporting time interval (e.g., hourly) and n is the number of
observations over the period of interest (Haehnel and Weatherly 2014).
This equation represents the ideal case for which all snow that is picked up
from the surface is also deposited somewhere downwind. In reality, a por-
tion of the airborne snow is lost due to sublimation. The fraction of the
snow that sublimes away is a function of the distance a snow particle
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travels while aloft. Tabler (1994) concludes that any snow that is carried
aloft more than 20,000 ft will evaporate before it reaches the ground. He
then formulates that the amount of deposited snow, Qg,, is a function of

the fetch length, F, as in the equation,
Qaep = 0.7Q(1 — 0.14F/10000ft), (3)

Here, the fetch length refers to the unobstructed distance upwind of the
region of interest. For sparse locations, such as the South Pole, where the
unobstructed distance is functionally infinite, equation (3) reduces to

Qaep = 0.70Q. (4)

Wind direction

The starting point for our analysis was an unpublished white paper by
Courville et al.,2 which analyzed meteorological data obtained from the
National Oceanic and Atmospheric Administration’s Earth System Re-
search Laboratory web repository, spanning 1974—2018. They found that,
while the wind direction varied over a wide range, the wind directions that
produced significant snow transport were narrowly concentrated between
0° and 30° from grid north. They used the transport equations (1)—(4) to
construct wind direction and transport roses for each year. Furthermore,
they noted that the majority of the years analyzed had transport promi-
nently centered near 10° east of grid north. This trend is clear in the sam-
ple transport roses (representing 2009, 2012, 2015, and 2018) in Figure 2.
Based on the observed unimodal transport, we opted to use a fixed wind
direction of 10° east of grid north throughout all computational fluid dy-
namics simulations.

An additional advantage to the fixed-direction inflow model is that it al-
lows us to ignore the effects of snow sintering. Sintering is the phenome-
non by which the snowpack hardens and increases in density over time.
The effect can be ignored for unvarying wind direction since the deposited

2 Zoe Courville, Matthew F. Bigl, Dom Filiano, Lynette Barna, Robert B. Haehnel, Jordan Hodge,
Yonghu Wenren, Luke D. Allen, and John Gagnon, “Drift Accumulation at the Amundson-Scott South Pole
Station” (unpublished white paper, US Army Engineer Research and Development Center, Cold Regions
Research and Engineering Laboratory, Hanover, NH, in support of EP-ANT-18-87, “Review and Modeling
of Snowdrift Problems at South Pole Station, Antarctica,” delivered to the National Science Foundation
Antarctic Infrastructure and Logistics Program, 2020).
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2.3

snow will seldom be reentrained as it will typically be buried by additional
drift accumulations.

Figure 2. Snow transport roses at SPS for 2009, 2012, 2015, and
2018. (Image reproduced from Courville et al., “Drift Accumulation.”)

North North

Composite wind speed model

In addition to knowing the wind direction we required, the SAGE-PEDD
model requires a realistic time domain history of the wind speed with lulls
and peaks typical of an actual meteorological record. This cannot be ac-
complished with a cyclic analysis of the period of record for the meteoro-
logical data and choosing the daily 95th percentile values; the result of this
process gives a nearly sinusoidal record, which is not a realistic meteoro-
logical record of wind. Rather than just choose a meteorological record for
a year that produced the desired percentile transport, a more robust ap-
proach would be to synthesize a wind record that is not any one particular
year but is representative of the chosen percentile.

Before generating any synthetic data, we reanalyzed the available meteoro-
logical records from 1977 to 2018 (Earth System Research Laboratories
2021). We used equations (1), (2), and (4) to estimate the cumulative
transport for each year. Figure 3 shows a histogram summarizing the an-
nual camulative transport (Q4.,) during this period. The distribution was
normal except for the outliers. However, we observed that the outliers (es-
pecially the high value) could not be safely discarded because they
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represent real values and must therefore be considered. With outliers in-
cluded, the skewness and kurtosis values for the distribution are —0.28
and 1.96, respectively. Because the distribution of annual snow transport
cannot be treated as normal, we avoid using parametric descriptions of the
data shown in Figure 3 (e.g., mean and standard deviation), opting instead
for nonparametric descriptors (e.g., median and percentiles).

Figure 3. Histogram of the annual cumulative snow transport at Amundson-Scott SPS
during 1977-2018. The inset shows the calculated 50th, 75th and 95th percentile
cumulative transport amounts (lbm = 0.4532 kg, lbm/ft = 0.671 kg/m).
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To generate a synthetic wind record, we first select several years to process
that are near the target percentile. As stated previously, the goal was to
generate wind records corresponding to the 50th and 95th percentiles for
snow transport (P50 and P95, respectively). The procedure outlined below
uses the P95 case as an example.

