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Abstract:  

The McMurdo Station watershed extends from the perennial snow and ice fields north of the 
Station down to McMurdo Sound, covering approximately 5 km2. Runoff from the watershed 
results almost exclusively from snowmelt, which passes through McMurdo via a system of 
drainage ditches, gullies, and culverts. Ultimately, the snowmelt is discharged to Winter Quar-
ters Bay and McMurdo Sound through several points. While flowing, the runoff mobilizes sed-
iment (i.e., sands and silts) and localized soil contaminants (e.g., petroleum hydrocarbons). 
McMurdo Station was built and has evolved and expanded without planning. As a consequence, 
and because of McMurdo’s unique environment, runoff during periods of heavy flow has creat-
ed flow paths under and around buildings, and across roads and parking lots. These seemingly 
simple, manageable problems for locations in the continental U.S. can slow or stop transporta-
tion, undermine buildings, and remove valuable fines in McMurdo. This report includes a com-
pilation of previous studies and the more recent (FY09-10) modeling and field assessment of 
McMurdo watershed run-off. CRREL conducted a preliminary drainage analysis in 2008-2009 
that reviewed previous analyses, compiled site data, developed a preliminary hydrologic model 
of the basin, and recommended solutions for drainage issues. This current effort aims to vali-
date and improve the previous assessment with field measurements and observations taken dur-
ing the 2009-10 austral summer: characterizing the watershed and the critical parameters that 
influence the runoff; quantifying runoff at the Station; understanding the subsurface soil condi-
tions; recommending, based on observations, mitigation methods for this unique environment 
and preserving valuable fines. 

 

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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1 Introduction 

The McMurdo Station (hereafter referred to as the Station or McMurdo) 
watershed extends from the perennial snow and ice fields north of the Sta-
tion down to McMurdo Sound. The watershed covers an area of approxi-
mately 5 km2. Runoff from the watershed results almost exclusively from 
snowmelt, as it is rare for liquid precipitation to be observed at McMurdo. 
Snowmelt runoff passes through McMurdo via a system of drainage ditch-
es, gullies, and culverts. The major flow paths are well-defined earthen 
ditches that cross under the existing roads via culverts. Ultimately, the 
snowmelt is discharged from the McMurdo Station environs to Winter 
Quarters Bay and McMurdo Sound through several discharge points. 
While flowing, the runoff mobilizes sediment (i.e., sands and silts) and lo-
calized soil contaminants (e.g., petroleum hydrocarbons). 

McMurdo Station was built and has evolved and expanded without ge-
otechnical planning or design considerations as more facilities (e.g., build-
ings, cargo pads, etc.) were added. As a consequence, and because of 
McMurdo’s unique environment, runoff during periods of heavy flow has 
created flow paths under and around buildings, and across roads and 
parking lots. In many locations, and at various times of the year, contin-
gency or temporary ditches are necessary; they are created and removed 
by operations personnel as conditions dictate. Low lying areas experience 
lateral flows above and along the impermeable frozen soil layer as well as 
water ponding. These seemingly simple, manageable problems for loca-
tions in the continental U.S. can slow or stop transportation, undermine 
buildings, and remove valuable fines (a precious resource necessary for 
building foundations around the Station) in McMurdo. 

Previous studies have primarily focused on the level and extent of fuel-
related contamination on surface soil, and its transport by snowmelt run-
off at the Station. Only a few intermittent and limited studies were con-
ducted to quantify the total runoff to Winter Quarters Bay and McMurdo 
Sound. 

CRREL conducted a preliminary drainage analysis in 2008-2009. This 
study (discussed in detail below) reviewed previous analyses, compiled site 
data, and developed a preliminary hydrologic model of the basin to esti-
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mate runoff through the Station. Recommendations were given for ad-
dressing drainage issues based on an understanding of the situation 
gained from this analysis. 

This current effort will validate and improve the previous assessment with 
field measurements and observations taken during the 2009-10 austral 
summer. The objective of this study is to examine data and conduct analy-
sis aimed at mitigating the drainage problems in and around McMurdo 
Station by: 

1. Characterizing the watershed and the critical parameters or drivers 
(i.e., snow properties, temperature, solar gain, etc.) that influence the 
runoff. 

2. Quantifying runoff at the Station. 
3. Understanding the subsurface soil conditions. 
4. Recommending, based on observations, applicable mitigation methods 

for this unique environment and addressing the preservation of fines. 
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2 Overview of McMurdo Station Hydrology 

The McMurdo Station watershed is one of the southernmost basins that 
annually experiences active water flow. The lowest and highest recorded 
temperatures at McMurdo are –56.4F (–49.1C) and 56.1F (13.3C), re-
spectively, and the annual mean is 1.3F (–17C). McMurdo Station re-
ceives an average annual total of 6.84 in. (174 mm) of precipitation. This 
precipitation falls almost exclusively as snow; rain seldom, if ever, falls.  

The watershed terrain is composed of high ridges and sloping hills of bar-
ren volcanic rock, frozen soil with permafrost, as well as perennial snow 
and ice fields. Permeable soils derived from weathered volcanic rocks are 
primarily gravel with sand and silts. The soil has no organic content. The 
estimated drainage basin boundary of the McMurdo Station watershed ex-
tends from the west along Hut Point Ridge and Arrival Heights, then north 
up to the top of Second Crater (north of Arrival Heights). It continues to 
the east in the snow and ice fields and takes a gentle quarter turn heading 
south, meeting the top of Crater Hill at the T-Site (Fig. 1).  

The watershed sub-basins were delineated by analyzing the available spa-
tial data and confirming and updating this analysis with field observations 
at McMurdo as described in Sections 4 and 6. There are three major sub-
basins north of the Station that are largely covered with a perennial snow 
cover. There are also three smaller sub-basins at the Station. The lower 
portion of the McMurdo Station watershed is covered by snow that accu-
mulates over the austral winter and typically either ablates or blows away 
during the austral summer, exposing the dark, unvegetated ground sur-
face. This lower portion also is periodically covered by snowfall during the 
austral summer. During the 2009-10 austral summer, the snow cover in 
this area typically lasted from one to several days before ablating away. 
Observations indicated that the ground thaws down to 0.15-0.30 m during 
the summer in this portion of the watershed and remains perennially fro-
zen below this depth. 
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Figure 1. McMurdo Station watershed boundary. 

Measurements made during the current study show that the hydrology of 
McMurdo Station is unique in that a significant portion of the heat that 
caused snowmelt originated from the snow-free portion of the watershed. 
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The low albedo of the dark, bare ground allowed it to absorb solar radia-
tion. Ground temperature observations showed that the maximum ground 
surface temperature approached near 25°C, substantially higher than the 
snowfields, which were limited to maximum surface temperature of 0°C. 
The upward fluxes of sensible heat from the snow-free ground warmed the 
air above. This warmed air was then advected over the snowfield by winds 
and natural convection. As this advected heat flowed over the snowfield 
surface, it warmed the snow, and ultimately produced snowmelt. This 
runoff was then conducted through the Station via a system of ditches and 
culverts. 



ERDC/CRREL TR-12-3 6 

 

3 Previous Studies 

A number of investigations at McMurdo, dating back to the early 1990s, 
are relevant to this study. Antarctic Support Associates (1995) conducted a 
preliminary study to quantitatively estimate the level and extent of fuel-
related contamination on surface soil, specifically hydrocarbon contamina-
tion. They found widespread, but varied, levels of hydrocarbon contamina-
tion throughout McMurdo Station. 

Antarctic Support Associates (1997) also conducted the first flow-related 
study to examine how much contamination from fuel spills was being 
transported by snowmelt runoff in streams around McMurdo Station. This 
was done during the 1995-1996 and 1996-1997 austral summers. Surface 
water, suspended solids, and sediment samples were taken, and intermit-
tent flow was measured at various locations. The intermittent flow was 
measured from 6 December 1996 to 30 January 30 1997 using flumes. 
Flumes were installed at Gasoline Alley, McMurdo River, and the Helo Pad 
sites as shown in Figure 2. During the high periods, flow measurements 
were taken several times during the day to determine its variations. One of 
the highest runoff events was observed around 1900 hours, and suspended 
solids increased (up to 1570 mg/L) as flow increased (Fig. 3). Flow fluctu-
ated during the entire summer season (Fig. 4); the highest flow event was 
0.123 m3/s (1-2 January 1997). 

 
Figure 2. McMurdo sampling points during 1996–1997 austral 
summer study (after Antarctic Support Associates 1997). Flumes were 
installed at Gasoline Alley, McMurdo River, and the Helo Pad 
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Figure 3. Flow versus suspended solids or sediments being carried out by runoff 
during 24-hour sampling (after Antarctic Support Associates 1997). 

 
Figure 4. McMurdo runoff pattern for entire sampling period in 1996–1997 austral 
summer study (after Antarctic Support Associates 1997). The curve designated as “Flow 
into Landfill” represented the overall discharge to Winter Quarters Bay as a result of flow 
from both McMurdo River and Gasoline Alley. 

3.1 Runoff control options 

These preventive control solutions were primarily used in Alaska and Can-
ada. They were incorporated in the Metcalf & Eddy, Inc. (2001) report of 
snowmelt water runoff Best Management Practices (BMPs). These BMPs 
included ponds, infiltration, filters, open channels, and pollution preven-
tion. 
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3.2 Runoff control option assessment 

The study considered many aspects of McMurdo’s problems. For example, 
the area has no vegetation to stabilize filtration; the permafrost layer is 
present year round; temperatures are extreme and vary diurnally; 
freeze-thaw cycles during summer cause fluctuation of flow; soils are sus-
ceptible to erosion; and contaminated areas exist. Many of these issues are 
common but the combination can make finding a solution more difficult.  

Metcalf & Eddy, Inc. (2001) developed recommendations for a runoff con-
trol strategy as follows: 

• Runoff control using standard BMPs is not feasible and will not work 
because of permafrost, lack of vegetation, and freeze−thaw cycles.  

• Existing runoff ditches and channels must be lined with engineered 
and natural materials. 

• Splashing should be minimized because flow turbulence causes ice 
formation. Turbulence can foster supercooling, which promotes frazil 
ice development, but low temperatures and tranquil conditions gener-
ally lead to a quicker freezeup (Zufelt 2010). 

• Enclosed runoff conveyances, such as culverts and piping, must have 
openings of at least 0.46-m in diameter, with a minimum of a 1% pipe 
slope. 

• Using filtration media, such as geotextile (e.g., silt fence), in the most 
highly contaminated runoff conveyances will reduce the flow velocity, 
thereby enhancing sedimentation (i.e., particulate settling) and poten-
tial for absorbing dissolved-phase contaminants. Two or more sections 
of filtration media may be placed in a staggered pattern several feet 
apart, each of which will partially intercept the runoff stream. During 
periods of low flow or when refreezing is expected, the filtration media 
may be removed from the runoff stream to prevent them from being 
encrusted in ice. At the end of the runoff season, the filtration media 
may be removed from the runoff stream, managed as waste, and retro-
graded accordingly. 

• Snow removed from McMurdo roads and structures should be deposit-
ed at locations where the resulting meltwater will not contribute to the 
runoff conveyed through McMurdo Station. In particular, snow dumps 
should not be placed at locations where the resulting runoff would in-
tersect areas of known soil contamination.  

• Emergency releases from surface water bodies upgradient of McMurdo 
Station (e.g., Star Lake) should be planned and controlled, if possible, 
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to prevent inundation and flooding of runoff conveyances, causing the 
potential mobilization of sediment and soil contaminants.  

• Care should be taken during snow clearing and road maintenance op-
erations to minimize the deposition of fines (soil) in runoff channels or 
other runoff conveyances. 

Another recent snowmelt runoff study was provided by Raytheon Polar 
Services Company. This report is described in Appendix A. This brief study 
was done during the 2002-2003 austral summer season to bring attention 
to the immediate need for, and subsequent implementation of, a broad 
and encompassing plan for managing surface-water drainage. The study 
seemed to have no cohesive flow measurement to capture the daily fluc-
tuation or diurnal flow for the entire season. The periodic baseline flow 
observation in 2002-2003 is shown in Figure 5; the flow is summarized to 
the corresponding locations (i.e., the enclosed alpha-numeric names in the 
legend) used in 2009-2010 field season, as described later in this report. 
In addition, the Raytheon report produced GPS mapping of stream loca-
tions and proposed diversion routes. 

 
Figure 5. Periodic flow measurements taken during December 2002 and January 
2003. The alpha-numeric names in the legend correspond to the locations used in 
2009-2010 sampling described later in this report (02/03 data collection Geoff 
Gilmore and William Gilbert, Raytheon Polar Services Company). 
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4 CRREL Preliminary Assessment 

A preliminary study was conducted in 2008−2009 to estimate discharge 
and erosion potential at McMurdo Station. This study focused on estimat-
ing the design flows, with the overall goal of mitigating drainage problems 
in and around McMurdo Station. Soils present at the Station were charac-
terized to determine their properties and to examine where the fines were 
eroding from the stockpile. The gradation of the fines at various locations 
and depths around the Station was also of interest. In addition, flow was 
estimated using spatial data and a hydrologic model. This preliminary 
study initially characterized the watershed, estimated flow, and recom-
mended ways to quantify the erosion problem by examining the soil condi-
tions. 

Two approaches were used in this preliminary assessment to identify the 
source of drainage-related problems causing the erosion of fines. First, a 
hydrologic model was developed based on available remote sensing and 
spatial data. Second, pertinent data and background information on 
McMurdo Station were collected. These data included GIS data, climate 
and weather, soils, surface and subsurface information, and imagery. 
Samples were taken at various locations at the Station and shipped back to 
the U.S. to determine soil properties. 

4.1 Meteorological data 

Daily meteorological data were available from the National Climatic Data 
Center (NCDC) for McMurdo Station (station identifier/number: 896440). 
The period of record for the McMurdo Station climate data was 1 January 
1973 through 13 March 2008. These data included daily precipitation, dai-
ly maximum and minimum air temperatures, daily average relative hu-
midity, daily average atmospheric pressure, and daily average wind speed. 
According to the record, very little precipitation fell and what did was 
snow. The monthly average accumulated precipitation amounts (Fig. 6) 
showed that the climate resembles a desert. Temperatures rarely rose 
above freezing, even in the summer. Figure 7 shows the average maximum 
and average minimum daily temperatures for each day of the year. It was 
assumed that, during the warmer months, snow that fell during the previ-
ous winter melted owing to higher temperatures and intense solar radia-
tion. In addition to the meteorological data from NCDC, additional data 
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were available for solar radiation. Hourly global solar radiation data from 
McMurdo Station were provided by the National Science Foundation’s UV 
Monitoring Network, operated by Biospherical Instruments, Inc., under a 
contract from the U.S. NSF’s Office of Polar Programs via Raytheon Polar 
Services Company (RPSC). 

 
Figure 6. Average accumulated monthly precipitation, 1973- 2008. 

 
Figure 7. Average maximum and minimum daily temperatures, 1973-2008. 
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4.2 GIS data 

Spatial data for McMurdo Station were available from the Antarctic Geo-
spatial Information Center (AGIC), including background imagery and el-
evation data. A 0.2-m-resolution image was used in developing flow paths 
within the Station area. A 1.5-m-resolution image, from November 2001, 
shows the entire basin area. A 30-m digital elevation model (DEM) and a 
1-m resolution, computer-aided design CAD drawing developed by RPSC 
were used to develop contours and analyze basin boundaries and flow 
paths. The 30-m DEM was used primarily for the northern part of water-
shed, including the snow fields. The CAD drawing provided more detailed 
information, but was limited to the Station area. 

4.3 Preliminary hydrologic study 

The primary goal of the preliminary hydrologic study was to estimate the 
expected discharges from the sub-basins of the McMurdo Station water-
shed. This was to be done by estimating the runoff in the watershed over a 
number of years, in this case from 1990 through 2007. It was assumed that 
runoff at McMurdo Station was caused by snowmelt in the summer (De-
cember-February) when ambient air temperatures hovered around the 
melting point and solar radiation was at its peak intensity and fairly con-
stant over each 24-hour period. The study had five parts. First, the sub-
basin watershed boundaries were delineated. Second, the meteorological 
data were prepared for the period of 1990 through 2007. Third, the hourly 
snowmelt was estimated using the observed meteorological data as input 
into a complete energy balance snow model. Fourth, the hourly snowmelt 
was used in the hydrologic model to estimate the runoff throughout the 
Station. Fifth, the annual maximum hourly flows were selected for each of 
the discharge points and a discharge frequency analysis was then pre-
formed. 

4.3.1 Delineation of the watershed 

The contributing watershed above McMurdo Station was split into three 
main basins (Fig. 8) with three small basins within the Station footprint. 
These major basins were further divided into smaller sub-basins and addi-
tional areas below the main road were added at existing culverts and 
ditches where known water flow problems had been reported in the past or 
design flow information was required. All of the sub-basins and drainage 
paths used for this study are shown in Figures 9 and 10. 
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Figure 8. Major watersheds contributing to runoff at McMurdo Station. 
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Figure 9. Basins and drainage paths used in this study of McMurdo Station. 
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Figure 10. Sections of interest for drainage calculations (pre-field assessment). 

4.3.2 Preparation of meteorological data 

Although the climate data for the McMurdo Station was from 1973 t0 
2008, the daily NCDC data were converted to hourly data from 1990 to 
2007. The hourly air temperature varied linearly between the daily maxi-
mum (noon) and daily minimum (midnight). Wind speed, pressure, and 
RH were held at their averages over the hours of the day. The precipitation 
was spread evenly over the hours of the day. The observed hourly solar ra-
diation was used directly. 

