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This thesis presents the results of an investigation into the interactions between the 

present-day South Cascade Glacier and the former Mauna Kea ice cap at short (annual to 

centennial) and long (millennial and multimillennial) time scales.  To quantify the 

response of South Cascade Glacier to atmospheric conditions, a surface energy balance 

model has been developed.  This model has been applied to annual simulations of the 

mass balance of South Cascade Glacier and is shown to faithfully simulate ablation on all 

time scales from daily to seasonal.  An investigation into the sensitivity of this model to 

uncertainties in the physical parameters and input data is conducted and provides a 

comprehensive indication of the uncertainty associated with surface energy balance 

model estimates of mass balance.  These uncertainties are of the order of 10% of the 

annual mass flux of the glacier.  The model is then used in conjunction with a regional 

model downscaling of climate data and a high resolution (0.5°) gridded observational 

data set to compute the long-term mass balance history of South Cascade Glacier.  Our 

simulations show that the greatest rate of volume loss in the history of the glacier was in 

the late 1930s through the mid 1940s.  However, present day mass loss is equivalent 

despite the more climatologically favorable position of the glacier today.  Simulated mass 

balance is compared with Pacific climate indexes and show that the glacier’s relationship 

to oceanic conditions peaked in the middle part of the 20th century and currently shows a 



sharp decline.  Finally, we present an investigation of the deglacial chronology of Mauna 

Kea.  Our results establish the age of the local last glacial maximum at an age of 22.1 ± 

2.1 kyr BP and complete deglaciation was underway by 14.7 ± 1.4 kyr BP.  We present 

strong evidence that retreat after the LGM was followed by a readvance at 16.1 to 16.8 

kyr BP.  The timing of this readvance is comparable to that of Heinrich event 1 in the 

North Atlantic.  The connection between the North Atlantic and Hawaii climate is 

discussed in terms of atmospheric modeling results and proxy evidence. 
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 For the joy of it. 
 

– Annie Dillard – 



 

Modeling and Dating Glacier Fluctuations and Their Relation to Pacific Ocean 
Climate 

 
 

Chapter 1 
 
 

Introduction 
 

 
 
1.1 Purpose 
 
This dissertation describes glacier interactions with climate on time scales ranging from 

single ablation seasons to a century, to millennial at locales sensitive to the climate of the 

Pacific Ocean.  The overarching goal of this research is to describe the impacts of climate 

on glaciers with a focus on the relationship between Pacific Ocean conditions and nearby 

glaciers.  This topic is approached using geology to determine the age of glacial deposits 

on Mauna Kea, HI as well as numerical modeling to gain process-based insight to the 

climatic causes of glacier fluctuations.  Future work will include applying the numerical 

models derived here and numerical simulations of climate to simulating the conditions 

requisite for development of an ice cap on Mauna Kea.  A theme throughout this thesis is 

error and uncertainty analysis, which is critical for making connections between such 

models and the geological record. 

 

While the research presented here was aimed at answering very specific research 

questions at two locales in the Pacific Basin, it has broader significance to the fields of 

glaciology and climatology.  Chapters two and three detail the development and 

application of a model that can be used to describe the physical processes that relate 

glacier mass balance to climate.  Alpine glaciers are now and will be one of the dominant 

sources of sea level rise in the coming century (Meier et al., 2007) and melting from them 

is a significant contributor to the mass loss of those glaciers.  In North America, glaciers 

provide an important source of late-summer streamflow (Fleming, 2005) especially in the 

Northwest where precipitation undergoes a strong reduction during summer months 
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(Moore, 1992).  The modeling techniques developed and employed in this research are 

useful for simulating seasonal to centennial fluctuations of glaciers and can thus help 

constrain one part of glacier contributions to sea level rise.   

 

The second part of the glacier modeling described in this thesis (Chapter 3) investigates 

the changes in the mass balance of one glacier over the past century.  This research 

demonstrates that natural climate variability has a strong overprint on the mass balance 

fluctuations of South Cascade Glacier.  The effects of natural climate variability has been 

demonstrated by several other studies addressing glaciers (Walters and Meier, 1989; 

Reichert et al., 2001; Howat et al., 2007) and alpine snowpacks (Mote et al., 2005 ).  

Understanding this variability under scenarios of future climate change is important for 

piecing together the climate signal from alpine glacier length records (Oerlemans, 2005; 

Roe and O’Neil, in review).  Since paleo-records of glaciation typically rely on moraine 

evidence, understanding the role of natural climate variability on glacier extent is critical 

in making inferences about past climate. 