The concept was to produce a synthesized wind record that is an approxi-
mate average representation of years near the target percentile, in this case
the 95th percentile, or P95. We selected 4 years that were close to the P95
transport target: 1981 (P93), 1982 (P86), 1990, (P98), and 2013 (P95). Fig-
ure 4 shows the wind speed time series data and probability density func-
tions for these years. Because the distribution of wind data is accurately
represented by a Weibull distribution, a fit of this distribution was applied
to each of the observed probability density functions in Figure 4 (fit shown
as an orange solid line). The Weibull distribution has three parameters
that define the shape of the probability density function:



ERDC/CRREL TR-22-7

k = shape or Weibull slope.
6 = location.
A = scale.

Figure 4. Wind speed vs. time (fop) and wind speed probability density functions (bottom)
for the 4 years closest to the P95 transport target. The orange curves represent curve fits
using a Weibull distribution (ft/s = 3.28 m/s).
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The wind speed record for each year is then converted into the frequency
domain using the fast Fourier transform (FFT) algorithm (Cooley and
Tukey 1965). The FFT is implemented using

where

N 0
Il

s =FFT(v —?),

the wind speed frequency spectrum,
the wind speed in the time domain, and
the median wind speed in the time domain.

We subtract the median wind speed value, 7, to center the resulting spec-
trum at, or near, zero. Following the transform, the spectra for each year’s
record are collected into an m X n table, where m is the number of discrete
frequencies in the transform and n is the number of years being collated,
as shown in matrix form below:
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S11 " Sin
5=[ : : ] (6)

The median for each row is then selected to reduce S to the m x 1 vector, §,
that represents the wind speed FFT of the synthetic year. Because the ele-
ments of S are complex numbers, the median cannot be determined di-
rectly. Instead, the median is chosen based on the corresponding power
spectra, P(f), that is the squared magnitude of the frequency spectra (i.e.,
P = |s|?). Note that if the number of collated years, n, is even, the lower of
the two central elements is used as the median. This “snapping” of the me-
dian to an existing value is necessary since taking the average between the
elements is meaningless in the complex-number domain.

Finally, we take the inverse FFT (IFFT) of § and reintroduce the median
value that was removed in equation (5), yielding a synthetic time-domain
wind record, ¥, for a typical year:

v = IFFT(3) + V. (7)

Wind speed distributions, and thus snow transport values, calculated
from ¥ are found to closely match the target outcome. For example, the
estimated transport for the synthetic or representative P95 year is 115.9 x
103 Ibm/ft, closely matching the actual value of 116.5 x 103 Ibm/ft for
2013, the observed P95 year. The fit parameters of the Weibull distribu-
tion are similar to those of the individual years from which the record was
constructed. Figure 5 and Figure 6 show the synthetic wind speed records
and probability density functions for these P50 and P95 cases, respec-
tively. Note that we did not use in the simulations the probability density
functions in Figure 5 and Figure 6. We provide plots of them here to ver-
ify that the synthetic wind records generated by this method follow the
observed distributions at the South Pole. The advantage of this FFT/IFFT
approach is that it creates a pseudo-random record while maintaining
necessary frequency information that would be lost using other averaging
methods. The retained frequency information prevents wild swings in
wind speed from one time step to the next and thus simulates correlated
phenomenon (lulls or high wind events) that would naturally take place
over several hours or days.
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Figure 5. Synthetic wind speed record and probability density function
(PDF) for the P50 transport year. Note the year 2050 is used to distinguish
the synthetic record from actual historical records (ft/s = 3.28 m/s).
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Figure 6. Synthetic wind speed record and probability density function
(PDF) for the P95 transport year. Note the year 2050 is used to distinguish
the synthetic record from actual historical records (ft/s = 3.28 m/s).
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3.1

Elevated-Building Geometry and Terrain

Building configurations

The second task dealt with obtaining geometry data and creating geomet-
ric models for relevant buildings and the surrounding terrain. We created
computer aided design (CAD), or solids, models for the elevated building
and arches from as-built drawings supplied by NSF. We then used the
building models to simulate the several scenarios outlined in the objectives
of this study. Each scenario represents a possible configuration of the ele-
vated building before, during, or after the planned lifting operations.
There are four building configurations in total, summarized in Table 1 and
visualized in Figure 7. Note that the elevated connector bridge and west-
end stairwell (location of these features shown in Figure 1) are removed for
configurations requiring the pods of the elevated building to be moved in-
dependently—consistent with planning for the operation (M. Gencarelli,
NSF planning manager, pers. comm.).

Table 1. Descriptions of the different elevated-building configurations.

Configuration Description
Baseline No changes to the current configuration.
A Pod A is raised by 12.25 ft while pod B remains at its current
elevation; bridge and west-end stairwell are removed.
B Pod B is raised by 12.25 ft while pod A remains at its current
elevation; bridge and west-end stairwell are removed.
C Both pods are raised by 12.25 ft.