4.3.3 Snowmelt estimation 

Snowmelt was estimated using a complete energy balance snow model: 
Fast All-season Soil Strength (FASST) (Frankenstein and Koenig 2004), 
which is based on hourly meteorological data over the course of each win-
ter season. For each year of the study (1990−2007), the FASST model was 
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run from 1 January through 1 March of the following year. This provided a 
number of months for the model to spin up before each austral summer 
season. Only the model results for 1 November through the following 1 
March were used in the analysis. In all cases the model had 11 months of 
hourly simulation to estimate the snow properties. This seemed reasona-
ble as all indications are that the snow is usually completely ablated or 
blown away at McMurdo during each austral summer. 

4.3.4 Hydrologic model 

The hydrological model used in preliminary analysis was HEC-HMS (U.S. 
Army 2008). The snowmelt generated by the FASST model was input to 
the HEC-HMS hydrological model of McMurdo Station. The hydrologic 
model was used to estimate hourly runoff over the period 1990−2007. The 
runoff was estimated using the Soil Conservation Service (SCS) procedure 
for all watersheds. The lag times were calculated for each basin using the 
basin slope and channel length. The routing through the channels was 
done using the kinematic wave procedure, the channel roughness was set 
at 0.025, and typical channel geometry was used.  

Results of the preliminary hydrologic model are compiled in Appendix B. 
Unfortunately, it was not possible to calibrate or verify the hydrologic 
model, as very few actual discharge measurements had been made at 
McMurdo Station prior to this time. The only observations were in the 
Antarctic Support Associates’ Sampling and Analysis Report (Antarctic 
Support Associates 1997), which reported that the runoff varied in a diur-
nal pattern, with the highest flow (peak flow approximately 0.11327 m³/s 
in that study) measured between 1700 and 2100 hours. The results are 
summarized in Table 1. 

4.3.5 Annual maximum discharge frequency analysis 

The annual maximum hourly flow calculated by the hydrologic model was 
selected from each of the labeled discharge points for 1990−2007. A flood 
frequency analysis was then done using the procedures described in USGS 
(1982). The discharge with a 2% probability of being exceeded in any year 
(50-year return period) is listed in Table 1. 
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Table 1. Basin attributes for HMS model. 

Basin Area (km2) Local drainage length 
(m) 

Average slope 
(m/m) 

Lag time 
(min.) 

Computed Q 
(m3/s)* 

1 0.54 1831.9 0.0977 9.3 0.28 

2 0.02 274.6 0.0889 2.2 1.27 

2.2 2.40 2911.9 0.0833 14.1 1.26 

3 0.07 594.0 0.1962 3.0 0.62 

3.2 0.03 560.9 0.1920 2.9 0.59 

3.3 0.02 338.9 0.0826 2.7 0.06 

3.4 0.01 267.4 0.0703 2.4 0.05 

3.5 0.03 417.3 0.0633 3.5 0.05 

3.6 0.07 693.2 0.1548 3.7 0.03 

3.7 0.06 578.1 0.1630 3.1 0.50 

3.8 0.02 426.2 0.1977 2.3 0.47 

3.9 0.03 406.6 0.1778 2.3 0.46 

3.10 0.76 290.0 0.0763 2.5 0.40 

3.11 0.02 648.3 0.1810 3.3 0.08 

3.12 0.14 1150.9 0.1762 5.2 0.07 

4 0.02 237.1 0.0634 2.3 0.01 

5 0.01 161.2 0.1096 1.4 0.004 

6 0.02 368.3 0.0991 2.7 0.05 

6.2 0.06 419.9 0.0872 3.3 0.03 
*Maximum flow with a 2% probability of occurring during any one year or occurring once in 50 years. This 

value is typically used for a 50-year life for drainage design. 

4.4 Erosion 

To mitigate and quantify the erosion problem, we needed to determine the 
soil fines that are being stripped away. We used soils data, both from the 
surface and subsurface, to identify the ground conditions. Grain size anal-
yses of materials collected from several locations and at various depths 
were used to identify the areas from where the fines are being eroded. 
Samples were collected from: 

• Source material (soil) from the drainage ditch material pit. 
• Source material (soil) from the roadway and parking material pit. 
• Soils on roadways and pads both near surface (25−76 mm) and at 

150−200 mm. 
• Drainage paths (on the dry area that was previously a drainage path). 
• Near-surface samples and samples from 150 mm under Crary Lab. 
• Locations where the water runoff ends. 



ERDC/CRREL TR-12-3 18 

 

The gradation of the soil samples taken from the various sites (Table 2) are 
comparatively the same (e.g., gravelly soil with sand) as shown in Figure 
11. This suggests that the soils do not undergo a change in gradation from 
the stockpile to various locations and depths around the Station. There-
fore, fines are likely solely lost to water runoff in areas where surface and 
subsurface water is present.  

A permeability test was conducted on soil taken from the road surface. The 
permeability of the soil ranged from 0.07 to 0.11 cm/s, which is classified 
as a good drainage material for sandy gravel soil (Holtz and Kovacs 1981). 
However, this soil is underlain by an impermeable subsurface layer (i.e., 
permafrost) and water can pond in low lying areas. It is important to note 
that, if soil fines are eroded by water flow through the soil structure, voids 
will develop and undermine the soil structure. Loosely compacted soils 
and aggregate that have become saturated are more susceptible to erosion 
(Rollings and Rollings 1996). Proper construction practices are a key to 
reducing erosion. 

Table 2. Summary of the soils collected at various locations in McMurdo. 

Soil Sample Locations USCS* Description 
1 Source pile, gray fines 1 GP Poorly graded gravel with sand 

2 Source pile, gray fines 2 SW Well-graded sand with gravel 

3 Source pile, red fines  GW Well-graded gravel with sand 

4 Road, surface SP-SM 
Poorly graded sand with silt and 
gravel 

5 Road, at 200-300 mm below surface GW Well-graded gravel with sand 

6 Pad, surface SP-SM 
Poorly graded sand with silt and 
gravel 

7 Pad, at 150−200 mm below surface GP-GM 
Poorly graded gravel with silt 
and sand 

8 Under Crary Lab Phase I, surface GW-GM 
Well-graded gravel with silt and 
sand 

9 
Under Crary Lab Phase I, at 150−200 mm 
below surface GP-GM 

Poorly graded gravel with silt 
and sand 

10 Gasoline Alley channel, surface GW Well-graded gravel with sand 
*Unified Soil Classification Systemengineering soil classification. 
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Figure 11. Gradation comparison of all the soil samples taken in 2008−2009. 
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5 2009–2010 Data Acquisition Plan 

For this study, our approach was to capture all the runoff events over most 
of the summer season (2009-2010) and validate the predictions of runoff 
by the model developed during the preliminary study. In concert with the 
hydrology assessment, we also monitored the climatology, the soil and 
ground conditions, and the snow characteristics. The initial snow assess-
ment was conducted in late October. The field work started on 3 December 
2009 and continued until 27 January 2010, when most of the snowmelt is 
over. 

The basic data collected consisted of the following: 

• Several critical locations were assessed to determine if the sites were 
appropriate for measuring discharge in the major flow paths at 
McMurdo Station. Water level sensors were installed to provide time 
series data. Some of the sensors were installed on 4 December 2009, 
others were placed a few days later; all of the sensors were removed on 
26 January 2010.  

• Manual discharge measurements were regularly made at these same 
locations to capture the peak flow and the flow recession. These data 
were used to calibrate and validate the discharge estimates based on 
the water level sensors. 

• Snow properties were characterized in the snow fields of major water-
sheds of McMurdo Station. The initial survey was completed using a 
ground-penetrating radar (GPR) on 23 October 2009. The relative 
snow changes were measured on a cross-sectional transect that is 100 
m long with 10-m spacing. Additional snow surveys were conducted af-
ter significant snowfall events or significant snow redistribution events 
caused by high winds. 

• Sensors to measure solar radiation, subsurface temperature, and soil 
moisture were installed. Data collected from these sensors are integral 
parts of the flow data and important for validating the discharge results 
from the model. 

• The entire watershed boundary was mapped using a GPS and visual 
examination. 

• Problem areas related to drainage and erosion were noted in and 
around the Station. 
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• Soil strength measurements in roads and pads were taken where ero-
sion was evident.  

In addition to the field data, we also collected imagery and weather data 
for the area and integrated these into the analysis and the hydrologic mod-
el. Result from the hydrologic model was compared to 2009-2010 dis-
charge. 
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6 2009–2010 Data 

6.1 Surveyed and ground-truth watershed boundaries 

A survey was conducted to ground-truth the watershed boundaries devel-
oped in the preliminary study. The drainage basin boundary of McMurdo’s 
watershed extends from the west along Hut Point Ridge and Arrival 
Heights, then north up to the top of Second Crater (north of Arrival 
Heights), as shown in Figures 1 or 8. It continues to the east in the snow 
and ice fields and takes a gentle quarter turn heading south, meeting the 
top of Crater Hill at the T-Site. Figure 12 shows the revised basin bounda-
ries. 

6.2 Surveyed and mapped flow paths, and channel conditions 

Major flow channels and minor surface flow paths were mapped using a 
GPS (Trimble GPS receiver, http://www.trimble.com/trimbler8gnss.shtml, accessed Au-
gust 2010). Locations of culverts, their sizes, and their conditions were 
mapped and noted. Invert and surface elevations of culverts and ditches 
were measured to determine slopes, distances, and dimensions. The cross-
section or shape of the selected drainage location, from its toe to the top of 
slopes, was surveyed to determine the side slopes of the embankments. 
Pictures were taken as often as possible and these were compiled to show 
how conditions varied with time. Appendices D and E are compilations of 
photos depicting channel conditions at locations S1 and S2B, respectively 
(locations shown in Fig. 12). The flow paths delineated in the preliminary 
study were revised on the basis of the survey results. Figure 13 shows the 
major flow paths through McMurdo Station and the GPS control points. 
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Figure 12. Revised major basins and flow paths at McMurdo Station. Flow 
measurement and snow transect locations are also shown. 
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Figure 13. McMurdo Station discharge, soil, and radiation measurement locations and survey points. 

6.3 Measured snow properties at snow transect locations and snow 
dump areas 

Six GPR surveys were conducted on 23 October 2009 to interpret seasonal 
snow, or the interface between seasonal snow and multiyear snow and ice 
(locations shown in Fig. 12). The process and detailed interpretation of the 
GPR data are described in Appendix C. Along with the GPR, initial snow 
depths were also measured manually. These transects were visited a few 
times later to document changes in snow depth. Snow densities were also 
measured in a few locations. An example of a snow depth profile for one 
snow transect site is shown in Figure 14. When we measured the snow 
depth during the early season (i.e., 14 December), we found an ice layer on 
top of a void space of already melted snow or ice (Fig. 15); this was really 
observed when we walked from one stake to another stake, as our feet 
would break the ice and we sunk into the firm layer of ice or snow. Detail 
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on snow characteristics (e.g., tying-in the GPR data with the manual snow 
data measurement) is given in Section 7.3 

 
Figure 14. Example of snow depth profile for snow transect T4 (left) and T3 (right). 

 
Figure 15. Snow melting process at snow transect near Arrival 
Heights Road. 

Snow is normally cleared in and around the Station from roads, pathways 
and pads, and around the buildings during the winter. We asked the Fleet 
Operations staff about where winter snow was dumped during the 
2009−2010 winter. The snow was dumped in various places all over the 
Station as there are no designated locations for snow disposal (Fig. 16). 
The snow dump locations are critical, as they affect the snowmelt and the 
hydrology of the watershed. 
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Figure 16. Snow dump locations (marked with Xs) during the winter months of 
2009. 

6.4 Solar radiation, soil moisture, and moisture instrumentation 

The influence of solar radiation and soil conditions is important to aid in 
the understanding of the drainage around the Station. This includes local 
meteorology information (air temperatures and wind speeds) from routine 
Station measurements; using soil moisture and ground temperature 
probes; and collecting solar radiation data. These measurements were 
made at various locations around the Station from 10 December 2009 to 
26 January 2010. 

Radiometers were set up at the Greenhouse site (see Fig. 13). These in-
struments are from Eppley Laboratory, Inc., and consisted of two 
shortwave instruments and one longwave. Two shortwave radiometers 
(0.285-02.8 μm), Precision Spectral Pyranometers or PSPs, were used to 
provide information on incoming (uplooking) and outgoing (downlooking) 
solar radiation. One longwave radiometer (4-100 μm), a Precision Infrared 
Radiometer or PIR, was used to provide information on incoming 
(uplooking) terrestrial radiation. 

Soil temperature probes and soil moisture probes were installed near the 
Crary Lab and Greenhouse buildings to measure subsurface temperature 
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and moisture profiles. Thermistor probes fabricated by CRREL were used 
to measure the soil temperature profiles, while PR2 probes, made by Del-
ta-T Devices Ltd., were used to measure the soil moisture content, by vol-
ume (%vol. or m3/m3), at various depths. 

6.5 McMurdo weather data 

Daily and 3-hour data are available from the National Climatic Data Cen-
ter at McMurdo Station (station identifier/number: 896440) from 1973 to 
the present. Data are available for precipitation, air pressure, temperature, 
visibility, wind speed, dewpoint, and cloud cover. For this study, 3-hour 
data were linearly interpolated to hourly for use in the snowmelt model. 

In addition, meteorology data, such as air temperature, wind speed and 
direction collected by Mac Weather at building 165, were used. These data 
are distributed by the Antarctic Meteorological Research Center at the 
University of Wisconsin-Madison as part of their Antarctic Automatic 
Weather Station (AWS) program, ftp://amrc.ssec.wisc.edu/pub/mcmurdo/climatology/. 

6.6 Flow measurement 

A pressure transducer sensor (i.e., HOBO water level indicator) was select-
ed for use in the study. The HOBO water level indicator is a high-accuracy, 
pressure-based water logger that combines research-grade accuracy with 
durability http://www.onsetcomp.com/water-level-logger. Seven HOBOs were used and 
programmed to collect data every 15 minutes. Six were installed in ditches 
for measuring continuous flow depth of the major discharge routes (see 
Fig. 13) and one to measure air pressure. The flow depths were fairly shal-
low (Fig. 17-22; locations shown in Fig. 13). The HOBOs were mostly cov-
ered with water, especially in the afternoon when the air warmed up. In 
addition, manual flow data were taken regularly throughout the season 
and at random times, at each of the six locations. The manual flow meas-
urements included: 

• Water velocity, determined by timing a floating object over a known 
distance; this was repeated three or more times. The average of these 
velocity measurements is multiplied by 0.85 to obtain the bulk velocity 
for each location. 

• Ditch cross-sectional dimensions (i.e., water depths and widths), 
measured by using a tape at three marked locations. From the center of 
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the ditch, the water depths are measured in 12-cm intervals. The cross-
sectional area is calculated using a trapezoidal approach. 

• Discharge (Qm) for these manual flow measurements was calculated as 
the product of the flow velocity and cross-sectional area. 

• Discharge rating curves, generated for each location, based on the cal-
culated manual flow measurements (Qm) and the corresponding maxi-
mum flow depth (in most case, the depth next to the HOBO sensor). 
This is used to calculate the discharge (QHOBO) from the flow depth 
measured by the HOBO sensor. Before calculating the discharge, we 
corrected the depth measured from the HOBO to account for sediment 
build-up or scouring. The depth correction is estimated from the plots 
of manually measured and HOBO depths. 

 
Figure 17. Location S1 located below the Lower Pier Road. 

 
Figure 18. HOBO installation at location S2-B, 

S1
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Figure 19. Location S2-C along Gasoline Alley where HOBO was 
installed. 

 
Figure 20. Location S3-A where HOBO was installed. 

S2-C
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Figure 21. Location S6 capturing flow below HELO Pad Terminal. 

 
Figure 22. Location S7 capturing flow below HELO Pad Terminal 

6.7 Soil strength measurements in roads and pads 

The standard Clegg Impact Hammer (CIH) uses a 4.5-kg drop weight to 
determine a surface soil strength index (e.g., from the surface down to 150 
mm). The CIH consists of a cylindrical mass hammer that is dropped with-
in a guide tube from a set height. The hammer is equipped with an accel-
erometer that measures the peak deceleration on impact. The hammer is 
dropped four times at each location and the readings are recorded for each 
drop. The readings are displayed as Clegg Impact Values (CIV) and the 
fourth reading is converted to CBR (ASTM 2003; Clegg 1980). The CIH 

S6

*
S6 moved upstream 
on 17th Dec 2009

S7 manual flow 
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has been used to assess the soil strength of mechanically constructed soil 
structures (i.e., roads) and in-situ ground conditions (Affleck et al. 2009a). 
In this case, the CIH measurements were made to examine the variation of 
soil strength from the middle to the edge of the roads and pads and to de-
termine the susceptibility of the sections to erosion. 

6.8 GIS data 

Spatial data obtained from AGIC during the preliminary analysis were 
used in this study as well. All AGIC data were projected into a UTM Zone 
58S projection. Unfortunately, the GPS survey coordinates of stream cen-
terlines and culverts taken during the field campaign did not align with the 
background imagery to the level of accuracy preferred. The imagery was 
geo-referenced to the GPS control points using a third order polynomial 
transformation method so as to display the stream information on the 
high-resolution image. This is likely to introduce some error in the image-
ry. All distances and slopes were calculated from the GPS data points, and 
not measured on the image. 