 

The overarching motivation for this research is to investigate the glacial fluctuations that 

occurred in the island of Hawaii during the time between the last glacial maximum and 

deglaciation – a span of  almost 10,000 years.  Previous authors have suggested a gradual, 

uniform warming of the tropics as a whole (Lea et al., 2000; Stott et al., 2007) and near 

Hawaii (Lee and Slowey, 1999) or persistence of nearly full glacial conditions on Hawaii 

until ~15,000 years before present (Blard et al., 2007).  I seek to clarify this issue and 

have done so first using surface exposure dating to determine the ages of landforms on 

Mauna Kea, Hawaii.  Future work will apply the glacier models discussed above to 

determine if models driven by glacial boundary conditions can reproduce climate 

necessary for glacier growth on Mauna Kea.  The modeling approach will apply to 

glacier simulations during the late Pleistocene and will serve as a useful guide to coupling 

atmospheric models with glacier models.  
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1.2 Summary of Chapters 

Chapter 2 presents the development of a numerical model of the energy balance of an 

alpine glacier.  The physics incorporated in the model are described.  This chapter also 

presents simulations of the 2004 and 2005 ablation seasons on South Cascade Glacier. 

Finally, a sensitivity analysis is performed using Monte-Carlo techniques to derive 

uncertainty estimates for the model results that results from uncertainties in the physical 

parameters and input meteorological data. 

 

Chapter 3 presents an effort to reconstruct the mass balance history for South Cascade 

Glacier over the last 100 years.  This modeling is partly motivated by a geodetic 

reconstruction of the glacier that shows the greatest rate of volume loss for South 

Cascade Glacier occurring during the 1930s and ‘40s.  These simulations are performed 

using a gridded monthly climatology and are also informed by atmospheric simulations 

from a regional circulation model.  The results of this chapter confirm that the greatest 

rate of ice volume loss occurred in the ‘30s and ‘40s and that the period following this 

ending in 1976 was a period of near zero net balance. Recent mass loss has been similar 

to the earlier high rates, but the smaller extent of the glacier prevents the volume loss rate 

from reaching the earlier values.  Simulated mass balance is compared with climate 

indexes reflecting Pacific Ocean conditions and show that the middle part of the past 

century was tightly coupled with pacific Ocean state while the earlier and later parts of 

the record were not.  This may be a result of the overall weaker forcing from the tropics 

that occurred at those times. 

 

Finally, chapter 4 is a geological investigation of the timing of the last deglaciation on 

Mauna Kea, Hawaii.  Cosmogenic 3He surface exposure dating is used to determine the 

timing of abandonment of several moraines on the volcano.  Such dating is also able to 

constrain a readvance that may have occurred between the local last glacial maximum 

and final deglaciation.  Our results are compared with climate proxy and modeling 

evidence for a possible coupling between North Atlantic climate and glacial fluctuations 

on Hawaii. 
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2.1 Abstract 

We have developed a physically based, spatially distributed surface energy balance 

model to simulate glacier mass balance under meteorological and climatological forcing.   

Here we apply the model to estimate summer ablation on South Cascade Glacier, WA for 

the 2004 and 2005 mass balance seasons.  To arrive at optimal mass balance simulations, 

we investigate and quantify model uncertainty associated with selecting from a range of 

physical parameter values that are not commonly measured in glaciological mass balance 

field studies.  We optimize the performance of the model by varying values for 

atmospheric transmissivity, the albedo of surrounding topography, precipitation–

elevation lapse rate, surface roughness for turbulent exchange of momentum, and snow 

albedo aging coefficient.  Of these, the snow aging parameter and precipitation lapse 

rates have the greatest influence on the modeled ablation.  We examined model 

sensitivity to varying parameters by performing an additional 103 realizations with 

parameters randomly chosen over a ± 5 % range centered about the optimum values.  The 

best-fit suite of model parameters yielded a net balance of -1.69 ± 0.38 m w. e. for the 

2004 water year and -2.10 ± 0.30 m w. e. up to 11 September, 2005.  The 2004 result is 

within 3% of the measured value.  These simulations account for 91% and 93% of the 

variance in measured ablation for the respective years. 