Figure 7. Elevated-building configurations shown with start-of-winter snow topography. Red
arrows point out the absence of the bridge and west-end stairwell in configurations A and B.
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3.2

Initial snow topography

We derived the initial snow topography from survey data from two main
sources. The first was a ground survey conducted in 2011, and the second
was a lidar survey conducted in 2017:

1.

2011 Ground Survey

The NSF contractor, Raytheon Polar Services (Skoog and Burnett
2011), conducted this survey on 18—19 November 2011. The survey spe-
cifically aimed to assess drift locations and volumes. The data set con-
sists of 388 measured locations surrounding the elevated building and
arches. Also, included with the survey data was approximate elevations
of the snow surface at the end of the prior summer season. This helped
to establish the initial topography immediately around the elevated
building and arches before any snowdrifting occurred.

2017 Terrestrial Lidar Survey

LeWinter et al. (2018) conducted the lidar survey in January 2017 to
assess the thermal structure of SPS. Additional work by Courville et al.3
used the same data to assess the feasibility of using lidar to estimate
drift volumes from year to year. This later report points out that, be-
cause the survey was not intended to capture the surrounding topogra-
phy in great detail, many gaps exist in the data. In addition to the
notable gaps around the Arches, the extents of the survey are limited to
within roughly 230 ft of the raised station. Despite the gaps in the data,
the point density of the 2017 survey is substantially higher than that of
the 2011 ground survey, with approximately 24 million points making
up the snow surface.

It is not possible to use the survey data in its raw form to define the initial
snow topography for the SAGE-PEDD flow solver. The data must first be
mapped to the nodes of the computational grid. This mapping must ac-
complish two tasks. First, it must apply spatial transformations (scale fac-
tor, rotations, and translations) to bring it into agreement with the SAGE-
PEDD coordinate system. Appendix A provides the details of the coordi-

3 Courville et al., “Drift Accumulation.”
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nate transformation. For consistency, elevations are converted to feet and
given relative to the Naval Civil Engineering Laboratory (NCEL) bench-
mark established in 1974.

Following coordinate transformation, the irregularly spaced survey points
must then be mapped to the regularly spaced SAGE-PEDD computational
grid. We wrote a computer program that does this mapping automatically
using some user-specified options, the SAGE-PEDD grid file, and the raw
survey data. User inputs include

e information about the far-field terrain to enable extrapolation from the
edges of the survey data to fill the computational grid and

e manual point entry to fill gaps in the survey (e.g., the region surround-
ing the entrances to the arches).

Another challenge in defining the initial snow topography is that the sur-
vey data sets are from the beginning or middle of the austral summer sea-
son. Therefore, drifts from the preceding winter have either not been
removed or have been only partially removed. To better approximate the
initial condition at the start of the winter season, we implemented a
method of levelling the drift topography for each of the major drifts. This
was done using cut planes at the same elevations the surveyors in the 2011
survey data used to estimate snowdrift volumes. The two cut planes used
were the upwind cut, made at 44.5 ft, and the arches cut, made at 42 ft.
Figure 8 shows the locations of each cut plane. Due to the rising snow ele-
vation, the cut planes from 2011 would not be accurate for 2017. To deter-
mine the elevation to use for the cut planes for the 2017 data, we added to
the 2011 survey’s starting snow-surface elevation (i.e., cut planes) the an-
nual far-field snow accumulation of the surrounding plateau: approxi-
mately 0.9 ft/year (2.76 in. snow water equivalent cited previously).
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3.3

Figure 8. Two cut planes were used to reduce the height of prominent
drift features. Contours are in feet above the 1974 NCEL benchmark.
2 >~ ]

Drift volume calculation

Drift volume, V, is calculated by subtracting the initial snow surface, (;,
from the final snow surface, (¢, and integrating over a region of interest, S,

as in the equation
V=4 (3,(9) - 5,(9)) ds. @

The surface integral is approximated using SciPy’s implementation of
Simpson’s Rule (Virtanen et al. 2020; Shklov 1960). The spatial extents of
each drift were defined using predetermined polygons drawn on the com-
putational domain. The coordinates may form any nonoverlapping poly-
gon, allowing volume calculations for any size and shape region that may
be desired. Four drift regions were identified for this work: the upwind
drift, arches drift, arches entrance drift, and west-end drift. Figure 9 shows
the boundaries of each drift relative to the elevated building. While the co-
ordinates defining each drift region were somewhat arbitrary, identical co-
ordinates were used for each scenario. This ensures apple-to-apples
comparisons between simulated scenarios.
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3.4

Figure 9. Tracked drifts surrounding the elevated building.
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Scaling time

The numerical time step for a simulation depends on the numerical solu-
tion scheme implemented in the flow solver. SAGE-PEDD uses an explicit
numerical method, and the computational time-step size is limited. For
this work, the maximum stable numerical time step, dt, needed to run the
simulations is the time within which the snow particles travelling distance
equals a 0.2 computational grid cell size. For example, for one case in this
work, the grid cell size is 4 ft, and the maximum wind speed is 52 ft/s, dt
equals 0.01538 s. This work used 222 days (15 February—15 October) as
the number of days in a winter season, hence the number of time steps to
do an entire simulation is over 1.2 billion. It took approximately 1723.4
compute seconds per time step (using 704 CPUs, that is 2.45 s of wall time
per time step). To do a full simulation of one winter season without any
adjustments for scaling time, it would take about 93 years to simulate on
the US Army Engineer Research and Development Center Onyx High Per-
formance Computing system. To make the run time for these cases reason-
able, we implemented the following adjustment to scale time.