For this study, three 0.5-m-spatial resolution QuickBird images were ac-
quired through the National Geospatial Intelligence Agency’s (NGA) 
NextView contract. These images were acquired for 15 December 2009, 1 
January 2010, and 18 January 2010. They were used to map the snow-
covered area in the watersheds around McMurdo Station. 

As described previously, the imagery was re-projected to align correctly 
with the ground survey data. To do this, the three images were geo-
referenced to the high resolution background image using standard image 
rectification tools within ERDAS Imagine (Intergraph | ERDAS, Inc. 5051 
Peachtree Corners Circle. Norcross, GA 30092).1 

Snow-covered area (SCA) maps were generated for each image date using 
standard spectral processing tools. Specifically, ISODATA clustering rou-
tines were used to identify all image pixels containing snow. The images 
were completely cloud free, which simplified the SCA processing routines. 
The output are binary SCA maps where snow = 1 and all other image fea-
tures = 0. 

                                                                 

1 ERDS Imagine Field Guilde, http://www.erdas.com/Libraries/Tech_Docs/ERDAS_Field_Guide.sflb.ashx. 
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7 Results and Analysis 

7.1 Watershed and basin boundaries 

Figures 1 or 12 show the watershed and basin boundaries areas contrib-
uting runoff above McMurdo Station. The map covers the entire area west 
to Arrival Heights, north to Second Crater, then to the northeast, then 
connecting to the east near Crater Hill, and loops around town. Except for 
McMurdo proper, most of the areas of the watershed are snow and ice 
fields. 

The watershed is divided into six basins (see Fig. 12). S1 runs from the 
west along Hut Point Ridge and Arrival Heights, then along the road and 
down Hut Point Road. S2 is a big basin and its boundary encompasses the 
majority of the snowfield and the depression above Gasoline Alley. S3 en-
compasses the area north of the Main Road, around Crater Hill, part of the 
snowfield, and the top of Crater Hill at the T-Site. S5 is the area around the 
dorm, along the road towards the bay and below the Water Treatment 
Plant. S6 is the area south of the dorms and Main Road, and along the 
road to the Chalet and down to the road along the bay. S7 is the basin 
south of the Fuel Tanks, around below Observation Hill and below Helo 
Pad. 

7.2 Stream locations 

The major flow paths at McMurdo are well-defined, with earthen ditches 
that cross under roads via culverts. The cross sections of the ditches differ 
and some of them change over time (both naturally and from earthwork 
activities). Ditches for the major flows are relatively deeper than other flow 
paths. Minor flow paths exist along most of the roadways as shallow ditch-
es and, in some cases, temporary flow paths crossing the roadways. 

7.3 Snow characteristics 

7.3.1 Depth 

Our snow survey examined the snow and ice profiles of the major water-
sheds of McMurdo Station. At the end of October 2009, bamboo stakes 
were placed in six different areas, with site choice based on the team’s cur-
rent understanding of the watershed basins and ease of access for person-
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nel (Fig. 12; also described in Appendix C). At each site, stakes were placed 
10 m apart and covered a total of 100 m distance. 

On 23 October 2009, a GPR survey was completed along the length of five 
of the six transects (Appendix C). Transect 5 was not completed as the 
snow was determined to be 100% seasonal in this location with rock mate-
rial close to the surface. Table 3 gives the depth from the snow surface to 
the upper layer of superimposed ice for each stake, based on the GPR in-
terpretation. The depth of snow found at sites 1-4 and 6 varied, both be-
tween sites and along the 100-m transects (Table 3). These depths are 
used as baseline, rough estimates for snow depth, which meant that the 
superimposed ice is at zero line for all transects in Figure 23. 

Table 3. GPR results from 23 October 2009 survey. The maximum (green) and minimum (red) 
depths are highlighted for each transect. 

Position 
(m) 

Transect 1 
(m) 

Transect 2 
(m) 

Transect 3 
(m) 

Transect 4 
(m) 

Transect 6 
(m) 

0 0.20 0.36 0.67 0.24 0.42 

10 0.52 0.23 0.44 0.40 0.69 

20 0.28 0.25 0.31 0.23 0.48 

30 0.54 0.24 0.30 0.23 0.58 

40 0.35 0.35 0.32 0.24 0.43 

50 0.46 0.23 0.28 0.24 0.45 

60 0.59 0.22 0.30 0.13 0.20 

70 0.40 0.25 0.25 0.24 0.29 

80 0.47 0.28 0.42 0.21 0.29 

90 0.50 0.26 0.46 0.14 0.29 

100 0.51 0.14 0.52 0.39 0.45 

 

Additionally, manual snow depth readings were taken at these stakes sev-
eral times throughout the season to observe the changing snow cover.  
These readings illustrate how complicated the snow quantity picture is 
around the Station, with both accumulation and loss occurring, depending 
on the time and location (Fig. 23).  
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Figure 23. Snow depth at transect locations throughout the season. 
Note that for transect 5, “Above Gasoline Alley,” there was no initial 
GPR to tie to so this shows relative change throughout the season. 
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Figure 23 (cont’d). Snow depth at transect locations throughout the 
season. Note that for transect 5, “Above Gasoline Alley,” there was 
no initial GPR to tie to so this shows relative change throughout the 
season. 

It is important to understand that snow depth was not measured directly 
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made to compare the level of snow to a point on the stake in conjunction 
with the GPR data as a rough estimate of total snow depth. After this, the 
stakes were read (but no GPR was used) to determine if there had been net 
accumulation or loss at that location. It is from this information on the 
change at each site that we are able to determine values for snow depth 
later in the season. Unfortunately, through the course of the season, snow 
did remain in the area of transect 5. Without an initial depth estimated by 
GPR, we were unable to tie the later readings to an initial value and thus 
the graph for this location depicts “relative snow depth.” To complicate 
things further, there was some erosion above the stakes at this location 
that brought soil down onto the snow surface in the area of the stakes. 

Figure 23 shows that, for transects 3, 4, 5, and 6, the initial reading was 
the maximum snow depth and, in the subsequent readings, there was loss, 
then accumulation. (There were several snowfall events in late December 
and early January so this was expected, see Table 4.) However, for 
transects 1 and 2 (Lower and Upper Castle Rock, respectively), the picture 
is more complicated. For Transect 1 (Lower Castle Rock ), the snow level 
was fairly consistent ( i.e., accumulation equaled loss). Transect 2 (Upper 
Castle Rock), because of the inaccesible nature of the site, could only be 
read one other time after the initial GPR survey was completed. The two 
readings show that between October and January there was 0.60 m (or 
more) of accumulation at this location. 

Table 3. Daily climatology conditions during December 2009 and January 2010. 

Date 
Air Temp 
Average, 

C 

Air Temp 
Max, C 

Air Temp 
Min, C 

Precip 
mm 

Wind 
Speed,  
m s–1 

Average 
Shortwave 

W m–2 

Average 
Longwave  

W m–2 
01Dec2009 –0.5 2.0 –5.4 0.00 6.8   

02Dec2009 –2.2 –0.3 –3.6 0.00 6.2   

03Dec2009 –0.2 1.7 –4.0 0.00 1.2   

04Dec2009 –1.1 2.0 –2.7 0.00 8.1   

05Dec2009 –1.5 2.0 –3.5 0.00 6.7   

06Dec2009 0.5 2.2 –3.5 0.00 2.9   

07Dec2009 1.3 4.4 –0.7 0.00 3.4   

08Dec2009 –0.6 5.7 –6.1 0.00 4.8   

09Dec2009 –5.8 1.3 –9.5 0.00 6.1   

10Dec2009 –1.8 0.1 –6.8 0.00 3.2 367.98 231.64 

11Dec2009 –2.2 1.9 –4.2 0.00 1.8 350.47 241.58 

12Dec2009 –5.4 –1.4 –7.8 0.00 5.6 259.64 239.62 

13Dec2009 –2.7 0.1 –7.0 0.00 3.2 380.94 235.18 
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Date 
Air Temp 
Average, 

C 

Air Temp 
Max, C 

Air Temp 
Min, C 

Precip 
mm 

Wind 
Speed,  
m s–1 

Average 
Shortwave 

W m–2 

Average 
Longwave  

W m–2 
14Dec2009 –2.8 –0.8 –8.9 0.00 4.2 418.05 212.29 

15Dec2009 –1.6 –1.0 –3.4 0.00 4.1 424.04 216.53 

16Dec2009 –1.5 1.3 –3.6 0.00 3.9 397.49 225.52 

17Dec2009 –1.0 0.4 –3.6  4.3 410.31 233.09 

18Dec2009 –0.1 1.9 –2.5 0.00 3.6 238.57 269.32 

19Dec2009 –5.7 2.9 –8.1 0.00 5.7 376.10 233.89 

20Dec2009 –4.2 –2.7 –8.2 0.00 1.1 232.10 266.05 

21Dec2009 –3.6 –1.6 –6.1 6.10 2.4 152.12 294.17 

22Dec2009 –6.6 –3.4 –7.6 0.76 6.6 276.71 268.14 

23Dec2009 –5.8 –3.2 –8.3 0.00 4.9 353.62 243.08 

24Dec2009 –3.5 0.0 –7.6 0.00 3.9 314.04 239.53 

25Dec2009 –5.1 –3.6 –7.2 0.00 2.6 364.14 231.16 

26Dec2009 –1.9 –0.8 –8.1 0.00 1.3 381.83 228.63 

27Dec2009 –1.8 1.5 –6.1 1.02 2.6 278.57 267.66 

28Dec2009 –4.2 –1.8 –7.9 5.08 3.8 201.49 286.75 

29Dec2009 –2.6 –1.2 –4.1 3.05 3.3 191.94 302.10 

30Dec2009 –0.7 2.0 –4.2 3.05 2.2 329.92 265.14 

31Dec2009 0.2 2.6 –1.9 0.00 3.0 395.78 231.23 

01Jan2010 0.9 3.4 –1.6 0.00 1.0 362.55 232.03 

02Jan2010 –0.7 3.8 –4.7 0.00 3.2 343.47 251.14 

03Jan2010 –7.8 –0.8 –9.0 0.00 7.0 345.18 247.49 

04Jan2010 –6.7 –4.4 –8.8 0.00 5.3 262.07 260.82 

05Jan2010 –4.1 –0.5 –7.7 0.51 3.4 226.85 275.26 

06Jan2010 –4.5 –3.3 –5.4 0.00 6.9 224.46 275.23 

07Jan2010 –3.2 –1.5 –5.4 1.02 4.9 238.55 274.52 

08Jan2010 –0.1 1.2 –0.8 0.00 1.7 303.81 265.60 

09Jan2010 –1.2 2.2 –2.8 1.02 3.0 219.32 281.17 

10Jan2010 –2.5 –0.6 –3.7  4.1 328.28 239.49 

11Jan2010 –0.5 2.3 –4.2 0.00 2.2 366.19 246.57 

12Jan2010 –1.3 1.5 –3.3  3.6 312.86 247.66 

13Jan2010 –4.6 –1.0 –5.7 0.00 6.0 318.88 266.96 

14Jan2010 –3.8 –2.9 –5.3 0.00 4.3 244.15 269.57 

15Jan2010 –1.2 0.3 –3.8 0.00 3.6 296.97 257.20 

16Jan2010 –0.4 1.4 –1.4 0.00 2.3 290.62 261.47 

17Jan2010 –2.1 1.2 –5.6 0.00 4.9 205.89 263.58 

18Jan2010 –4.6 –1.4 –7.2 2.03 4.8 224.67 264.02 

19Jan2010 –0.2 2.8 –6.2 0.00 0.9 330.81 226.00 

20Jan2010 –1.2 1.2 –5.8 0.00 3.2 319.29 229.39 
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Date 
Air Temp 
Average, 

C 

Air Temp 
Max, C 

Air Temp 
Min, C 

Precip 
mm 

Wind 
Speed,  
m s–1 

Average 
Shortwave 

W m–2 

Average 
Longwave  

W m–2 
21Jan2010 1.6 4.2 –2.1 0.00 1.3 328.16 221.89 

22Jan2010 –2.2 3.5 –3.8 0.00 6.6 282.73 231.20 

23Jan2010 –4.6 –0.1 –9.2 0.00 5.6 214.83 270.53 

24Jan2010 –1.7 1.3 –6.6 0.00 1.9 284.75 239.79 

25Jan2010 –5.2 0.6 –8.6 0.00 6.4 219.80 252.31 

26Jan2010 –2.9 –1.4 –9.2 0.00 3.3   

27Jan2010 –1.9 1.4 –6.3 0.00 1.8   

28Jan2010 –9.5 –1.3 –13.3 0.00 6.6   

29Jan2010 –3.5 3.2 –13.1 0.00 1.1   

30Jan2010 –3.8 –1.1 –8.1 1.02 4.4   

31Jan2010 –5.2 –1.5 –8.2 0.00 4.4   

 

Before the snowfall events occurred, there were variations in “surface” 
snow loss at various sites (e.g., the difference in snow depths between 23 
October and 14 December). At Lower Castle Rock, the depletion of snow 
was as much as 0.15 m near the bottom of the transect. Approximately 
0.30 m of “surface” snow loss was measured at Arrival Heights and near 
the Radomes transects. To complicate the snow loss, snow melted below 
the surface and created a void layer under the top of the snow ground (see 
Fig. 15). This was observed primarily at the Arrival Heights and near the 
Radomes transects and near the bottom three stakes at Transect 1 (Lower 
Castle Rock). Both Transects 3 (Arrival Heights) and 4 (Radomes) are in 
distinct troughs or depressions, with significant slopes. Transect 1 (Lower 
Castle Rock) is on a slight trough or depression but also has a significant 
slope. Up to 0.35 m of snow loss was found near the bottom of the Tank 
Farm transect. Therefore, this study found that both “surface” snow loss 
and “sub-surface” snow melting occurred during warm periods. 

7.3.2 Density 

In addition to snow accumulation and loss, density and core stratigraphy 
measurements were made at transects 1, 2, 3, and 5. These were made 
using a LaChapelle snow density tool or from core samples taken using a 
Kovacs core barrel. Samples were taken from approximately the middle of 
the transects (between stakes 5 and 6) and typically two or three were 
done at a time. When multiple samples were taken at one location, they 
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were done approximately 1.5 m apart. Density was not taken at all 
transects as time and equipment availability was an issue. 

 
Figure 24. Stratigraphy and density of cores at four locations. The 
tip of the arrow indicates the depth at which the density was taken. 

 
Figure 25. Densities calculated for various core layers at all locations 

Sampling done at all four transects in early January showed similar 
layering (Fig. 24). That is, typically, a layer of fresh snow on top, with older 
snow layered over ice, with sediment often incorporated into the ice. Here, 
“firn” is used to describe snow that has gone through some melting period, 
though not necessarily an entire year. Density of 0.45 g/cm3 for freshly 
fallen snow for Upper Castle Rock was found, and this could be a newly 
melted snow layer. However, similar layer types had comparable density 
values, with the averages for fresh snow being less than for older snow and 
less than ice (0.35, 0.47, > 0.9 g/cm3 ,respectively, Fig. 25). As can be seen 



ERDC/CRREL TR-12-3 40 

 

in Figure 25, some of the “ice” measurements on 14 January 2010 are 
reported as greater than 1.0. This is likely explained by the sediment found 
in several of the core sections (Fig. 26). 

 
Figure 26. Sediment layers within ice in core at Transect 1 (14 
January 2010). 

7.4 Local conditions 

7.4.1 Climatology 

The daily meteorological conditions were recorded at McMurdo Station 
Building 165 (Mac Weather: ftp://amrc.ssec.wisc.edu/pub/mcmurdo/climatology/) and 
the downwelling shortwave and longwave radiation was observed at the 
Greenhouse during December 2009 and January 2010. Data are listed in 
Table 4. 

As can be seen from Figure 27, it was a fairly cool season compared to the 
long-term record. Typically, the temperatures were below 0°C every day 
but often would rise above 0°C for part of the day. The daily maximum and 
minimum recorded temperatures compared well to the long term daily av-
erage maximum and minimum temperatures as well as to the recorded ab-
solute daily maximums and minimums. During this same period, wind 
speed averaged 3.9 m/s in January, with a maximum of 13.3 m/s. Wind 
events lasted from 1 to approximately 5 days (Fig. 28). Wind direction was 
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primarily between 70−100° (true north). The relative humidity was about 
72% in December and 69.8% in January. 

 
Figure 27. Daily observed maximum temperature (red) and 
minimum temperatures (blue) compared to the long term average 
max. and min. (grey) and the absolute daily max. and min. (black) 
for the period 1 November 2009−28 February 2010 at McMurdo 
Station. 