 

2.2 Introduction 

The Earth's cryosphere is changing rapidly, as characterized by worldwide glacier and sea 

ice loss that has been occurring over the past century and accelerated during the last 

decade [Arendt et al., 2002; Dyurgerov, 2003; Kaser et al., 2006].  Numerical glacier 

models quantify the sensitivity of alpine glaciers to climate, and provide tools for 

evaluating the closely related response of ecosystems and water resources in glacierized 

regions of the world.  Ideally, glacier models should be suitable for several applications: 

1) locations where meteorological forcing data are locally measured such as Arnold et al., 
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[1996]; 2) to remote glaciers for which some or all input data must be derived from 

distant stations as in Gerbaux et al., [2005]; 3) to glaciers whose input data is provided by 

atmospheric models [Bougamont et al., 2007], 4) finally to former glaciers for 

paleoclimate application [Plummer and Phillips,2003; Laabs et al., 2006].  In this paper 

we develop a model and analyze its sensitivity to measurements and parameterizations 

with the above applications in mind.  Our aim is to quantify the uncertainty that arises in 

making even well-founded assumptions about the physical parameters that govern the 

model results as well as the model uncertainty that arises due to uncertainty in the input 

meteorological variables.  

Physically based glacier surface energy balance models (SEBM) account for the heat 

inputs and losses to a glacier surface and are detailed enough to capture most of the 

physical processes that govern surface melt.  Surface energy balance calculations have 

been made over glaciers and snowpacks at the point scale [Munro, 1990; Marks and 

Dozier, 1992; Greuell and Konzelmann, 1994; Brock and Arnold 2000], along centerlines 

[Oerlemans and Hoogendorn, 1989; Oerlemans, 1992] and in spatially distributed form 

[Escher-Vetter, 1985; Arnold et al, 1996; Klok and Oerlemans, 2002; Hock and 

Holmgren, 2005].  These models differ from the commonly used empirical ablation 

models such as the Positive Degree Day (PDD) model of Braithwaite [1981], the 

temperature/solar radiation index model developed by Hock [1999] and the enhanced 

temperature index model developed by Pellicciotti et al. [2005], which use empirical 

relationships between several (i.e. temperature, solar radiation, precipitation) 

meteorological variables and surface melt.  Because SEBMs can be formulated to be 

driven by a relatively small set of meteorological data, they are readily applied anywhere 

forcing data are measured or obtainable.  The physical complexity of SEBMs introduces 

a larger parameter space than do the empirical models mentioned above, so justifying the 

use of SEBMs requires quantification of the influence of those parameters on model 

performance both parameter by parameter and as a whole.  In most studies using SEBMs, 

the authors quantify the sensitivity to individual parameters, to secular changes in input 

variables, or to changes in surface geometry [Klok and Oerlemans, 2002; Klok and 
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Oerlemans, 2004; Gerbaux et al., 2005; Hock and Holmgren, 2005; Klok et al., 2005; 

Arnold et al. 2006].  We aim to assess the effects on model results of simultaneously 

varying multiple parameters governing the model. 

In this paper we introduce a SEBM developed using data from South Cascade Glacier 

(SCG), Washington, United States, a glacier that has been monitored by the US 

Geological Survey for nearly 50 years.  We apply the model to explore the sensitivity of 

summer ablation to variations in six of the physical parameters that primarily govern the 

physics of the model: precipitation lapse rate, surface roughness of snow, surface 

roughness of ice, the broadband albedo of surrounding terrain, the atmosphere's 

transmissivity to solar radiation, and the ageing parameter for snow albedo.  The model is 

fitted to measured ablation data from the ongoing SCG mass balance program and then 

parameters are perturbed to judge the error in estimating mass balance that occurs with 

uncertainty in a given parameter.  We also estimate uncertainties in model results due to 

errors in the input meteorological data.  These analyses together quantify much of the 

uncertainty inherent in applying a SEBM. 

 

2.3 Methods 

2.3.1 Field Site 

SCG is a small (1.8 km2) north-facing alpine valley glacier located in the North Cascades 

Mountains (Lat. 48° 20' N, Lon. 121° 3' W).  The gently-sloping glacier surface has an 

altitude range of ~1600 m to ~2100 m over a 3 km centerline length (Figure 2.1).  

Rugged topography surrounds the glacier, with relief exceeding 1500 m and peaks 

reaching 2400 m elevation.  SCG lies on the west side of the divide that separates 

eastward drainage into the Columbia River from westward drainage into the Skagit River 

via the South Fork of the Cascade River.  The maritime climate of the glacier basin is 

characterized by extremes of winter accumulation approaching 5 m water equivalent (w. 
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e.) on the upper elevations and by summer net losses of > 9 m w. e. at the terminus 

during high ablation years. 