We introduce a snow-density scaling factor, psc, a nondimensional value to
augment the snow depth for each computational time step (or computa-
tional iteration; Haehnel, Wenren, and Allen 2022). The increment in
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snow depth, d¢, added to the existing snow surface in a grid cell adjacent
to the ground at each time step is

da
d¢ = psc dx —, (9)
Pb
where
dx = the computational cell size (each is a cube);
da = the change in the suspended snow concentration, a, in the grid
cell for that time step; and
pb = the bulk density of the snow on the ground when it is

deposited into a drift (typically in the range of 21.8—
28.1 Ibm/ft3).

For psc equal to 1, the deposition depth is not augmented (i.e., the incre-
ment in snow depth is obtained by compacting the concentration of new
suspended snow to a density equal to the bulk density of the snow; we
used a p» of 21.8 Ibm/ft3). We consider a psc of 1 a tight coupling between
the flow field and the snow deposition rate. Because the computational
time steps are small (on the order of 1/100 s), the changes in concentra-
tion and snow depth are small for each iteration. The factor psc loosens the
coupling between the flow field and snowdrift evolution, allowing the
amount of snow deposited to be larger for each computational iteration
than changes driven by the flow field would dictate.

The assumption is that amplifying the deposited snow depth by a factor of
10 or 100 will only increase the depth of the snow from around 0.004 in.
per time step to 0.04 to 0.4 in. per time step. This small increase in snow
depth does not depart significantly from the trend that the drift will take
as the simulation progresses or have a gross effect on the flow field; there-
fore, the flow can be loosely coupled to changes in the deposited drift
shape. However, the factor psc cannot be too large or the snowdrifts grow
too rapidly for changes in the flow field to stably respond (i.e., the coupling
is not tight enough). Yet, if psc is very small, the simulation takes months
or years to complete. We have found that this approach is a work in pro-
gress; and determining the level of coupling, therefore the value of psc,
needs to be adjusted based on computational grid characteristics (grid res-
olution and domain size). At present, for accurate time scaling, calibration
of psc to validation data (e.g., compare the simulated results obtained from
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a given model computational grid against snow survey data) gives the most
accurate results. Despite the additional time needed for model calibration,
this generally is a small price to pay in comparison to the overall savings in
computation time.
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4.1

4.2

Drift Simulations

SAGE-PEDD flow solver

SAGE, developed by the University of Tennessee Space Institute and Flow
Analysis Inc., is an unsteady-flow solver of the incompressible Euler equa-
tions on structured Cartesian grids. SAGE uses the vorticity confinement
method to efficiently capture vortices over about two grid cells and the
boundary layer flow of objects immersed in the grid. A key element of
SAGE is that it efficiently captures the fluctuating vortical structure of the
flow, helping to preserve the velocity fluctuations that drive snow transport.

Modeling the effects of particle drag and momentum requires a two-phase
(liquid/gas and solid) flow model. SAGE was initially a single-phase model
and therefore not capable of simulating particle movement. Haehnel et al.
(2008) developed a particle transport model to couple with SAGE to allow
modeling of two-phase flow. Their particle entrainment and dispersion
(PED) model provided a general-purpose tool for predicting windblown
particulates (i.e., dust, which can largely be treated as a passive scalar
moving with the flow) from a variety of ground-cover types. Our work
modified SAGE and the PED model

e to account for differential velocity between the particles and flow (ef-
fects of fluid drag accelerating particle motion),

e toinclude particle deposition over time scales relevant to drifting snow
(e.g., months and years), and

e tointroduce inlet boundary condition to simulate a suspended snow
concentration profile.

The result of these enhancements is an updated flow solver and the Parti-
cle Entrainment, Dispersion, and Deposition (PEDD) model. More infor-
mation on the SAGE-PEDD model can be found in the SAGE-PEDD
Theory Manual (Haehnel, Wenren, and Allen 2022).

Elevated-building lifting scenarios

For the four building configurations described in section 3.1, the final
computational grid was identical for all simulations and consisted of ap-
proximately 23 million grid cells using a 4 ft grid spacing. Each of the four
configurations was simulated using two synthetic wind records, for a total
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of eight simulations. The two synthetic wind records were produced to
meet the P50 and P95 snow transport targets, respectively, using the
methods outlined in section 2. The simulated period was from 15 February
through 15 October.