 
Figure 28. Wind speed (top) at 3-hour intervals and direction (bottom) at 
McMurdo Station. 
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7.4.2 Solar radiation 

The downwelling shortwave (sunlight) and longwave (infrared) radiation, 
as well as the upwelling shortwave radiation, were measured from 10 De-
cember 2009 through 26 January 2010 at the Greenhouse (Fig. 29). The 
longwave radiation ranged between 200 and 320 W/m2 (Fig. 30). The al-
bedo of the ground surface can be estimated as the ratio of the upwelling 
to the downwelling shortwave radiation. The hourly averages of both 
downwelling shortwave radiation and the albedo are shown in Figure 31. 
The hourly average of shortwave radiation ranged between 22 and 1070 
W/m2. The ground albedo was greater than 1.0 during some periods.  
These periods corresponded to times when the instrument measuring 
downwelling radiation was covered by snow and the reading was artificial-
ly reduced. The ground albedo ranged between 0.04 and 0.12 when no 
snow was present. Immediately after snowfall, the albedo was as high as 
0.88. These high albedo values indicated that the ground was covered by 
snow. The albedo of the snow would immediately start to decline at a rate 
of approximately 0.0053 hr-1 to about 0.70, after which it would rapidly 
decline to the ground albedo value. There were no corresponding meas-
urements of the snow depth on the ground. 

 
Figure 29. Radiation instrumentation set up near the Greenhouse location. 
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Figure 30. Downwelling long wave radiation observed from 10 
December 2009 through 26 January 2010. 

 

 
Figure 31. Observed albedo of the McMurdo soilspikes reflect 
snowfall events that covered the ground around the instrument; 
bottom shows observed downwelling solar radiation. Both graphs 
cover the period from 10 December 2009 through 26 January 2010. 
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7.4.3 Soil temperatures 

Soil temperature profiles were taken using thermistor probes fabricated by 
CRREL. The thermistor probes were potted in a PVC tube at various 
spacings to measure temperatures at depths of 0 (surface), 7.6, 15.2, 30.5, 
45.7, and 61 cm below the soil surface. In actuality, the temperature at 0 
(intended to be surface) was slightly above the surface (less than 1 cm) and 
this is reflected in some of the high “surface” temperatures found below. 
The probes were installed at two locations on Station: near the Green-
house and Crary Science Lab (Fig. 13). The Greenhouse site (Fig. 29) is at a 
higher Station elevation and is generally in a more open and flat area than 
the Crary location. The Crary location is at the southeast corner of the 
Crary Science Lab and was in shadows part of each day (Fig. 32). Installa-
tion of the probes at each of these sites required Fleet Operations (the 
heavy equipment and construction crew on Station) to drill the holes. The 
probe was inserted into the hole and fine-grained soils were sifted and 
compacted into the spaces to fill in and minimize the gaps. A Campbell 
Scientific datalogger was programmed to collect the data, which were orig-
inally recorded at 15-minute intervals. After several days of collection, the 
data were downloaded and reviewed, and we determined that taking data 
at 15-minute intervals did not provide high enough resolution, so after 12 
days, the rate of data acquisition was increased to every minute. 

 
Figure 32. Crary measurement site. Shown is the southeast corner 
of the Crary building, data logger and battery box (lower right), soil 
temperature probe (connected to the long white cable), and soil 
moisture probe (marked with orange tape). 
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The temperature sensors required some time to equilibrate once they were 
installed. Although the data are plotted starting on 10 December (date of 
installation), the data were examined starting on 12 December. The tem-
perature range varied greatly between the two sites (Table 5 and Fig. 33). 
This is likely ascribable to the differing amount of direct sunlight applied 
to each, as explained above. In particular, the surface probe at the Green-
house site was greatly influenced by the sun, as evidenced by the maxi-
mum temperature of 27.8°C! The temperature profile shows that the soil is 
definitely frozen at depth between 15.2 and 30.5 cm at the southeast cor-
ner of the Crary building. On the other hand, the soil is frozen just slightly 
below 30.5 cm near the Greenhouse. The data showed fluctuations of tem-
perature near the surface and above the frozen zone, indicating freezing 
and thawing incidents throughout the season, especially near Crary. At 
both locations at depths of 45.7 and 61 cm, the temperature was fairly con-
stant throughout the study period. 

 

Table 5. Minimum, average and maximum temperatures at each depth for the temperature probes 
at the Crary and Greenhouse sites. 

 Crary Greenhouse 

Depth, cm  Min., °C Avg, °C Max, °C Min,°C Avg, °C Max, °C 

0 –7.49 0.01 13.36 –5.58 4.05 27.8 

7.6 –2.67 0.23 9.38 –0.38 3.07 11.30 

15.2 –1.92 –0.32 8.67 –0.14 2.27 7.80 

30.5 –2.36 –1.32 –0.21 –0.28 0.32 2.06 

45.7  –5.18 –3.30 –0.90 –3.26 –2.31 –1.78 

61 –8.29 –5.47 –3.80 –6.38 –3.95 –3.17 
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Figure 33. Soil temperatures at the Crary and Greenhouse sites for the 
measurement period. 

7.4.4 Soil moisture profile 

Similarly, installation of the soil moisture probes required Fleet Opera-
tions to drill the holes. A thin plastic sleeve was inserted into the hole and 
fine-grained soils were sifted into the spaces to fill in and minimize the 
gaps. Soil moisture probes were installed at the Crary, Greenhouse, and 
Building 17 locations. As it was difficult to drill into the soil, at each loca-
tion the probes were at slightly different depths ( 5 cm) as is reflected in 
the legends on Figure 34. The Crary location was read continuously at the 
same rate as was done with the temperature probes described above. The 
Greenhouse and Building 17 locations were manually read several times 
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throughout the season. The PR2 probes, made by Delta-T Devices Ltd., use 
an electromagnetic pulse to determine the volumetric soil moisture con-
tent (in %vol. or m3/m3). The PR2 probe has been used in research pro-
jects but has not been used significantly in frozen soils or in soils with 
permafrost (Affleck et al. 2009a). However, the result below showed that 
the probe worked well for this study. 

 
a. Crary location. 

 
b. Manual soil moisture measurements taken at the Greenhouse site. 

Figure 34. Soil moisture measurements. 
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7.5 Flow depth and discharge 

Flow depths and discharge were determined at the major channels, includ-
ing S1, S2-B, S2-C, S3-A, S6, and S7. S1 is located below lower Pier Road 
and this channel captures the flow from basin 1. S2-B is the major channel 
along Hut Point Road towards Winter Quarters Bay, and this channel cap-
tures the discharge from both basins 2 and 3. The discharge from basin 2 
flows through S2-C, which is located along Gasoline Alley. S-3A is the flow 
from the basin 3 area. The discharge from basin 6 area flows through S-6. 
S-7 is located below the Helo Pad and captures the flow from basin 7. 

The correlations for each location are derived by plotting the manual water 
depth measurements with depths recorded by the HOBO for the corre-
sponding date and time. The linear relationships are used to correct the 
HOBO depths, dHOBO in eq 1. Table 6 gives the slope (s) and intercept (i) 
for each location. Therefore, eq 1 is a way to correct the measured HOBO 
depth to get the true depth. The discharge rating curve, that is plotting the 
manual discharge (Qm) vs. the corresponding maximum flow depth, is 
generated for each location (Fig. 35). The discharge is estimated in both 
English and SI units by eq 2 based on the relationships developed for each 
site (Qm vs. stage or depth): 

 HOBOd sd i   (1) 

 Q cad bd   (2) 

where: 
 s = slope coefficient 
 dHOBO = depth readings from the HOBO 
 i = intercept 
 a, b, c = variables 
 d = corrected depth 
 Q = discharge. 
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Table 6. Constants and coefficient developed from manual flow measurement to correct the depth of the HOBO 
and calculate the HOBO flow for continuous discharge. 

 Metric unit (m) English unit (ft) Metric unit (m3/s) English unit (ft3/s) 

Locations S i s i a b c a b c 

S1     3.69 –0.0123 2.0 12.11 –0.133 2.0 

S2–
B 

DS 1.102 0.0001 1.102 0.0005 

15.37 0 2.41 31.08 0 2.41 
US 1.051 0.0231 1.051 0.0759 

S2–C 1.189 0.013 1.189 0.0428 
S3–A 0.548 0.033 0.548 0.1043 

S–6 0.706 –0.012 0.706 –0.0387 5.95 –0.092 2.0 19.54 –1.034 2.0 

 

 

 
Figure 35. Manual discharge versus flow depth. 
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7.5.1 Manual discharge (Qm) 

The maximum discharge from the manual measurement at location S1 was 
0.014 m3/s on 18 December at 1115 hours. Locations S2-B, S2-C, and S-3A 
are combined because the regressions for each site are comparatively iden-
tical (Fig. 35). The discharge vs. depth relationship has to do with channel 
slope, shape, and roughness characteristics. Locations S2-B, S2-C, and S-
3A have identical channel characteristics in terms of shape and roughness 
but differ slightly in slopes. Realistically, discharge at S2-B should be the 
sum of discharge through channels S2-C and S-3A. The maximum dis-
charge at location S2-B from the manual measurement was 0.069 m3/s on 
16 December at 1740 hours. 

The area attributed to the discharge at location S6 is very smallthis area 
is primarily from the Carpentry Shop to the Dining Facility and down to 
the Water Treatment Facility and in front of the Helo Terminal building. 

7.5.2 Continuous flow data 

The flow stage (e.g., flow depth) was measured in the McMurdo Station 
ditch system between 4 December 2009 and 25 January 2010 at six loca-
tions. The flow depth was measured using pressure transducers placed in 
the ditches as described above. The pressure transducers could not accu-
rately record pressure when their housings were frozen in ice. The periods 
when the transducer was frozen were identified using temperature record-
ed in the same housing. Periods when the recorded temperature was less 
than 0°C were excluded when calculating the flow. 

When HOBO was frozen, we assumed that there was little to no flow. This 
typically occurred sometime after midnight to approximately just before 
08oo hours, depending on the weather conditions. Using the temperature 
gage in the HOBO, we calculated the percentage of time that this instru-
ment was frozen for the entire record. Figure 36 shows this, based on each 
15-minute period of the day. At location 2B, 80% of the time the sensor 
was monitoring flow from 1400 to 1700 hours (local time); it appears to 
have been frozen and flow is close to zero from 0100 to 0600. 
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Figure 36. Percentage of time, for each 15-minute period of the day, that the 
instrument was frozen at location 2-B. 

Figures 37−39 show the continuous calculated discharge at every 15-
minute interval for each location after corrections were made. Data moni-
toring began on 4 December 2009 in the afternoon at locations S1, S2-B, 
and S6, while it started a few days later in other locations. Data collection 
ended mostly in the morning of 26 January 2010. The daily minimum, av-
erage, and maximum (at 15-minute intervals) flow rates from HOBO data 
are calculated at each corresponding site. Then, a combined mean value 
for minimum, average, and maximum is determine at each location by cal-
culating the mean of the daily minimum, average, and maximum values. 
However, considering that we observed the diurnal flow rate, it was logical 
to only use the mean value for rough approximations of discharge. Figures 
37−39 show the mean value of the daily minimum, average, and maximum 
along with the continuous calculated HOBO discharge. 

Appendix D compiles photos depicting channel conditions over time near 
S1. For some unknown reason, the HOBO stopped collecting data on 17 
December at location S1; however, manual flow measurements continued 
after that and gave continuously low flow (Fig. 37). The continuous flow 
rate measurement from the HOBO showed large diurnal variations. The 
means of the daily minimum, average, and maximum values for the entire 
time at S1 are 0.0006, 0.0036, and 0.009 m3/s, respectively. Most of the 
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manual measurements for the rest of the season were between the mini-
mum and average values (Fig. 37). 

 
Figure 37. Flow recorded at station S1. 

S2-B showed a very good agreement between the manual and HOBO flows 
(Fig. 38). The flow rate displayed a large diurnal variation showing signifi-
cant highs and lows. Flows from S2-C and S3-A connect upstream of loca-
tion S2-B. Appendix E compiles photos depicting channel conditions over 
time near S2-B. 

There was very limited flow observed at location S2-C, which is the flow 
from the basin that passes through Gasoline Alley (Fig. 38). Apparently, 
this channel had several erosion problems in previous summers because of 
heavy runoff, as Station personnel mentioned the events. However, meas-
urements were not conducted during those particular flow events. 

Most of the flow recorded at S2-B was coming from location S3-A. The 
flow rate at S3-A is shown in Figure 38. There are several manual flow da-
ta that do not agree with the HOBO data. In addition to measurement er-
ror, the major reason for the data disagreement is likely because of inter-
ruption during maintenance, including channel widening, that occurred at 
this particular location. 
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Figure 38. Flow recorded at station 2-B, 3-A, and 2-C. 
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The flow recorded at station S6 is shown in Figure 39. This station dis-
played similar large diurnal variations. The area attributed to the dis-
charge at location S6 is very small. However, there were several winter 
snow dumps located within the areas that contributed to the flow. On the 
other hand, the flow measurement at S7 was limited to mostly manual 
readings as shown in Figure 39. The maximum manual measurement was 
0.004 m3/s and the minimum was close to 0, with 0.0014 m3/s as the en-
tire average flow rate. The continuous flow rate measurements were lim-
ited and only captured the tail end of the summer season (from 19 to 25 
January). 

 

 
Figure 39. Flow recorded at station S6 and at S7, Helo Pad area. 

Overall, we observed no severe flow incidents during the 2009−2010 
study. The water in the ditches was continuously frozen (i.e., no flow) dur-
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four stations are listed in Table 7, including the total volume of flow rec-
orded over the deployment period (m3); the average, minimum, and the 
maximum flow for the entire recorded time, in m3/day; the depth of runoff 
per basin area (mm); the average flow based on the depth over the de-
ployment periods upstream watershed area (mm/day); and the average 
daily flow generated by the snow covered area (SCA) in each watershed 
(mm/day). 

Table 7. 2009−2010 flow statistics. 

 Data (measured) calculation Model prediction 

Station Daysa 

bTotal 
Vol. 
m3 

cAverage 
flow 

m3/day 

dMin 
flow 

m3/day 

eMax 
flow 

m3/day 

Depth 
(mm) 

Average 
flow 

mm3/day 

Average 
flow 
SCA 

mm/day 

S1 13 3109 220 33 673 8 0.235 3.492 

2-B 47 30875 700 13 2221 11 0.647 0.335 

S6 40 3919 165 3 331 34 0.735 2281.2 

S7 6 333 50 6 92    
aNumber of monitoring days. 
bSum of the continuous HOBO discharge data for the corresponding number of days. 
cAverage flow from the HOBO discharge data for the corresponding number of days. 
dMinimum daily average flow from the HOBO discharge data for the corresponding number of 
days. 
eMaximum daily average flow from the HOBO discharge data for the corresponding number of 
days. 

 

7.6 Hydrological modeling 

In this section, we review the hydrology of McMurdo Station in light of the 
observed meteorology, soil conditions, and snow conditions. Flow in the 
ditch system is then simulated using a previously developed hydrologic 
model of McMurdo Station. Difficulties in simulating the flows are de-
scribed and future work outlined. 

7.6.1 Snow data 

Snow information consists of several direct and indirect measurements. 
Direct measurements consisted of three satellite images of the snow cov-
ered area (SCA) taken on 15 December 2009, 1 January 2010, and 18 Jan-
uary 2010; observations of snowfall and snowfall amounts measured at the 
McMurdo meteorological station at Building 165; and snow course meas-
urements of snow depth and density taken on 23 October 2009, 14 De-
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cember 2009, and 7 January 2010. Indirect measurements consisted of 
observations of the ground surface albedo at the Greenhouse every 15 
minutes. The ground surface albedo increased dramatically, as expected, 
when the ground surface was snow covered. 

Three high-resolution images were obtained during the 2009-2010 Ant-
arctic summer season to analyze the change in SCA. Typically, a net de-
crease in SCA could be expected during the summer months; however, 
precipitation events on 21 and 28 December 2009, and then on 5 and 17 
January 2010, resulted in an increase in SCA on each of the images (Table 
8). Difference maps were developed to show the spatial differences in 
snow extent between images (Fig. 40 and 41). After the 15 December 2009 
image, the largest decrease in SCA occurred in the uppermost portion of 
the watershed. There were additional, isolated areas of decrease through-
out the watershed. The 1 January 2010 image shows a net increase in SCA, 
with the largest increase in the southeastern portion of the basin. Also, iso-
lated melt areas in the snowfield above Crater Hill, seen on the 15 Decem-
ber 2009 image, are filled in on the 1 January 2010 image. Between 1 and 
18 January 2010, the SCA increased uniformly along the edge of the snow-
pack, with a few isolated areas of SCA decrease. 

Table 8. Total SCA, SCA perimeter length, and SCA differences for each watershed. 

Basin 1 2 3 6 7 Total 

Total area (km2) 0.518 2.789 1.416 0.134 0.210 5.07 

15 December 2009 

Total SCA (km2) 0.0959 2.2927 0.5806 0.0001 0.0050 2.97 

SCA perimeter (km) 27.93 58.17 56.56 0.18 4.90 147.74 

1 January 2010 

Total SCA (km2) 0.0959 2.3383 0.7030 0.0000 0.0146 3.15 

Difference w/15 Dec 0.0000 0.0456 0.1224 -0.0001 0.0096 0.1774 

SCA perimeter (km) 19.04 37.80 47.47 0.02 3.74 108.07 

18 January 2010 

Total SCA (km2) 0.1644 2.3628 0.7793 0.0001 0.0292 3.34 

Difference w/1 Jan 0.0685 0.0245 0.0763 0.0001 0.0146 0.1840 

SCA perimeter (km) 74.55 138.69 135.18 0.12 25.69 374.23 

 



ERDC/CRREL TR-12-3 57 

 

 
Figure 40. Difference in SCA between 15 December 2009 and 1 January 2010 
(blue showing increase in SCA, red showing decrease). 
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Figure 41. Difference in SCA between 1 January 2010 and 18 January 2010 (blue 
showing increase in SCA, red showing decrease). 