Equilibrium drift development

A longer simulation was designed to simulate a multiyear scenario in which
no snow was removed between seasons. The purpose was to assess whether
an equilibrium drift condition could be reached. In this condition, the snow
surrounding SPS becomes more streamlined over time, and eventually may
reach an equilibrium where no further drift development takes place.

The long-term simulation used the baseline building configuration, and
the synthetic wind record for the P95 year was repeated five times. For this
case, we used two computational grids. The first used 4 ft grid spacing
(identical to lifting-scenario simulations) to better resolve drift detail. The
second used a larger 8 ft grid spacing and a larger domain to consider
downstream effects. We refer to the two grids as the “fine” and “coarse”
grids, respectively. Figure 10 shows the relative size of the two grids. Note
that these are two separate grids and are overlayed for comparison only.

Figure 10. Elevated Station computational domains. Contours are in
feet above the 1974 NCEL benchmark.

Y
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Results

Validation of model drift volumes

Predicted drift volumes were first calculated for the baseline configuration
for validation. The calculations from the model were compared to drift vol-
ume calculations performed in 2011 (Skoog and Burnett 2011) and 2017.4
Table 2 shows the results of that comparison. We see that the snowdrift
model provides results that are realistic and consistent with field observa-
tions. Exact matching of drift volume is difficult as the drift volumes be-
tween simulation results and survey data will vary with the extents of the
drift region chosen (e.g., polygons selected to integrate the volume as de-
picted in Figure 9). Furthermore, choosing the correct elevation for the be-
ginning of the winter season—the lower bound for integrating the
volume—can be problematic; being off by a foot or more can change the
computed volume significantly. The computed volumes use cutting planes,
consistent with what is outlined in section 3.2, for establishing a starting
topography for the simulation.

These effects may partially explain the simulated upwind drift volume be-
ing 40%—70% higher than the observed values (i.e., the polygon we se-
lected in Figure 9 was too large or the starting plane too low). Still,
generally, the drift volumes are of the same order of magnitude for the up-
wind drift; for the arches and west drift the agreement is much better. We
note that psc had been calibrated for this baseline case as part of the previ-
ous study where this snowdrift model was developed. For a 4 ft grid reso-
lution and the spatial extent used here, a psc of 40 provided good
agreement with the observations at the end of a winter season.

We note also that there is little difference in the predicted accumulated
drift volume between a P50 and P95 wind record. This may seem surpris-
ing at first. However, though more snow may be transported through a re-
gion in a given year (more blowing snow for P95 than for P50), the amount
of snow deposited around a structure is only a fraction of this (e.g., 25% as
suggested by observations in Haehnel and Bigl 2016). Furthermore, the
rate of snow deposition is typically nonlinear, with the amount of snow de-
posited initially being quite high when the buildings are fully exposed to

4 Dominic L. Filiano, “Amundson-Scott South Pole Station Upwind Drift Volume: Exploration of Tech-
niques Using the 2017 Terrestrial LiDAR” (unpublished report, US Army Engineer Research and Develop-
ment Center, Cold Regions Research and Engineering Laboratory, Hanover, NH, 2020).
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the oncoming wind, and wake regions around the building can be quite
large. Over time as the drifts start to build and fill in these wake regions,
the combined geometry of drift and building becomes more streamlined,
and the rate of drift deposition declines. Therefore, the difference in de-
posited volume as the overall shape becomes more streamlined may be
less profound by the end of the season, even though in early stages the dif-
ferences can be large.

Table 2. Drift volume comparison with experimental data from 2011 and 2017.

Upwind Drift Volume |Arches Drift Volume{West-End Drift Volume
(cu. yd) (cu. yd) (cu. yd)
Simulation| P50 P95 P50 P95 P50 P95
Baseline | 30089 30222 59612 | 61642 5748 5711
2011 17630 5382a 5495
2017 21522 28348b N/A

aVolume for snow just over power plant, cargo, and garage arches.
bRegjon used by Filiano in 2020 to compute volume was much larger than in 2011.

Elevated-building drift simulations

Following validation, we proceeded with the simulations to compare each
strategy for raising the building, as described in Table 1. Each simulation
used the same computational grid (23 million grid cells) and the same 8-
month period. The simulations were performed on the DoD Supercompu-
ting Resource Center’s Onyx (Cray XC40/50) and Koehr (HPE SGI 8600)
host machines, and each required approximately 240,000 CPU-hours. The
total compute time for this phase was roughly 1 million CPU-hours. Using
704 CPUs each, the simulations required approximately 340 hours of wall
time to complete.

Table 3 shows the calculated drift volumes for all building configurations
and wind conditions, with green cells indicating a reduction in drift vol-
ume compared to the baseline (therefore an improved outcome) and red
cells highlighting an increase in drift volume. In terms of largest total re-
duction in drift volume, for the four regions considered, lifting pod A first
(configuration A) performs the best with almost a 6% reduction. If the ob-
jective is to minimize the accumulation of snow over the arches, lifting the
entire station at once (configuration C) is the superior strategy. Configura-
tions B and C have the downside of depositing more snow on the west end
of the elevated building; regarding configuration C, the benefit of reducing
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the volume over the arches would need to be weighed against increased
maintenance associated with a larger snow volume deposited on the west
end of the elevated building.

Table 3. Estimated drift volumes following a season of synthetic wind. Baseline drift volumes
are given in cubic yards, whereas drift volumes for configurations A, B, and C are given as
percent differences from the baseline.

Configurations
Baseline A B C
Baseline Volume (yd3) (% Change) | (% Change) | (% Change)
Upwind Drift P50 30089.0 [ -6.7% -1.0% -1.2%
P95 30221.8 -1.1% -2.6%
Arches Drift P50 5961.0 | -4.9% -2.6% -9.2%
P95 6164.4 | -4.7% -3.6% -7.4%
West-End Drift P50 57476 |  0.3% |
P95 5711.1 0.5% 9.3% ‘
Arches Entrance Drift P50 15038.9 -0.4% 2.8% 1.2%
P95 15435.5 -0.2% 2.7% 0.5%
Total Drift P50 56836.5 | -4.2% 0.5% -0.5%
P95 57532.8| -5.9% 0.7% -1.5%

Shading;: green = drift volume less than the baseline; red = drift volume greater than the baseline.

Long-term drift simulation

To accomplish Task 4, we conducted two 5-year simulations of the base-
line building configuration. The simulations differed only in their compu-
tational grids, as described in 4.3. All other factors (e.g., wind record and
duration) were identical. The simulated period represented a considerable
computational effort, with simulations running for several weeks to
months before completion. The coarse-grid simulation, with fewer grid
points, takes less than half the time to complete than the fine grid. Conse-
quently, we could use it to compare our results at the end of one simulated
season to the 2011 and 2017 observed snowdrift depths. This allowed us to
calibrate the model time scale, via adjustments to psc equals 10, to obtain
about the right snow depth at the end of one season as was observed at the
end of the 2011 and 2017 winter seasons. This gave us confidence that
when the model was run for several seasons, it would give a reasonably ac-
curate estimate of the drift shape for each successive year. Owing to use of
a psc of 40 for the 4 ft grid used in the simulations discussed in sections 5.1
and o, we used that same value for the fine grid with the reduced spatial
extent for this case.
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Figure 11 shows the snow depths from the fine-grid simulation. The two images
are from (A) the end of the first winter and (B) the approximate end of the final
winter season, giving a qualitative view of the snowdrift shape surrounding the
elevated building and over the arches after several winter seasons.

Figure 11. Snow depth at (A) the end of the first winter season and (5) the end of
the final winter season. Contours are in feet above the 1974 NCEL benchmark.

z
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Figure 12 plots the maximum upwind drift elevation throughout both sim-
ulations. We see that, for the fine grid, the elevation asymptotically ap-
proaches the height of the elevated building. For the coarse grid, we see
the drift elevation levels off much earlier. This is likely due to the grid be-
ing too coarse to properly resolve the wind, snow, and building interac-
tions. Figure 12 also shows a discrepancy between the snow accumulation
rates in the two simulations, with the fine grid predicting about 20%—-25%
more snow depth at the end of years 1—3 than predicted with the coarse
grid. This discrepancy is likely due to the chosen value of 40 for psc being a
little too large for the fine-grid case. The change in spatial extents clearly
influences the calibration of psc to a computational domain.

Since the snow accumulation rate for the fine-grid case was too high in
comparison to the calibrated coarse-grid case, we applied a time dilation
factor to the fine-grid simulation results to bring the snow depths into
agreement with that of the coarse-grid simulation. Figure 13 shows the ad-
justed results. When we compensate for the differing accumulation rate,
we see that the fine-grid results give estimated snowdrift depths that ex-
tend out to approximately the end of a sixth winter season. We also ob-
serve that the accumulation rate is decreasing as the drift elevation
approaches the top of the building. This indicates that the upwind drift is
approaching an equilibrium condition though equilibrium has not been
reached after six simulated seasons. We also show that near the end of the
third winter season, the simulations predict that the snowdrift just touches
the face of the building. We are unsure if this translates to what would ac-
tually be observed in the field if the drift was not removed annually—as is
the practice—or if this is an artifact of the grid resolution being too coarse
to resolve a gap between the drift and upwind face of the building.

We apply the same fine-grid time adjustment factor discussed above to plot
the maximum drift elevations of the west-end drift and arches drift, shown
in Figure 14 and Figure 15, respectively. From both plots, we see a nearly
linear accumulation rate throughout the entire simulation (trend lines
shown). The linear trend means that it may still be several more seasons
before either drift begins approaching an equilibrium condition.