The snow conditions in McMurdo Station watershed can be grouped as 
follows. 

7.6.1.1 Bare earth 

The lower part of the watershed, which includes most of McMurdo Station 
proper, is covered by snow that accumulates over the austral winter and 
typically either ablates or blows away during the austral summer, exposing 
the dark, unvegetated ground surface (Mercer 2010). This lower portion 



ERDC/CRREL TR-12-3 59 

 

also is periodically covered by snowfall during the austral summer. During 
the 2009-10 austral summer, the snow cover in this area typically lasted 
from one to several days before ablating. 

7.6.1.2 Snowfield 

The snowfield includes the upper part of the watershed, approximately 3.2 
km2, which is perennially snow covered. The snow depths in the lower por-
tion of the snowfields range from 140 to 670 mm. The measured snow 
densities range from 370 to about 500 kg/m3. Typically, as described 
above, snow cores taken in the snowfields displayed several layers: newly 
fallen snow at the surface, with a denser older snow underneath, a “firn” 
layer beneath that, with solid ice at the bottom. Dust and sediment were 
observed buried in the snow at some locations. Patches of bare soil were 
clustered near the lower boundary of the snowfield. Typically, these bare 
patches were one to several meters in diameter. The bare soil patches were 
especially evident in the 15 December 2009 satellite image. They were less 
common in the subsequent images on 1 and 18 January 2010. Apparently, 
the bare patches were covered by new snowfall or drifting snow. In addi-
tion, observations in the field revealed the presence of patchy areas of thin, 
crusty snow with gaps beneath the crusty snow in this transition zone. 

7.6.1.3 Transition zone 

The transition zone starts at the boundary between the bare soil and snow-
field and extends into the snowfield. The zone is defined by the area of the 
snowfield that is affected by local advection of sensible heat from the bare 
soil region. This local advection represents transfer of heat on a small scale 
created by the strong contrast between the surface properties of the snow-
field and the bare soil. As described above, patches of bare soil are located 
in the snowfield. 

7.7 Hydrology model 

7.7.1 Description 

This study used the Hydrologic Engineering Center’s Hydrologic Modeling 
System (HEC-HMS) to model snowmelt runoff through McMurdo Station 
(U.S. Army 2010). The model geometry, including basin area, slope, and 
stream lengths, was developed using GIS data, surveyed watershed 
boundaries, and flow paths as described earlier (Table 9). Flow was routed 
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to the basin outlets using the Soil Conservation Service (SCS) method. 
Figure 42 shows the HMS model depiction of McMurdo Basin. 

 
Figure 42. HMS model of McMurdo Basin. 

Table 9. McMurdo basin characteristics. 

Basin Basin 
area (km2) 

Elevation 
range (m) 

Stream 
length (m) 

Average basin 
slope (m/m) 

Tc 
(min) 

Lag time 
(min) 

1 0.52 13.8-181.3 1602.0 0.105 13.6 8.2133.6 

2 2.79 30.9-296.5 3186.5 0.083 25.3 15.1145.3 

3 1.42 30.7-291.1 1947.0 0.134 14.4 8.6134.4 

6 0.13 5.3-27.3 583.6 0.089 6.7 4.0126.7 

7 0.21 17.0-59.9 932.3 0.046 12.3 7.4132.3 

 

The SCS method requires a curve number, a percent impervious, and a lag 
time for each watershed. Initially, a curve number of 95 and 0% impervi-
ous were used for all subbasins. The time of concentration was estimated 
using the Kirpich method and a lag time was estimated using a typical 
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weighting of 0.6 times the time of concentration. During calibration, these 
values were adjusted to get the best results. The percent impervious was 
increased to 100%, which is not unreasonable given the frozen ground 
conditions. The lag times were increased substantially to match the tim-
ing: on the order of hours instead of minutes, for the flow to reach the out-
let. 

The snowmelt results were input to the HMS hydrological model, given an 
initial curve number of 95. The snowmelt was routed to the basin outlets 
using the SCS unit hydrograph approach. This method requires a lag time 
in minutes, which was calculated using GIS to get the stream lengths and 
the Kirpich method to calculate the time of concentration. The lag time 
was assumed to be 0.6 times the time of concentration. Table 9 gives the 
basin characteristics. 

7.7.2 Snowmelt model 

The FASST model was used to estimate the heat flux into the snowfield 
and the subsequent snowmelt. FASST was developed to estimate soil 
strength and soil properties and includes a one-dimensional single-layer 
snow model (Frankenstein and Koenig 2004). The FASST model estimates 
the heat transfer into and out of the snowpack based on the observed me-
teorological conditions and the soil conditions. It includes sensible, latent, 
shortwave, and longwave heat transfer modes with the atmosphere, as well 
as conduction with the soil below. It tracks the temperature and moisture 
content of the snowpack and estimates the runoff. FASST has been shown 
to accurately simulate snow conditions (Frankenstein et al. 2008). In the 
present case, FASST was operated with a 15-minute time step, starting 
with an existing snowpack. 

The initial run of FASST used the meteorological data recorded at Building 
165, interpolated every 15 minutes, and the downwelling short and 
longwave radiation recorded every 15 minutes at the Greenhouse. The pe-
riod simulated corresponded to the time that data were collected at the 
Greenhouse, 9 December 2009 through 26 January 2010. The runoff es-
timated by FASST was then used as input in the hydrology model. The hy-
drology model then routed the runoff through each watershed to its outlet. 
The initial run of FASST produced very poor results. The diurnal variation 
of discharge in the McMurdo ditch system was not seen. There was little 
correspondence between the modeled discharge and the observed dis-
charge. Apparently, the low air temperatures and the high albedo of the 
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snowcover combined to prevent sufficient heat transfer into the snowpack 
to cause melting, except on specific and sporadic occasions. 

On reviewing the available data, the correlation between the ground sur-
face temperatures and the measured discharge in the McMurdo ditch sys-
tem was readily apparent. This provided insight into the local climate at 
McMurdo and heat source to cause snowmelt. The snow-free ground has a 
low albedo, measured between 0.07 and 0.12. This low albedo allows the 
ground to absorb solar energy that the snowfield, with its much higher al-
bedo, reflects back to the atmosphere. In addition, snow is limited to a 
maximum temperature of 0°C, which the ground is not. As a result, the 
ground can become much warmer than the snowfield. Measurements of 
the ground temperature showed that it can reach near 25°C. This warm 
ground warms the air, which is then advected over the snowfield by winds 
and natural convection. As this advected heat flows over the snowfield, it 
warms the snow and produces snowmelt. This phenomenon, known as 
“local advection” has been shown to explain the accelerated melting of 
snow in areas where the snow and the bare ground can be described as 
“patchy” (Nuemann and Marsh 1998; Granger et al. 2002; Essery et al. 
2006). 

To improve the results, FASST was re-run with the same input, except that 
the air temperature observed at Building 165 was replaced with the 15-
minute average ground surface temperature observed at the Greenhouse. 
This assumes that the air temperature immediately above the ground is at 
the ground surface temperature and this air was then advected over the 
snowfield by natural convection or wind. The runoff estimated by FASST 
was then used as input by the hydrology model. The volume of runoff pro-
duced by the hydrology model was then compared to the volume observed 
in the McMurdo ditch system at each of the three locations described 
above. The area of each watershed over which the runoff was applied was 
then adjusted to produce the observed runoff volume. The adjustment for 
watersheds 2 and 3, observed at stations 2-B, 3-A, 2-C was 35%; 75% for 
watershed 1 observed at station S1; and 95% for watershed 6 observed at 
station S6. The results are shown in Figures 43 through 45, along with the 
observed flow for each of the three locations. The hydrology model now 
captures the observed diurnal pattern in which the daily estimated peaks 
are roughly equivalent to the observed peaks, and the volume of runoff 
produced is equivalent to the observed runoff volume. The hydrology 
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model cannot account for the cessation of flow in the McMurdo ditch sys-
tem attributable to freezing. 

 
Figure 43. Observed (blue) and model flow (red) at stations 2-B, 3-A, and 2-
C. The frozen periods are indicated by green. (Note that the model flow could 
not account for frozen periods) 

 
Figure 44. Observed (blue) and model flow (red) at station S1. The frozen 
periods are indicated by green. (Note that the model flow could not account 
for frozen periods). 
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Figure 45. Observed (blue) and model flow (red) at station S6. The frozen 
periods are indicated by green. (Note that the model flow could not account 
for frozen periods). 

7.7.3 Results 

The measurements tell us that the hydrology of McMurdo Station is 
unique. A significant portion of the heat that melts snow results from the 
sensible heat created over the snow-free portion of the watershed. 

The observed snow-free ground surface temperature appears to be a rea-
sonable first estimate of the air temperature advected over the snowfield. 

The process of local advection should be looked at in more detail. The rela-
tive impact of natural convection and the wind field should be evaluated. 
This could be done through the deployment of three meteorological sta-
tions capable of measuring air temperature and wind speed at several ele-
vations: one station would be positioned on snow-free ground; the second 
in the snowfield immediately next to snow-free ground; and the third in 
the snowfield at some distance away from the bare ground. 

The source of the snowmelt in watersheds 1 and 6 is in question. The hy-
drology model results suggest that 75% of watershed 1 and 95% of water-
shed 6 were producing snowmelt, yet the satellite imagery indicated that 
the maximum SCA of watershed 1 was 35% and of watershed 6 was less 
than 1%. It is not clear if the problem is with the hydrology model, the re-
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mote sensing analysis, or if water is transferred into these watersheds 
through channels, by snow clearing efforts, or some other means. 

The hydrology model suggests that 35% of watersheds 2 and 3 were pro-
ducing snowmelt. The satellite imagery showed that the maximum SCA of 
these watersheds was 75%. This implies that the runoff was generated in 
the portion of the snowfield that was closest to the snow-free ground and 
that a significant portion of the snowfield was not generating snowmelt 
that left the sub-basin. 

We recommend that permanent flow measurement stations be established 
at one or more locations in the McMurdo ditch system to provide a long-
term record of runoff from McMurdo Station into the ocean. This system 
would need to be designed with the particular requirements of McMurdo 
Station in mind, including the low air temperatures, consistent winds, like-
lihood of freezing, and the shortage of available manpower. A system that 
relied on the continuous solar radiation during the austral summer could 
be developed that would require minimal maintenance, provide maximum 
data, and could be incorporated into the existing culverts as a means of 
keeping the culverts ice free. 

7.8 Slope analysis 

Channel slope and bank slope can influence erosion processes. At McMur-
do Station there is a considerable slope change as water flows through 
ditches to the outlet. An analysis of the channel and bank slopes was done 
using the GPS points along the flow paths. Distances between points were 
calculated using the haversine formula, and slopes were estimated using 
the GPS elevation. Figure 46 shows channel features throughout the Sta-
tion, color-coded by channel slope. Bank erosion can also result in heavy 
sedimentation and lead to unstable channels. Three cross-sections were 
taken at the junction of basins 2 and 3. The bank slopes ranged from 30 to 
36o. Figure 47 shows the cross sections at channel locations S2-B and S3-
A, as the slopes are critical without erosion controls. 
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Figure 46. McMurdo drainage paths showing channel type and slope. 
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Figure 47. Surveyed cross section at S2B (right) and S3A (left). 

7.9 Surface soil strength 

Surface soil strength was determined using the Clegg Impact Hammer 
(Table 10). A CBR value of 100 is a very competent soil structure. The re-
sults from CBR indices suggested that the soil near the edge of embank-
ments is relatively weak. The combination of steep slope and low soil 
strength makes erosion likely to occur; erosion has happened in steep em-
bankments at McMurdo (Blaisdell 2010). 

Table 10. Summary of CBR values taken at various locations on gravel surfaces. 

 

 

 

 

7.10 Bedload (turbidity) 

Turbidity is the cloudiness of the runoff caused by suspended particles. 
Turbidity was not quantified during the study. However, photos revealed 
that the runoff is less turbid when flow is shallow and runoff is low (i.e., 
around 0730 hours); during higher runoff, the water became cloudier and 
typically turbidity increased later in the day as shown in Figure 48 (i.e., 
1700 hours). Figure 49 shows typical turbidity of runoff at S3A. A factor 
contributing to increased turbidity was when Fleet Operations staff per-
formed maintenance along the channels, thus creating more suspended 
solids (Fig. 50). 
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Two water samples were collected to test for suspended solids at location 
S3A. The samples were taken on 16 December 2009 at 0800 and 1700 
hours. The sample taken at 0800 hours contained 246 mg/L of suspended 
solids (0.03% sediments in water), while the samples collected at 1700 
hours contained 1477 mg/L of suspended solids (0.15% sediments in wa-
ter). These numbers similarly reflected values reported during 24-hour 
sampling (see Fig. 3) measured in the summer of 1996-1997 (after Antarc-
tic Support Associates 1997). 

 
Figure 48. Turbidity of flow at 1700 hours at location S2-B. 

 
a. 1100 hours. 

Figure 49. Typical turbidity of runoff in channels. Flow normally 
picked up starting in mid-afternoon (depending on the weather) and 
turbidity increased with higher flow. 

11 am Dec. 7, 2009
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b. 1700 hours. 

 
c. 1900 hours. 

Figure 49 (cont’d). Typical turbidity of runoff in channels. Flow 
normally picked up starting in mid-afternoon (depending on the 
weather) and turbidity increased with higher flow. 

5 pm Dec. 7, 2009

730 am Dec. 18, 2009
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Figure 50. Heavy equipment doing maintenance adds more 
suspended solids to runoff. 
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8 Engineering Solutions to Address Erosion 
and Drainage 

There are several areas in and around the Station where engineering con-
siderations are necessary to: 

• Reduce the erosion of material (soils or fines) by the snowmelt runoff. 
• Minimize the flow in channels during extreme runoff events. 
• Mitigate ponding and snow and ice build-up. 
• Adopt applicable engineering design practices for drainage construc-

tion and maintenance channels. 

To understand some of these issues, we collected perspectives and insights 
about drainage maintenance from field staff (Appendix F). The objective of 
this section is to pinpoint those areas mentioned that require operational 
attention and describe one or more possible solutions. Combinations of 
suggested engineering considerations and various best management prac-
tices for snowmelt runoff treatments are provided. 

8.1 Diversion routes 

The recent snowmelt runoff study during 2002-2003 provided by Raythe-
on Polar Services Company proposed at least three diversion routes for re-
routing major streams. This report is provided in Appendix A. In fact, the 
report mentioned that an initial investigation to determine the vertical 
profiles was done for earthwork assessment (Fig. 51 and 52). 

The initial assessment and discussions in the 2002-2003 study indicated 
that further evaluation of the engineering impacts and channel stability 
was necessary. During that time, they concluded that rerouting the stream 
from above Gasoline Alley all the way to the bay could be feasible and must 
be assessed further for adequate engineering guidance. These diversion 
routes were briefly discussion in the summer of 2009-2010 with the Sta-
tion maintenance personnel and Fleet Operations. The diversion routes 
shown in Figure 52 are possible. However, a proper assessment and a 
thorough feasibility study are required to provide suitable engineering 
guidance. 
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Figure 51. Location of preliminarily proposed diversions routes 
(yellow/pink/black) for off-site meltwater runoff (after 2002−2003 study by 
Raytheon Polar Services Company). Black dots are locations where they 
collected flow measurements. Red lines are flow paths noted during 
2002−2003 study. The blue outlines the bodies of water. 

 
Figure 52. Additionally proposed diversions routes (yellow lines for off-site 
melt-water runoff) (after 2002−2003 study by Raytheon Polar Services 
Company). Green dots are location where they collected flow measurements. 
Red lines are flow paths noted during 2002−2003 study. 
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8.2 Sediment traps and detention basins 

A detention basin for the McMurdo Station area should be used to manage 
snowmelt water runoff to prevent flooding and downstream erosion, to al-
low sediments to settle, and to improve water quality before it goes into 
the Bay. Detention and sediment basins are widely used in the U.S.; it 
might be feasible to construct and use sediment basins similar to those 
used in the Arctic in certain situations (Alaska Department of Environ-
mental Conservation 2009). 

A combination of detention and sediment basins is feasible for McMurdo 
Station. The basins could potentially be placed in the two locations shown 
in Figure 53. However, further feasibility assessment is necessary to devel-
op engineering guidance and to adapt the design to the terrain and envi-
ronmental conditions of the area. If the basins are going to be installed, 
proper operation and regular maintenance will be required for removal of 
ice and built-up sediment. 

 
Figure 53. Potential sites for sediment basins and detention ponds highlighted in blue 
circles. Orange dashed lines are potential locations to try the use of silt fencing during 
the melting season. 
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8.3 Silt fence 

Silt fencing is recommended and widely feasible for use in the Arctic 
(Alaska Department of Environmental Conservation 2009). Silt fences are 
used to pond sheet flow runoff on sloped areas, thus allowing heavy sedi-
ment particles to settle out while water and lighter particles leak slowly 
through the fence material. The fences can be very effective in removing 
sediment from runoff. The silt fence has been used as a backup mechanism 
for a retention basin in Alaska to retain particles that are 0.1 mm in diame-
ter and larger (Henry and Hunnewell 1995). This particular fence is com-
posed of stakes (i.e., galvanized pipe) appropriately spaced and securely 
driven into the ground and the geotextile is attached to them with bracing. 