We expected to see more snow accumulation between, and immediately
behind, the downwind extensions, or legs, on the elevated-building pods.
We considered that these drifts did not show up due to the coarse-grid res-
olution used in these simulations (finest grid used was 4 ft grid size). To
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explore this effect, we attempted to run a finer grid case (2 ft grid spacing).
However, due to the long compute time for the 2 ft grid case, we have not
been able to obtain results from that simulation prior to the scheduled
timeline to deliver information to NSF on this work. The simulated results
for the 2 ft case may be available at a later time.

Figure 12. Maximum upwind drift elevation throughout the 5-year
simulated time period. Elevation is relative to the 1974 NCEL benchmark.
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Figure 13. Maximum upwind drift elevation with the accumulation rate of the fine-
grid simulation scaled to match the coarse grid. Also shown with the vertical yellow
line is the approximate time at which the simulation shows that the snow lays
against the face of the building. Elevation is relative to the 1974 NCEL benchmark.
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Figure 14. Maximum west-end-drift elevation versus time with a linear
trend line. Fine-grid accumulation rate is scaled. Elevation is relative to
the 1974 NCEL benchmark.
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Figure 15. Maximum arches drift elevation versus time with linear trend
line. Fine-grid accumulation rate is scaled. Elevation is relative to the
1974 NCEL benchmark.
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5.4

Computational effort

Here we provide a summary of the amount of compute time required to
complete this effort.

Elevated-building drift alternatives

Computational domain: 23 million grid cells for each simulation (4 ft
grid resolution)

Simulated time: 8 months (15 February—15 October)

Compute time (per case): 240,000 CPU-hours (340 hr running on
704 CPUs)

Total compute time: Approx. 1M CPU-hours

Long-term drift case

Computational domain:

o Fine grid: 5,896,865 grid points

o Coarse grid: 2,993,793 grid points

Simulated time: 5—6 years5 (1 January 2050—31 December 2054)
Compute time (per case):

o Fine grid: 1000 hr (41 days) on 704 CPUs = 704,000 compute hours
o Coarse grid: 400 hr (17 days) on 704 CPUs = 281,600 compute hours
Total compute time (4 ft and 8 ft grid only): Approx. 1M CPU-hours

5 Fine-grid adjusted time
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6.1

Summary and Conclusions

We use the SAGE-PEDD code to simulate several proposed operational
scenarios for the SPS elevated building. The simulations were used to
explore the resulting drift locations and volumes for each of these sce-
narios and to guide operational decisions for when and how to raise the
elevated building.

To carry out these simulations, we derived a synthetic wind record, that is
an approximate average of the wind for several observed seasons, to obtain
a representative wind history without relying on a specific year’s meteoro-
logical record for the simulations. We used the FFT method to decompose
the several meteorological records, averaged the frequency and amplitude
content, and used IFFT to reconstruct an averaged time-series wind record
that preserves the overall snow transport and Weibull distribution charac-
teristics of an actual wind record. This method produces input for the sim-
ulation of a representative wind record for a particular snow transport
amount that can be considered an average of several seasons rather than
picking data from a single season.

We found that in general the snowdrift numerical model provides results
that are realistic and consistent with field observations. We summarize be-
low specific conclusions from these simulations.

Elevated-building lifting simulations

Four simulations considered the effects of different lifting scenarios on
snowdrift location and deposited snow volume. The first of these is the
baseline case, simulating snowdrift buildup if the elevated building is not
lifted from its current height. We compared the results of the other three
cases to this baseline case.

The simulations show that lifting the station reduces the total deposited
drift volume for all lift scenarios. We also found that the volume of the
drift just to the west of the elevated building increases when Pod B is
raised (either independently or with entire station). Furthermore, the total
drift volume is reduced the most when Pod A is lifted first (by 5%—8%),
and the drift volume over arches is reduced the most (5%—9%) when Pod
A is raised (either independently or with entire station). Finally, changes
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6.3

in drift volume for all cases, in comparison to the baseline, is generally less
than 10%.

Long-term drifting simulation

This task explored how many years it may take for an equilibrium drift to
form around the elevated building and how large those drifts could be. The
main difficulty associated with simulating many seasons is the time it
takes to complete the simulation. Even after revising the SAGE-PEDD
model and simulations to reduce computation time (section 3.4), it still
takes several months to complete, considering total computation time, the
time to restart cases, and the time that a submitted job waits in the queue
before the computation starts.

For this task, we used a combination of coarser grid (8 ft grid resolution,
computational domain has the same extents as used in Task 3) and smaller
spatial extents (4 ft grid, same resolution as used in Task 3) to reduce com-
putation time and to explore different aspects. The coarser grid allowed us
to consider a larger area that would show how far downwind the snowdrift
would extend; the finer grid provided better resolution of the drift shape
and gave more detail of the drift geometry around the elevated building.
We also used a synthesized wind record that represented the 95th percen-
tile annual snow transport, which should yield a worst-case estimate of
drift accumulation (i.e., the quickest time to reach equilibrium).