Possible locations to place the silt fencing are shown in Figure 53 to sift the 
materials during a melting season. Anywhere above Gasoline Alley near 
the gravel pit, and around the Arrival Heights Road, are potential locations 
for using silt fencing. The geotextile should only be placed before the melt-
ing season and should be removed before winter. Testing is necessary, 
with proper engineering measures taken, to see if silt fencing is practical, 
and if it can survive during heavy flow events. 

8.4 Banks and slope 

Soil freeze-thaw action disrupts soil structures, displaces soils particles, 
and creates voids both in seasonally frozen and permafrost areas, especial-
ly when the soil strata do not have organic support or cohesion. The phe-
nomenon weakens the soils structure and leads to erosion and instability, 
typically in banks and slopes (Gatto 1995; Rollings and Rollings 1996). 
Studies have emphasized that bank soils can be highly erodible and unsta-
ble during the melting season owing to excessive pore water pressure and 
disrupted soil structures, creating mass failures. At McMurdo, during 
2009-2010 study, soil water piping (i.e., water flows through the coarse-
grained permeable soil strata discharging along the bank face) has been 
observed (Fig. 54). This is because of excess pore water pressure. Soil pip-
ing removes soil particles from their in-situ position; the subsurface will 
have voids and be weakened as a result. 
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Figure 54. Example of soil water piping on bank channel (S3A) 
during the 2009-2010 study. 

The drainage channels at McMurdo are all earth-lined, coarse-grained 
soils with big rocks (stones and cobbles). For design, the analysis of chan-
nels constructed of erodible materials must consider the maximum veloci-
ties and permissible side slopes (Lindeburg 2001). The suggested ranges of 
maximum velocities for earth channels are given in Table 11. The maxi-
mum velocity that was measured during 2009-2010 at location S2B was 
0.85 m/s. 

Table 11. Suggested maximum permissible velocities for erodible 
channels (Lindeburg 2001). 

Soil type or lining earth; no 
vegetation 

Water carrying sand and gravel, 
m/s 

Fine Sand 0.46  

Graded loam to cobbles 1.5  

Coarse gravel 2.0  

 

The sides of the channel should not have a slope exceeding the natural an-
gle of repose for the material used. The soil found on Gasoline Alley Chan-
nel is GW (well-graded gravel with sand). The angle of repose for gravel 
with sand is 30. Table 12 lists the maximum permissible side slopes for 
earth channels. Based on the recommended side slope, the channels at 
McMurdo Station most likely would fit into 2:1 criteria. 

 

Water flowing from side slope
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Table 12. Recommended side slopes for normal conditions. 

Type of channels Side Slope 
Horizontal: vertical 

Firm (stable) rock Vertical to ¼:1 

Firm earth with stone lining 1:1 

Firm earth, small channel 1½:1 (34) 

Loose, gravelly with sand earth 2:1 (27) 

 
There are several banks that require attention at the Station. The banks of 
these channels have steep slopes (or side slope) and examples of these are-
as are highlighted in orange in Figure 55. Currently, some of the existing 
banks exceed 27. In addition, the soil strength assessment indicated that 
the soil next to the banks is relatively weak. The design of the banks and 
slopes is critical in these areas. Therefore, correct construction practices 
must be followed to ensure proper soil compaction with ice content and 
appropriate bank design, specifically the side slope for frozen soils. Re-
grading side slopes may be required if space is available. If re-grading is 
not possible, the banks may be stabilized using riprap, gabion, or 
geocomposite lining with gravel. These recommendations apply also to 
several other banks (examples are highlighted in purple in Figure 55). 
Some of the areas are in very tight locations because they are adjacent to 
utility pipes or buildings. 

 
Figure 55. Areas of concern that affect drainage and erosion. 
Examples of steep banks are circled in orange. Green circles 
indicate areas requiring surveying, landscaping, and re-grading. 
Purple areas are outlining examples of steep banks that may 
require slope stability. Red circle highlights channels that require 
serious attention. 
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8.5 Grading (low spots) 

Frozen soils cannot be compacted satisfactorily, especially those with high 
ice content (Andersland and Ladanyi 1994). Ice just below the surface and 
partly in the subsurface melts during warm months. Because of ground 
variations, this condition creates depressions or low spots that cause 
meltwater to pond. This situation is common in some areas at McMurdo 
Station and can be found near or around buildings. In some cases these 
areas are hard to get into with equipment because of utility pipes and oth-
er obstructions. Some of these areas are highlighted on Figure 55. A num-
ber of low spots are adjacent to culvert inlets and outlets. 

Other areas, such as pads, are susceptible to displacement of soil particles 
caused by soil water piping (i.e., water flows through the coarse-grained 
permeable soil strata), creating rifts in the ground (Fig. 56). Again, this is 
caused by excess pore water pressure from melted ice making voids in the 
subsurface and creating the force to dissipate and erode the materials 
downhill. 

 
Figure 56. Erosion on slope between cargo pads 
(Buildings 73 and 160 in background) in summer 
2008−2009. 
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Soils available at the Station may be compacted satisfactorily at low tem-
peratures if they have low moisture content. The required frozen density 
may be equal to the maximum unfrozen density with low moisture con-
tent. These areas require thorough surveying, geotechnical engineering, 
and maintenance attention, including proper grading, landscaping, and 
compaction of ice-rich soils. 

8.6 Snow and ice 

Snow and ice build-up are common in areas where meltwater can be 
trapped. These areas require operational attention. These measures in-
clude prompt snow removal and proper disposal, attention to ice buildup 
in vulnerable areas, and grading. 

8.7 Culverts 

Culverts are vulnerable to ice build-up. In addition, the inlets and outlets 
of the culverts, of course, must be cleared of debris. A few culverts at the 
Station have heat trace tape installed and, according to some staff, they 
seem to work. During the 2009−2010 field study, we observed ice forming 
in culverts and partially blocking them. Ice is removed in a couple of major 
culverts (crossing Hut Point Road) by controlled blasting (using explo-
sives) and flushing the ice with high water pressure to accommodate major 
runoff. These are quite common solutions in cold regions. Such standard 
operating procedures for clearing the culvert must be followed regularly. 
However, other, more efficient methods of ice removal should be investi-
gated. 

Some of the culverts at McMurdo Stations have bottoms that are rusted 
out. For example, the metal-lined channel discharging water to Winter 
Quarters Bay (highlighted in red circle, Fig. 55) has major holes that allow 
runoff to escape below it and this erodes materials on the steep slope to 
the bay. There are several other culverts with rusted bottoms that require 
engineering attention. 
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9 Summary, Recommendations, and 
Conclusions 

9.1 Summary 

McMurdo Station was built without considering geotechnical design, as 
expansion of buildings, cargo pads, and other facilities were needed. As a 
consequence, and because of McMurdo’s unique environment, runoff dur-
ing periods of heavy flow has caused erosion under and around buildings, 
and across roads and parking lots. A number of previous investigations at 
McMurdo, dating back to the early 1990s, have been primarily focused on 
the level and extent of fuel-related contamination in soil, and how much of 
this is transported by snowmelt runoff at the Station. Intermittent and 
limited studies were conducted to quantify the total runoff to Winter 
Quarters Bay and McMurdo Sound. 

CRREL was tasked to conduct preliminary drainage analyses in 
2008−2009. As the erosion problem is a function of both the peak flow 
rates and the soil characteristics, this study reviewed previous analyses, 
compiled site data, and developed a hydrologic model of the basin to de-
termine the recurrence interval of peak flows. The model was run over 17 
years (1990−2007) to estimate expected discharges. In addition, a grain 
size analysis was conducted to determine the type of soil present and used 
for roads, pads, and ditches. The soil samples taken from the various sites 
are described as gravelly soil with sand. This coarse-grained soil is a highly 
permeable material, and is highly vulnerable to erosion when saturated 
and loosely compacted. 

The 2009−2010 field season study was designed to validate the 
2008−2009 preliminary drainage assessment with ground measurements 
and observations. The overall approach was to collect the following data to 
analyze the drainage problems in and around McMurdo Station: 

• Measuring discharge continuously at selected major flow paths using 
water level sensors. 

• Making snow transects using GPR and manual measurements to exam-
ine the snow and ice profile and snow properties throughout the sea-
son. 
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• Instrumenting sites to measure solar radiation, subsurface tempera-
ture, and soil moisture. 

• Surveying the entire watershed boundary to accurately map the basins. 
• Finding problem areas related to drainage and erosion in and around 

the Station. 
• Measuring soil strength in roads and pads where erosion was evident. 

In addition to the field data, imagery and weather data of the area were 
also collected and used in the analysis and modeling. The field data and 
modeling results provided comprehensive insight into the unique hydro-
logical characteristics of McMurdo Station. 

Many significant data were collected during the summer of 2009−2010 
study. The results are summarized as follows. 

9.1.1 Snow 

Snow depths obtained with GPR and from the manual measurements var-
ied significantly throughout the 100-m transects and the entire snowfield. 
Snow ablation occurred from the end of October to mid-December. The 
surface snow loss (ablation) ranges from location to location. We assume 
that the reduction in snow depth is mostly attributable to melting, abla-
tion, and wind redistribution. Up to 35 cm of snow loss was found near the 
bottom of the transect across the Tank Farm. The ablation was approxi-
mately 30 cm near Arrival Heights and on the snowfield east of the 
Radomes. The maximum snow loss during the same time (end of October 
to mid-December) was 15 cm in the upper snowfield area (i.e., Lower Cas-
tle Rock). Snow losses are higher in areas closer to the Station than in the 
upper snowfield. To add complication to the snow loss, the snowmelt often 
occurred below the surface and created a void layer under the surface 
snow (Fig. 15). This was observed primarily at Arrival Heights, the 
Radomes transects, and near the bottom three stakes at Lower Castle 
Rock. However, snow accumulated from several snowfall events in late 
December and early January. We also found that the stratigraphy and 
snow density varied by location. Sediments were found in ice layers at 
some locations. 

9.1.2 Weather 

The temperatures recorded at McMurdo Station during December 2009 
and January 2010 ranged between 5.7 and −4.4°C, while the minimum 
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ranged between −0.7 and −13.3°C. The minimums were never above 0°C. 
The relative humidity was about 72% in December and 69.8% in January. 
During this same period, wind speed averaged 4.0 m/s in December and 
3.9 m/s in January, with a maximum of 13.3 m/s; wind events lasted from 
1 to approximately 5 days. The daily average shortwave solar radiation was 
between 200−400 W/m2. The longwave radiation ranged between 
200−320 W/m2. The ground albedo ranged between 0.04 and 0.12 when 
no snow was present. 

9.1.3 Soil temperature 

The temperature data fluctuated above and below freezing near the surface 
and above the frozen zone, indicating freezing and thawing incidents 
throughout the season. The temperature profile shows that the soil is 
frozen just slightly below 15.2 cm at the southeast corner of the Crary 
building. On the other hand, the soil is frozen just slightly below 30.5 cm 
near the Greenhouse. This could be an indication of the permafrost table. 

9.1.4 Soil moisture 

The most moisture appeared to be just above the frozen layer, confirming 
that there is some subsurface movement of water. At this depth the soil 
had a maximum of approximately 40% moisture by volume and was never 
less than 10%. In some cases the soil moisture content was influenced by 
ground slope and surface water flow through the area. 

9.1.5 Water flow 

Flow depths and discharge were measured at the major channels, 
including S1, S2-B, S2-C, S3-A, S6, and S7. Correlations were developed 
relating flow depth to discharge. The discharge at these locations is 
summarized as follows: 

• A discharge rating curve relationship, that is the manual discharge 
measurement (Qm) vs. the corresponding maximum flow depth, was 
developed for each channel location. From this, flow rate was calculat-
ed based on maximum water depth at channels S1, S6, and S2-B as 
long as the channel cross section did not change. 

• In addition to the manual flow measurements, a sensor to measure 
continuous flow depth was used and programmed to collect data every 
15 minutes and then the flow rate (i.e., discharge) was calculated. The 
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flow rate displayed a large diurnal variation. Generally, flow was insig-
nificant or close to zero from 0100 to 0600 hours, and heaviest from 
1400 to 2100, though this depended on the weather. The water in the 
ditches was continuously frozen during 22−24 December 2009 and 
3−8 January 2010; little to no flow data were recorded in these periods.  

• There were no severe flow events observed during the 2009−2010 
study. The total volume of measured flow at S1 between 4 and 17 De-
cember was 3109 m3. Based on the minimum and the maximum flow 
per day seen during this period, the total projected flow at S1 (from 18 
December 2009 to 25 January 2010) could range from as little as 1243 
to as much as 25,583 m3. The total flow for the entire monitoring sea-
son observed at S2-B was 30,875 m3 from 4 December 2009 to 26 Jan-
uary 2010, which covers the flow from snowmelt for basins 2 and 3. 
The total volume measured at location S6 was 3919 m3 (4 December 
2009 to 19 January 2010). Only 333 m3 of total flow for S7 was meas-
ured over 7 days (19−25 January 2010); it is difficult to calculate the to-
tal value for the entire season using the manual flow data. 

9.1.6 Modeling snowmelt 

We estimated and modeled snowmelt. Understanding the runoff processes 
at McMurdo was much harder than originally suspected and much 
different from previously suggested. A dynamic situation was discovered, 
where the runoff is believed to result from the difference between the 
albedo of the soil and the snow. The soil has a very low albedo and absorbs 
sunlight and warms up. This warms the air above it and some of this warm 
air is advected over the snowfield, where it causes snowmelt. Interestingly, 
when it snowed, the albedo of the bare soil changed dramatically to the 
snow albedo, and the soil no longer absorbed sunlight, the advection of 
warm air over the snow stopped, and the runoff stopped as well. The bare 
soil area and the snowfield combined to form a dynamic system driven by 
the difference in albedo. 

Consequently, FASST cannot be applied to the snowfield using the 
metorological data collected at Building 165 (air temperature, relative 
humidity, wind speed, and air pressure) and at the Greenhouse (solar and 
longwave radiation)which would be the typical way to model this 
situation. The model did not produce good results. The input data were 
modified to account for this “local advection” from the bare soil area to the 
snowfield. FASST was re-run using the 15-minute average ground surface 
temperatures observed at the Greenhouse. This was based on our 
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assumption that the temperature at the ground surface was advected over 
the snowfield by natural convection or wind. The runoff estimated by 
FASST was then used as input by the hydrology model. The volume of 
runoff produced by the hydrology model was then compared to the volume 
observed in the McMurdo ditch system at each of the three locations. The 
SCA of each watershed over which the runoff was applied was then 
adjusted to produce the observed runoff volume. The SCA adjustment for 
watersheds 2 and 3, observed at stations 2-B, 3-A, and 2-C was 35%; 75% 
for watershed 1 observed at station S1; and 95% for watershed 6 observed 
at station S6. 

9.1.7 Imagery 

Snow covered area (SCA) analysis was conducted using three high-
resolution images taken taken on 15 December 2009, 1 January 2010, and 
18 January 2010. We assumed that a net decrease in SCA could be 
expected during the summer months. However, precipitation events on 21 
and 28 December 2009, and then on 5 and 17 January 2010, resulted in an 
increase in SCA. 

9.1.8 Bank slope 

There is a considerable amount of slope change along the channels 
allowing the runoff to flow from its source to the outlets. There are several 
sections of channel having slopes that are greater than 10%. Also, bank 
slopes ranged from 30–36°. Channel and bank slope can influence erosion 
processes. 

9.1.9 Soil strength 

Soil strengths on roads, pads, and near the edges of banks were assessed 
using the Clegg impact hammer. The results from soil strength indices 
suggested that the soils near the edge bank of the ditches and the raised 
pads were relatively weak. The combination of steep slopes and low soil 
strength creates vulnerablility to erosion and slides, as runoff undermines 
the soil structure. 

9.1.10 Suspended solids 

Turbidity is the cloudiness of runoff caused by individual particles 
(suspended solids). Sediments in water is minimal (0.03%) when flow is 
low, and as the flow increased, the sediments and turbidity increased. 
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The 2009−2010 study highlighted the collection of the discharge and other 
relevant data and modeled the runoff. This information is essential to 
understanding the drainage and erosion at the Station, and for mitigating 
drainage problems in the future. 

9.2 Recommendations 

The 2009−10 field study led to a new understanding of the snowmelt 
process at McMurdo Station. An initial attempt to model the snowmelt 
hydrology during the 2009−10 season showed promising results. Further 
analysis of the advection process and additional data collection will 
improve model results to determine return interval flows. The following 
recommendations would further improve our understanding of the 
hydrologic process at McMurdo: 

• Three semi-permanent meteorological stations should be installed, po-
sitioned in the snowfield, immediately next to the snow-free area, and 
in the upper snowfield. 

• Additional flow measurements to capture the very extreme events 
should be taken, as the data presented were taken under normal condi-
tions. 

• A simple empirical relationship should be developed that would relate 
flow depth to discharge for the channel condition and climatic influ-
ence.   

• A permanent flow measurement station should be built in the major 
flow channels. 

We make the following recommendations for operational changes based 
on this 2009−2010 assessment, coupled with results from previous 
studies. There are areas at the Station that require operational attention, 
including: 

• Creating diversion routes of flow to avoid passing snowmelt through 
the Station. 

• Using berms, sediment traps, detention basins, and silt fences to re-
duce velocity of flow in ditches and channels. 

• Giving attention and care to banks and slope design by re-grading or 
using stabilization techniques to reduce erosion of channels and ditch-
es. 



ERDC/CRREL TR-12-3 85 

 

• Grading, landscaping, and using proper ground compaction for areas 
such as roads and pads around the buildings to reduce potential ero-
sion. 

• Clearing of ice buildup where meltwater can become trapped. 
• Implementing procedures to lessen the vulnerability of culverts to ice 

and debris buildup. 
• Replacing existing culverts with eroded and rusted bottoms.  

It is likely that there are other potential solutions. Additonally, the 
recommendations listed here require some feasibility studies and trials 
that follow proper engineering planning, design, and guidance. Given the 
unique conditions, the recommendations listed will solve many but not all 
of the drainage and erosion problem in and around McMurdo Station. 

9.3 Conclusion 

This report documents a summary of previous water runoff investigations 
at McMurdo, the CRREL preliminary drainage analysis in 2008−2009, 
and the 2009−2010 study, which included collecting discharge and other 
relevant data and modeling of runoff from the McMurdo watershed. The 
previous studies were limited to fuel-related contamination; however, 
some information was useful for the CRREL preliminary assessment. The 
preliminary study in 2008 estimated discharge and erosion potential at 
the McMurdo Station using climatic, GIS, and imagery data. In addition, 
soils were initially characterized to determine the type of soils present at 
the Station. The 2009−2010 field season study was run to validate the 
preliminary drainage assessment in 2008−2009 with ground 
measurements and observations. The was the first time that data relevant 
to understanding the drainage and erosion issues at the Station were 
collected in concert for the entire summer. The overall approach for the 
collection, analysis, and modeling included: 

• Discharge information at major flow paths and critical locations using 
water level sensors for flow depths and manual discharge measurement 
to calculate the continuous flow rate and the flow variation. 

• Snow transects using a GPR and manual snow assessment to examine 
the snow and ice profile and to examine (temporal) relative snow 
changes in snow properties (relative depth and density). 

• Measurements of solar radiation, subsurface temperature, and soil 
moisture. 

• A survey of the entire watershed boundary. 
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• Channel and bank slopes characterization and culvert condition as-
sessments. 

• Identification of problem areas related to drainage and erosion in and 
around the Station. 

• Soil strength measurements in roads and pads where erosion was evi-
dent. 

• Validation of the hydrology model using field data collected over the 
summer. 

• Recommendations and possible solutions to address the areas at the 
Station that require operational attention. 

This study allowed us to generate initial flow corelations and statistics for 
snowmelt. We found the runoff processes at McMurdo to be caused by a 
dynamic situation, where the warm air (caused by low albedo of the bare 
ground) above the soil is advected over the snowfield where it causes 
snowmelt. Therefore, this study has improved our understanding of and 
produced information about the complex and unique environment for 
runoff and erosion at McMurdo Station. 
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Appendix A: Study Performed during the 
2001−2002 Austral Summer Season 
Documented by Raytheon Polar Services 
Company 
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Appendix B: McMurdo Station Preliminary 
Hydrologic Results 

Basin 1 

 
Basin 1: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.7670 1.5556 4.5081 0.2766 

0.5 0.5365 0.9225 2.7410 0.2073 

1 0.3970 0.6086 1.8060 0.1623 

2 0.2839 0.3928 1.1377 0.1233 

5 0.1695 0.2082 0.5629 0.0802 

10 0.1058 0.1205 0.2992 0.0536 

20 0.0588 0.0630 0.1391 0.0317 

50 0.0182 0.0182 0.0340 0.0098 

80 0.0053 0.0049 0.0097 0.0022 

90 0.0027 0.0023 0.0053 0.0009 

95 0.0015 0.0012 0.0033 0.0004 

99 0.0005 0.0003 0.0013 0.0001 
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Basins 2 and 3 

 
Basins 2 & 3: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 4.4707 8.3642 24.9950 1.6502 

0.5 3.2335 5.2749 15.9367 1.2697 

1 2.4531 3.6254 10.8768 1.0136 

2 1.7971 2.4291 7.0902 0.7846 

5 1.1062 1.3437 3.6613 0.5229 

10 0.7052 0.7985 2.0028 0.3553 

20 0.3990 0.4264 0.9525 0.2136 

50 0.1244 0.1244 0.2344 0.0670 

80 0.0350 0.0322 0.0651 0.0148 

90 0.0173 0.0146 0.0347 0.0059 

95 0.0095 0.0072 0.0208 0.0026 

99 0.0029 0.0015 0.0079 0.0005 
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Basin 2 

 
Basin 2: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 3.4460 7.0075 20.3866 1.2379 

0.5 2.4071 4.1477 12.3726 0.9270 

1 1.7793 2.7322 8.1396 0.7251 

2 1.2707 1.7605 5.1188 0.5501 

5 0.7573 0.9312 2.5264 0.3572 

10 0.4720 0.5378 1.3396 0.2383 

20 0.2619 0.2805 0.6209 0.1408 

50 0.0807 0.0807 0.1510 0.0435 

80 0.0232 0.0214 0.0431 0.0099 

90 0.0118 0.0100 0.0235 0.0041 

95 0.0066 0.0051 0.0144 0.0019 

99 0.0022 0.0012 0.0058 0.0004 
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Basin 2.2 

 
Basin 2.2: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 3.4017 6.8995 19.9942 1.2266 

0.5 2.3793 4.0916 12.1566 0.9194 

1 1.7607 2.6994 8.0098 0.7199 

2 1.2590 1.7421 5.0457 0.5467 

5 0.7517 0.9236 2.4968 0.3556 

10 0.4693 0.5345 1.3270 0.2375 

20 0.2610 0.2795 0.6168 0.1407 

50 0.0807 0.0807 0.1507 0.0436 

80 0.0233 0.0216 0.0432 0.0100 

90 0.0119 0.0101 0.0236 0.0041 

95 0.0067 0.0052 0.0145 0.0019 

99 0.0022 0.0012 0.0058 0.0004 
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Basin 3 

 
Basin 3: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 1.5566 2.9285 8.8371 0.5695 

0.5 1.1226 1.8393 5.6119 0.4371 

1 0.8496 1.2599 3.8171 0.3483 

2 0.6207 0.8412 2.4788 0.2690 

5 0.3804 0.4629 1.2725 0.1786 

10 0.2415 0.2738 0.6923 0.1210 

20 0.1360 0.1454 0.3271 0.0724 

50 0.0420 0.0420 0.0795 0.0225 

80 0.0117 0.0107 0.0218 0.0049 

90 0.0057 0.0048 0.0116 0.0019 

95 0.0031 0.0024 0.0069 0.0009 

99 0.0009 0.0005 0.0026 0.0002 
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Basin 3.2 

Basin 3.2: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 1.4753 2.7743 8.3651 0.5401 

0.5 1.0642 1.7430 5.3140 0.4147 

1 0.8055 1.1943 3.6155 0.3305 

2 0.5886 0.7976 2.3485 0.2553 

5 0.3609 0.4391 1.2062 0.1695 

10 0.2292 0.2598 0.6566 0.1148 

20 0.1291 0.1380 0.3104 0.0688 

50 0.0399 0.0399 0.0755 0.0214 

80 0.0111 0.0102 0.0208 0.0047 

90 0.0055 0.0046 0.0110 0.0018 

95 0.0030 0.0022 0.0066 0.0008 

99 0.0009 0.0005 0.0025 0.0002 

 

Basin 3.3 
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Basin 3.3: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.1591 0.2969 0.8832 0.0590 

0.5 0.1152 0.1876 0.5642 0.0454 

1 0.0875 0.1292 0.3857 0.0363 

2 0.0642 0.0867 0.2519 0.0281 

5 0.0396 0.0481 0.1304 0.0188 

10 0.0253 0.0286 0.0715 0.0128 

20 0.0143 0.0153 0.0341 0.0077 

50 0.0045 0.0045 0.0084 0.0024 

80 0.0013 0.0012 0.0024 0.0005 

90 0.0006 0.0005 0.0013 0.0002 

95 0.0003 0.0003 0.0008 0.0001 

99 0.0001 0.0001 0.0003 0.0000 

 

Basin 3.4 
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Basin 3.4: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.1335 0.2490 0.7397 0.0495 

0.5 0.0967 0.1574 0.4728 0.0382 

1 0.0735 0.1084 0.3233 0.0305 

2 0.0539 0.0728 0.2112 0.0236 

5 0.0333 0.0404 0.1094 0.0158 

10 0.0213 0.0241 0.0601 0.0108 

20 0.0121 0.0129 0.0287 0.0065 

50 0.0038 0.0038 0.0071 0.0020 

80 0.0011 0.0010 0.0020 0.0005 

90 0.0005 0.0005 0.0011 0.0002 

95 0.0003 0.0002 0.0006 0.0001 

99 0.0001 0.0000 0.0002 0.0000 

 

Basin 3.5 
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Basin 3.5: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.1475 0.2998 0.8722 0.0530 

0.5 0.1030 0.1775 0.5294 0.0397 

1 0.0761 0.1169 0.3483 0.0310 

2 0.0544 0.0753 0.2190 0.0235 

5 0.0324 0.0399 0.1081 0.0153 

10 0.0202 0.0230 0.0573 0.0102 

20 0.0112 0.0120 0.0266 0.0060 

50 0.0035 0.0035 0.0065 0.0019 

80 0.0010 0.0009 0.0018 0.0004 

90 0.0005 0.0004 0.0010 0.0002 

95 0.0003 0.0002 0.0006 0.0001 

99 0.0001 0.0001 0.0002 0.0000 

 

Basin 3.6 
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Basin 3.6: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.1027 0.2083 0.6037 0.0370 

0.5 0.0718 0.1235 0.3671 0.0278 

1 0.0532 0.0815 0.2419 0.0217 

2 0.0380 0.0526 0.1524 0.0165 

5 0.0227 0.0279 0.0754 0.0107 

10 0.0142 0.0161 0.0401 0.0072 

20 0.0079 0.0084 0.0186 0.0042 

50 0.0024 0.0024 0.0046 0.0013 

80 0.0007 0.0007 0.0013 0.0003 

90 0.0004 0.0003 0.0007 0.0001 

95 0.0002 0.0002 0.0004 0.0001 

99 0.0001 0.0000 0.0002 0.0000 

 

Basins 3.7 through 9.10 

Basin 3.7: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 1.2528 2.3466 7.0265 0.4616 

0.5 0.9056 1.4786 4.4763 0.3550 

1 0.6867 1.0156 3.0530 0.2833 

2 0.5028 0.6799 1.9886 0.2192 

5 0.3092 0.3757 1.0256 0.1459 

10 0.1969 0.2231 0.5604 0.0991 

20 0.1113 0.1190 0.2662 0.0595 

50 0.0346 0.0346 0.0653 0.0186 

80 0.0097 0.0090 0.0181 0.0041 

90 0.0048 0.0041 0.0096 0.0016 

95 0.0026 0.0020 0.0058 0.0007 

99 0.0008 0.0004 0.0022 0.0001 
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Basin 3.8: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 1.1779 2.2043 6.5902 0.4346 

0.5 0.8518 1.3899 4.2011 0.3344 

1 0.6462 0.9551 2.8668 0.2669 

2 0.4733 0.6398 1.8684 0.2066 

5 0.2913 0.3539 0.9646 0.1376 

10 0.1857 0.2102 0.5275 0.0935 

20 0.1050 0.1122 0.2508 0.0562 

50 0.0327 0.0327 0.0617 0.0176 

80 0.0092 0.0085 0.0171 0.0039 

90 0.0045 0.0038 0.0091 0.0016 

95 0.0025 0.0019 0.0055 0.0007 

99 0.0008 0.0004 0.0021 0.0001 

 

Basin 3.9: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 1.1454 2.1397 6.3772 0.4238 

0.5 0.8291 1.3509 4.0705 0.3263 

1 0.6294 0.9293 2.7807 0.2606 

2 0.4614 0.6233 1.8145 0.2019 

5 0.2844 0.3453 0.9385 0.1347 

10 0.1815 0.2054 0.5141 0.0916 

20 0.1028 0.1099 0.2450 0.0551 

50 0.0321 0.0321 0.0605 0.0173 

80 0.0091 0.0084 0.0169 0.0039 

90 0.0045 0.0038 0.0090 0.0015 

95 0.0025 0.0019 0.0054 0.0007 

99 0.0008 0.0004 0.0020 0.0001 
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Basin 3.10: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 1.0834 2.1975 6.3681 0.3907 

0.5 0.7578 1.3032 3.8718 0.2928 

1 0.5608 0.8597 2.5511 0.2293 

2 0.4010 0.5549 1.6070 0.1741 

5 0.2394 0.2942 0.7952 0.1133 

10 0.1495 0.1702 0.4226 0.0757 

20 0.0831 0.0890 0.1965 0.0448 

50 0.0257 0.0257 0.0480 0.0139 

80 0.0074 0.0069 0.0138 0.0032 

90 0.0038 0.0032 0.0075 0.0013 

95 0.0021 0.0016 0.0046 0.0006 

99 0.0007 0.0004 0.0019 0.0001 

 

Basin 3.11 
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Basin 3.11: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.2172 0.4412 1.2818 0.0781 

0.5 0.1518 0.2613 0.7784 0.0585 

1 0.1122 0.1722 0.5124 0.0458 

2 0.0802 0.1110 0.3224 0.0347 

5 0.0478 0.0588 0.1593 0.0226 

10 0.0298 0.0340 0.0845 0.0151 

20 0.0166 0.0177 0.0392 0.0089 

50 0.0051 0.0051 0.0096 0.0028 

80 0.0015 0.0014 0.0027 0.0006 

90 0.0007 0.0006 0.0015 0.0003 

95 0.0004 0.0003 0.0009 0.0001 

99 0.0001 0.0001 0.0004 0.0000 

 

Basin 3.12 
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Basin 3.12: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.1949 0.3953 1.1456 0.0703 

0.5 0.1363 0.2344 0.6965 0.0527 

1 0.1009 0.1547 0.4589 0.0412 

2 0.0721 0.0998 0.2891 0.0313 

5 0.0431 0.0529 0.1431 0.0204 

10 0.0269 0.0306 0.0760 0.0136 

20 0.0150 0.0160 0.0353 0.0081 

50 0.0046 0.0046 0.0086 0.0025 

80 0.0013 0.0012 0.0025 0.0006 

90 0.0007 0.0006 0.0014 0.0002 

95 0.0004 0.0003 0.0008 0.0001 

99 0.0001 0.0001 0.0003 0.0000 

 

Basins 4 and 5 

Basin 4: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.0275 0.0558 0.1618 0.0099 

0.5 0.0193 0.0331 0.0984 0.0074 

1 0.0143 0.0219 0.0648 0.0058 

2 0.0102 0.0141 0.0408 0.0044 

5 0.0061 0.0075 0.0202 0.0029 

10 0.0038 0.0043 0.0107 0.0019 

20 0.0021 0.0023 0.0050 0.0011 

50 0.0007 0.0007 0.0012 0.0004 

80 0.0002 0.0002 0.0003 0.0001 

90 0.0001 0.0001 0.0002 0.0000 

95 0.0001 0.0000 0.0001 0.0000 

99 0.0000 0.0000 0.0000 0.0000 
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Basin 5: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.0118 0.0240 0.0695 0.0043 

0.5 0.0083 0.0142 0.0422 0.0032 

1 0.0061 0.0094 0.0278 0.0025 

2 0.0044 0.0061 0.0175 0.0019 

5 0.0026 0.0032 0.0087 0.0012 

10 0.0016 0.0019 0.0046 0.0008 

20 0.0009 0.0010 0.0021 0.0005 

50 0.0003 0.0003 0.0005 0.0002 

80 0.0001 0.0001 0.0002 0.0000 

90 0.0000 0.0000 0.0001 0.0000 

95 0.0000 0.0000 0.0001 0.0000 

99 0.0000 0.0000 0.0000 0.0000 

 

Basin 6 
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Basin 6: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.1225 0.2488 0.7221 0.0441 

0.5 0.0857 0.1474 0.4387 0.0331 

1 0.0634 0.0972 0.2889 0.0259 

2 0.0453 0.0627 0.1818 0.0196 

5 0.0270 0.0332 0.0899 0.0128 

10 0.0169 0.0192 0.0477 0.0085 

20 0.0094 0.0100 0.0222 0.0050 

50 0.0029 0.0029 0.0054 0.0016 

80 0.0008 0.0008 0.0015 0.0004 

90 0.0004 0.0004 0.0008 0.0001 

95 0.0002 0.0002 0.0005 0.0001 

99 0.0001 0.0000 0.0002 0.0000 

 

Basin 6.2 
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Basin 6.2: Maximum Annual Flow Frequency Analysis 

Percent 
Probability 

Computed LOG 
Curve (m3/s) 

Expected 
Probability 

Curve 

5% 
Confidence 

Limit 

95% 
Confidence 

Limit 

0.2 0.0895 0.1815 0.5258 0.0323 

0.5 0.0626 0.1076 0.3197 0.0242 

1 0.0463 0.0710 0.2107 0.0189 

2 0.0331 0.0458 0.1327 0.0144 

5 0.0198 0.0243 0.0657 0.0094 

10 0.0123 0.0141 0.0349 0.0062 

20 0.0069 0.0073 0.0162 0.0037 

50 0.0021 0.0021 0.0040 0.0011 

80 0.0006 0.0006 0.0011 0.0003 

90 0.0003 0.0003 0.0006 0.0001 

95 0.0002 0.0001 0.0004 0.0000 

99 0.0001 0.0000 0.0002 0.0000 
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Appendix C: Ground-Penetrating Radar Survey 
Conducted on 23 October 2009 
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Appendix D: Compilations of Photos 
Depicting Channel Conditions at location 1 

This channel is located at the bottom of Hut Point Road, near the pier, for 
the runoff from Drainage Basin 1. 