From these simulations, we found that the upwind drift shows signs of ap-
proaching equilibrium (slower rate of growth) after around 5—6 winter
seasons. Due to the progressive slowing of the drift accumulation rate, it
may be a several more seasons to achieve an equilibrium drift.

We also observed that the drifts’ depth near the west stairway and over the
arches (east) continues to grow linearly after 5—6 winter seasons. This
trend shows that it will take many more seasons for these drifts to reach
equilibrium. The slowing drift depth development on upwind drift means
incrementally more snow is being delivered to these regions as the upwind
drift approaches equilibrium.

Recommendations

Further model refinements would improve the utility of the SAGE-PEDD.
We recommend further study of the relationship between the non-
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dimensional time-scaling factor, p,., and the computational grid structure,
which would allow selection of the proper value for p,,. without the need for
survey data for calibration. This will allow use of the computational model
for new or existing buildings with limited snowdrift-history information.

An ongoing area of model development considers simulating drifting
where wind and dominant transport directions vary substantially over the
time span of the simulation, such as the bimodal transport histories ob-
served at Summit Station, Greenland.

Owing to the long computational times experienced during this effort, it
may be advantageous to explore porting the SAGE-PEDD computer code
to be able to run on graphical processing units (GPUs), which are much
faster than conventional computer CPUs.

Conclusions

We developed a general computational model, SAGE-PEDD, that can sim-
ulate snowdrift evolution around buildings. In this study, we used the
model to determine the effect of several lifting scenarios for the elevated
building at the Amundsen-Scott South Pole Station. The results provided a
better understanding of short- and long-term effects of different station
management strategies. This information was invaluable to the customer,
the National Science Foundation, for prioritizing station maintenance ef-
forts for the next 3—5 years.
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Appendix A: Coordinate System Transformation

This section describes the methods for transforming raw survey data to the
SAGE-PEDD coordinate system.

Let the SAGE-PEDD and survey coordinate systems be represented by R,
and Ry, respectively. Additionally, let a denote the vector from the origin
to a point in Ry, and b denote the vector from the origin to a point in Rj.
The transformation of coordinates is done by selecting two anchor points
from each coordinate system, where the anchor points represent the same
feature in each system (e.g., the corners of a building). The scale factor, o,
is calculated by

o= llay — aqll (A1)
lby — ball
and the rotation angle, 9, is calculated by
9 = cos™?! <(a1 —az) - (by — bz)) (A2)
llay — axllllby — b, |l ) )

Now we define a vector, b*, that is the correct magnitude and orientation
for b mapped into reference frame A. This is accomplished by multiplying
by the scalar o and then rotating by 6. In matrix form, this equation is

«_ _[cosf@ —sinf bx]
b*=o [sinH cos 6 ][by ' (A3)

where b, and b, are the x and y components of b, respectively. Finally, the
translation vector, x, is calculated by

X =a, — bj. (A-4)

Note that the value of x is constant for corresponding points in either ref-
erence frame; therefore, x is valid for all points in the survey reference
frame. The transformation of any point b into its equivalent position in the
SAGE-PEDD reference frame, b’, can then be accomplished with
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b' = oRb + x, (A-5)

where R is the two-dimensional rotation matrix as shown in equation
(A-3). We note that R, is a structured, equally spaced grid while Ry is an
orthographic map projection. For this data set, the projection is Universal
Polar Stereographic (UPS): WGS84/UPS South (N, E) using the WGS84
datum with the EGM96 (Global) geoid applied (orthometric heights). Con-
sequently, there may be a small amount of distortion by applying simple
translation and rotation. We consider the error in this transformation to
be small in comparison to the resolution of the computational grid and,
therefore, to have little effect on the simulation.

The final step is to map the points from the transformed survey data to the
computational grid. The SAGE flow solver requires a regular grid to oper-
ate, whereas survey data is usually provided in an irregular point-cloud
format. Furthermore, there is no guarantee that the points from the survey
will cover the extents of the computational grid (i.e., the computational
grid is larger than the area covered by the survey). These discrepancies are
rectified by first mapping the horizontal coordinates of each point onto a
regular grid by using linear interpolation and then extending the edges of
the surveyed area to the edges of the computational domain by extrapolat-
ing to a user-defined, far-field elevation.

We wrote a computer program to accomplish the tasks above. The pro-
gram takes the SAGE-PEDD grid file (Plot3D format) as an input. Next, it
extracts the survey points from a separate file, and transforms their x and
y components according to equation (A-5). Now that the points are in the
correct frame of reference, the program applies two-dimensional linear in-
terpolation to define the initial snow height, ¢,, at all locations on the grid
that are within the extents of the survey. Finally, it draws a circle with ra-
dius, center location, and elevation defined by the user. This circle allows
extrapolation of the edge of the surveyed domain outward to cover the
computational grid.
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PDF
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