 
Figure D1. December 3, 2009 – ditch still frozen and partially filled with snow, ice, 
gravel and sand materials. 
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Figure D2. December 8, 2009 – ditch is cleared, water is freely flowing. 

 
Figure D3. December 15, 2009 – No significant changes in the flow. 
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Figure D4. December 18, 2009 – Installed HOBO. 

 
Figure D5. December 18, 2009 – Installed HOBO, view towards the pier and bay (southwest). 
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Figure D6. December 18, 2009 – Installed HOBO, view towards the North. 

 
Figure D7. December 18, 2009 – Installed HOBO, view from Scott Hut Road. 
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Figure D8. December 18, 2009 – Watershed area extend contributing to and passing 
through location 1. 

 
Figure D9. December 18, 2009 – Pond. 
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Figure D10. December 21, 2009 – Snow fall on top of flow. 

 
Figure D11. December 23, 2009 – Insignificant flow. 
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Figure D12. December 28, 2009 – It snowed in the morning, flow continued in the afternoon. 

 
Figure D13. December 30, 2009 – Water flow at 1700 hours. 
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Figure D14. January 4, 2010 – Flow was limited due to freezing temperature and snow. 

 
Figure D15. January 11, 2010 – this was the flow condition at 1850 hours. 
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Figure D16. January 12, 2010 – this was the flow condition at 1100 hours. 

 
Figure D17. January 13, 2010 – this was the flow condition at 1700 hours. 
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Figure D18. January 15, 2010 – this was the flow condition at 2315 hours. 

 
Figure D19. January 18, 2010 – this was the flow condition at 2030 hours with ice 
and snow present. 
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Figure D20. January 22, 2010 – Ditch profile upstream of HOBO. 
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Appendix E: Compilations of Photos Depicting 
Channel Conditions at S2-B 

This channel collects the runoff from Drainage Basin 2 and 3. 

 
Figure E1. December 3, 2009 – Picture was taken around noon time; ditch was 
cleared of snow with ice present. 
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Figure E2. December 3, 2009 – Picture was taken around 1830 hours; water flow 
was picking up. 

 
Figure E3. December 4, 2009 – Installation of HOBO sensor at location 2-B. 
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Figure E4. December 5, 2009 – at 1000 hours, ice formation and water flowing below. 

 
Figure E5. December 6, 2009 – around 1400 hours, HOBO had to be adjusted 
because ice formation pushed the HOBO casing upward. 



ERDC/CRREL TR-12-3 137 

 

 
Figure E6. December 7, 2009 – at 0900 hours, I found the sensor downstream; we 
had to re-anchor the sensor. 

 
Figure E7. December 7, 2009 – The cross-section profile at 2-B. 
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Figure E8. December 8, 2009 – Significant flow at 1825 hours. 

 
Figure E9. December 9, 2009 – around 1030 hours, adding a second HOBO in 
anticipation of the first HOBO I installed would get washed-out. It was a very cold day, 
ice formed in ditches. 
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Figure E10. December 9, 2009 – around 1650 hours, this is the second HOBO at 2-B. 

 
Figure E11. December 9, 2009 – around 1650 hours, this is the first HOBO installed 
at 2-B. Notice the sediment build-up around the pipe casing. 
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Figure E12. December 11, 2009 – At 1700 hours, water flow at 2-B. 

 
Figure E13. December 12, 2009 – Around 1630 hours, flow was lower that yesterday 
around the same time. 
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Figure E14. December 14, 2009 – Around 1920 hours; view looking downstream. 

 
Figure E15. December 15, 2009 – around 1130 hours, I removed HOBO from the 
casing and found sediment inside the casing. I downloaded the data, wrapped the 
HOBO with foam padding and replaced in the casing. 
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Figure E16. December 18, 2009 – Around 0730 hours; notice the turbidity. 

 
Figure E17. December 18, 2009 – Around 1540 hours; notice the turbidity. Fleet Ops 
blasted the ice in the downstream culvert to break and clear the seasonal-ice-built-up 
in anticipation of significant flow. 
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Figure E18. December 21, 2009 – Snow fall on top of flow. Notice the chunks of ice 
outside of the culvert from blasting and the blast pads on the road and top of culvert. 

 
Figure E19. December 22, 2009 – Photo taken around 1130 hours showing snow on 
top of ditch, similar conditions on Dec. 22nd. Blasting to remove the seasonal-ice-
built-up continued today. 
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Figure E20. December 28, 2009 – Conditions at 0845 hours - it snowed in the 
morning, flow continued in the afternoon. 

 
Figure E21. December 29, 2009 – Photo taken at 0915 hours with similar conditions 
to Dec. 28th. 
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Figure E22. December 30, 2009 – Photo taken at 1720 hours, snow melted and run-
off was limited. 

 
Figure E23. December 31, 2009 – Photo taken around 2100 hours. 
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Figure E24. January 02, 2010 – Flow conditions around 1250 hours. 

 
Figure E25. January 03, 2010 – Photo taken at 1300 hours, ice formed in ditches 
and no flow. Notice the fine-grained materials on covering the ice; fine-grained 
materials build-up was due to wind. 
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Figure E26. January 04, 2010 – Similar conditions were observed with ice formed in 
ditches and no flow. 

 
Figure E27. January 05, 2010 – Similar conditions were observed for few past days.\ 
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Figure E28. January 06, 2010 – Continued cool snap at McMurdo Station; where is summer? 

 
Figure E29. January 09, 2010 – No flow. 
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Figure E30. January 10, 2010 – Flow stated to pick-up, conditions at 2245 hours. 

 
Figure E31. January 11, 2010 – this was the flow condition at 0720 hours. 
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Figure E32. January 11, 2010 – this was the flow condition at 1850 hours. 

 
Figure E33. January 12, 2010 – this was the flow condition at 1000 hours. 
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Figure E34. January 13, 2010 – this was the flow condition at 1630 hours. 

 
Figure E35. January 13, 2010 – this was the flow condition at 2230 hours. 
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Figure E36. January 14, 2010 – this was the flow condition at 1920 hours.  

 
Figure E37. January 15, 2010 – this was the flow condition at 1350 hours. 
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Figure E38. January 15, 2010 – this was the flow condition at 1630 hours. 

 
Figure E39. January 15, 2010 – this was the flow condition at 2310 hours. 
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Figure E40. January 16, 2010 – this was the flow condition at 0830 hours. 

 
Figure E41. January 17, 2010 – this was the flow condition at 0945 hours. 
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Figure E42. January 17, 2010 – this was the flow condition at 2015 hours. 

 
Figure E43. January 18, 2010 – this was the flow condition at 1045 hours. 
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Figure E44. January 18, 2010 – this was the flow condition at 1045 hours. Notice 
the ice layer, that would be the highest flow depth and then freezing occurred in the 
early morning hour of the 18th. 

 
Figure E45. January 18, 2010 – this was the flow condition at 2030 hours. 
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Figure E46. January 19, 2010 – this was the flow condition at 1400 hours; ditches 
are still iced-up. 

 
Figure E47. January 19, 2010 – this was the flow condition at 2015 hours; water 
melted and flowing. 
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Figure E48. January 20, 2010 – this was the flow condition at 1915 hours; water 
melted and flowing. 

 
Figure E49. January 21, 2010 – this was the flow condition at 1845 hours; there was 
significant flow. 
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Figure E50. January 22, 2010 – Ditch profile upstream of 2nd HOBO. 
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Figure E51. January 22, 2010 – Ditch profile upstream of 1st HOBO. 
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Figure E52. January 23, 2010 – Conditions at 1900 hours, ditch was ice-up. 

 
Figure E53. January 23, 2010 – Conditions at 1900 hours, HOBO casing had ice layer. 
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Figure E54. January 24, 2010 – Conditions at 1700 hours, HOBO casing had ice layer. 
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Figure E55. January 24, 2010 – Conditions at 2230 hours, HOBO casing had ice layer. 



ERDC/CRREL TR-12-3 164 

 

 
Figure E56. January 26, 2010 – Conditions at 1340 hours just before pulling the sensors. 
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Appendix F: Perspective and Insights on 
Drainage and Maintenance Related 
Information from Various Personnel 

Interviews and notes conducted by Rosa Affleck in December 2009. 

Perspective #1 (Station Management): 

• Snow and ice removal in culverts: Heat trace in culverts was more 
of an experimental. A steam generator is current in the works to pur-
chase one. This is going to be used in the transition zone for draining 
the water. 

• Problem: The issue is that drainage is not consideration; it should be 
considered through out the process and should be part of the operation 
and construction. Currently, we are addressing the day-to-day drainage 
issue. Some areas are getting build-up – the snow and ice are building 
up in places. There are areas that are not maintained. Grades are 
changing over time, some are dues to building-up of fines during win-
ter and others are due to plowing, and snow/ice and gravel build up. 

• Possible solutions: We need to decide where the run-off should go – 
to find better locations. We need to have an over-all maintenance plan 
and guidance to minimize erosion. 

In the discussion, Rosa asked about the previous report on “Surface-Water 
Management Project” where it discusses the diversion route of major 
flows. The interviewee mentioned that he is not aware of this report. The 
report recommends diverting flow from Star Lake (Navy Dam) to the wa-
ter pond, north side of Hut Pt Road. In the same report, another proposal 
is to divert portion of the flow from Fortress Rock to other side of the Pass 
or to the Helo Pad. He mentioned that rerouting the some flow from Star 
Lake (upstream of Gasoline Alley) may be feasible. However, rerouting the 
flow from Fortress Rock to the other side of the Pass is problematic be-
cause it could have leaching problem (contaminants were place in that ar-
ea when they were cleaning the Station sometimes in the 80s).  
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Perspective #2 (Construction Management): 

• Snow and ice removal- Snow is cleared around the project sites 
where construction activities are performed for access to do the work 
and materials. Snow removal was significant this pass winter and clear-
ing of snow is still continuing this summer. Snow clearing is conducted 
by Fleet Ops using small dozers. 

o Clearing the culvert near Bldg 196 was conducted by removing the 
snow and ice build-up upstream of the culvert in early December, 
and melt water ponded. Later, the ice in the culvert was removed 
using steam. 

o We need a portable propylene glycol electric boiler unit with cou-
pling, a closed-loop system that we can use to thaw-out the ice-
build up in culverts. There must be other ways of thawing or remov-
ing ice under the buildings? Other heating elements exist already 
like pex-tubing for home. We need to look at environmentally 
friendly anti-freezing agent or coating. We explore other method for 
reducing the adhesion of ice to the walls or ground?  

• Problematic areas: The challenges that we faced here is unique to 
the environment. Ice builds up in poorly drained areas. Another issue 
is that there isn’t a civil infrastructure monitoring for ground and land-
scape changes. When changes are performed to accommodate a re-
quest (i.e., to build a pad and make the loading dock wider), there is no 
investigation of the impacts to the drainage. 

• Possible solutions: We need to develop a landscape program. 

Perspective #3 (Surveying Staff): 

• Snow and ice removal in ditches and culverts: Snow is cleared 
from culverts in late Oct. and Nov. Not all culverts have heat trace; a lot 
of them do not work. Fire department only clears the ice in culverts us-
ing pressurized water when they are asked. Blasting is used to removed 
ice build-up is not done every year. Drainage and erosion problems 
under and around the building are addressed only if they become a se-
rious problem. 

• Possible design solutions: Concrete culverts with removable con-
crete top are appropriate for this environment. Drainage ditches should 
be deeper. 
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• In the discussion, I had asked if a semi-permanent design for drain-
age structures for ditches (for example, geocomposite drainage materi-
al) be suitable for McMurdo operations and conditions, the response I 
got is not positive because of the heavy equipment would just destroy 
the layers during snow and ice removal. 

Perspective #4 (Facility, Engineering, Maintenance and Construction 
Staff): 

• Snow and ice removal: They do snow removal in areas around the 
project sites. Heat traces are also installed in areas where water and 
sewer lines are going through; the heat traces in these areas are per-
manent on. Some under building maintenance has been addressed. For 
example, fracturing of ice by means of detonation charge has been 
done under Crary Lab. This process has been done on a regular basis (~ 
every five years). 

• Erosion: Based on observation, erosion and loss of material have been 
primarily due to heavy flow and run-off. 

• Problematic areas: The Crary Lab, Science Support Center, and Wa-
ter Plant are considered to have problems around and under the build-
ings in terms of drainage. Except for Crary Lab, there is not a whole lot 
of preventive measures to address the drainage problem. Yet, it is con-
tinually a problem. On other areas if maintenance is performed, it is 
not done in a regular basis. 

• Preparation for winter: FEMC winterize the buildings that will be 
in used for the winter. This is primarily interior and now preparations 
outside. 

• Possible solutions: We need to examine other methods, for example 
‘skirting around Crary Lab’ or to stop the snow from drifting into build-
ings. We need to think of crazy ideas to harvest heat to melt ice – i.e., 
reflective mirror concept. 

Perspective #5 (From 2 of Fleet Ops Staff): 

• Snow and ice removal: Snow and ice are clear from ditches and 
drainage areas. Normally, ditches are filled with snow from the pre-
vious winter. Sometimes they pushed snow on the ditches when the 
winter crews are clearing the snow off the road. People are driving 
on the ditches in winter. In October or November, Fleet Ops start 
fixing, shaping and clearing the ditches and culverts starting from 
the bottom part of the Station and in town. Then they worked uphill 
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from there. They make sure every ditches and culverts are ready for 
the run-off. 

o Resources: It depends on the staffing and equipment available. The 
snow/ice build-up are cleared from ditches in October. This year 
they started clearing the ditches in late Nov. 

o Equipment: Backhoe, loader and dozers are used. Dozers are used 
in open and flat locations or in ditches that have flat cross-section. 
Backhoe is used in deep ditches. 

o Ditches size: Ditches changes in size primarily based of the flow. 
The flow itself has formed the size of the culvert. 

o Culverts: Heat traces are only installed in 4 culverts, so not all cul-
verts have heat trace in them. Heat traces are only installed in cul-
verts near the electric source. They installed the heat traces 2 years 
ago. They are planning to install steam pipe to try it out. The plan is 
to put it in the culvert near the Water Plant. Normally, heat trace is 
turned on in end of October, whenever it is needed and left on as 
long as needed. 

• Mechanical methods for clearing the ice in culverts: Pressur-
ized water (fire department) for flushing out the ice in culverts is some-
times used and it is a judgment call. The fire department normally likes 
to help-out and do something. They do this in a couple of circular metal 
culverts and it works well. The pressurized water primarily dislodged 
gravelly and ice build-up in culvert. They have a specific nozzle and 
tools to use. It works well on circular culverts in Hut Pt Rd, Lower Pier 
Rd, by Crary Lab and up Arrival Heights Rd. These culverts accumulate 
gravel materials where pressurized water flushing works well. The wa-
ter used for this is normal water temperature for the hydrant. 

• Pressurized water versus blasting: It is critical to remove the ice 
build-up in culverts. Typically, hot air is used to remove and melt the 
ice in culvert. Using hot air is very costly and takes lots of energy; this 
takes 2-3 weeks. Blasting on the other hand, takes 2-3 days. Blasting is 
effective but personnel are working in confined space. Also the issue 
with blasting is tearing up the road crossing.     

• Culvert design (rectangular versus circular): Circular is better 
than rectangular because the ice build-up in the rectangular culverts 
tend to hang-up in the top bracing. 

• Maintenance in town Road and Pads: They try to divert the water 
path when the flow is heavy and the ground is starting to get washed 
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out. They patched the pads and surface by replacing fill materials when 
the flow dies off. Potholes and scouring occur in areas due to erosion 
and traffic disturbance and thawing (when they used materials that has 
significant amount of ice). These occasionally happen. It depends on 
the area. In problematic areas (Gasoline Alley, and above Haz Waste to 
the pond), significant loss of materials is very likely. Other areas tend 
to have manageable loss of materials. 

• Problematic areas: There are 2 problematic locations that Fleet Ops 
has to keep an eye on when heavy run-off occurs: 

(1) Around Gasoline Alley – downstream and upstream of it 

(2) Area above Haz Waste including the road to Arrival Heights and 
the pond to the east as the road bends. 

The way they address the problems is that they make sure they have 
the equipment ready. They create berms along the ditches and flow 
paths to control and divert the flow where they want it to go.  

• Preventive Measures under and around the buildings: When 
they have time and staff, they try to fix-up the drainage problem 
around the buildings in few locations to mitigate flow from going under 
the buildings. 

• Possible solutions: A town manager with civil engineering back-
ground is what’s needed here to make a call on what to do and for look-
ing at implications as infrastructure are being built and changed. 

• End of the melt season preparations or preventive measures 
before winter hits for the next season: They plugged the ends of 
the culverts with snow. 

• Guidelines or rule-of-thumb for in town roads and drainage 
operation and maintenance: Basically, Fleet Ops start fixing, shap-
ing and clearing the ditches and culverts starting from the bottom part 
of the Station and in town. Then they worked uphill from there. They 
make sure all ditches and culverts are ready for the run-off.  
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