Continuous monitoring and research of SCG began during the first International 

Geophysical Year in 1957 by the United States Geological Survey [Meier, 1958] which 

has maintained records of and continues to measure mass balance and outlet stream 

discharge since inception of the program.  Meteorological and hydrological 

measurements have been made sporadically over the research history of SCG.  Annual 

data summaries of mass balance, hydrological, and meteorological measurements are 

published in the form of USGS Scientific Investigations Reports (e.g. Bidlake et al., 

[2007], available from the USGS Washington Water Science Center, 

http://wa.water.usgs.gov/).  The digital elevation model used in this research is derived 

from stereo photography referenced to the 2002 glacier surface.  These data were 

supplied by the USGS Washington Water Science Center. 

 

2.3.2 Meteorological Measurements 

An automatic weather station (AWS) has been operated year-round at the USGS research 

hut (located ~500 m west and ~100 m above the glacier, Figure 2.1) throughout the 

duration of the mass balance measurement program with temperature, humidity, and 

precipitation data consistently measured.  For this research the suite of AWS 

measurements was expanded to wind speed, air temperature, relative humidity, incoming 

global shortwave radiation, incoming atmospheric longwave radiation, and liquid 

precipitation.  An additional Licor shortwave radiometer has been deployed continuously 

for the past several years and was used as a backup to the Eppley pyranometer.  The 

instrument types and their rated measurement errors are outlined in Table 2.1.  The 

instruments are mounted ~5 m above an uneven ridge top.  Precipitation is also measured 

at the Salix Creek stream gauging site at an elevation of 1580 m for use during periods 
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Figure 2.1: (inset) South Cascade Glacier study area relative to state of Washington and 
surrounding cities. (main) Locations of AWS, ablation measurement sites, and HOBO 
temperature loggers are indicated 
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Table 2.1: Instrumentation used in this study and its measurement precision. 
Variable Instrument Precision 
Temperature HMP-50 ± 0.5 °C 
Relative Humidity HMP-50 ± 4 % 
Wind Met One 014A ± 1.5 % 
Broadband Solar Radiation Eppley PSP ± 2 % 
Downwelling Longwave Eppley PIR ± 2 % 
Precipitation Texas Electronics Tipping 

Bucket 
± 1 % 

Backup Solar Radiation  Licor LI-200 ≤ 5 % 
Temperature Onset HOBO Pro ± 0.2 °C 
Surface Height Lowering Judd Comunications 

Ultrasonic Depth Sensor 
± 0.4 % 
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when snowfall affects the hut precipitation gauge.  Measurements were made at minute 

resolution and averaged to hourly records. 

During the periods July 2004 - September 2004 and May 2005 - September 2005, an 

additional AWS was deployed on the glacier surface at an elevation of 1950 m to provide 

above-glacier wind speed, temperature and humidity data for turbulent heat flux 

calculations.  The AWS recorded wind speed, air temperature, and humidity at 1.9 m 

above the glacier surface.  This AWS was free to settle with the ablating surface and was 

within ± 5° of vertical when visited at roughly monthly intervals.  Surface air 

temperatures over the glacier were measured using HOBO™ pro instruments at three 

additional points roughly along the centerline of the glacier:  near the toe at 1670 m 

during 2004 (1636 m during 2005), midway up-glacier at 1844 m (1842 m during 2005) 

and in the accumulation area at 2032 m (2029 m during 2005).  These instruments were 

also free to lower with the ablating surface.  The effects of accumulation events on these 

measurements are thought to be small. 

The modeling period covers the 2004 ablation season beginning on 1 April, although the 

more accurate short- and longwave instruments were not installed until 21 July, 2004.  

The record of short- and longwave measurements was extended back to 1 April using 

empirical relationships that were developed with measured data from the remainder of the 

2004 ablation season.  The shortwave record was extended with the LiCor instrument 

using a calibration between the two instruments.  For longwave other authors have made 

estimates using air temperature, water-vapor mixing ratio, and measurements of cloud 

cover [Brutsaert, 1975; Konzelmann et al., 1994].  These approaches are useful where 

supporting observations are available.  Cloud cover measurements are not locally 

available so indirect derivation from measured solar radiation is possible only during 

daylight. 

Lacking an independent, continuous estimate of cloud cover, we derive an empirical 

relationship between effective emissivity of the atmosphere and relative humidity.  

Effective emissivity is computed from the ratio of measured to calculated potential (using 
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 Figure 2.2: Relationship between effective atmospheric emissivity and relative humidity 
at the Hut AWS for 2004. The solid black line represents the 3rd order polynomial 
covering the transition from cloud-free to thick cloud conditions where emissivity 
reaches 1. 
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Table 2.2: Model Parameters. 
Symbol Description Value 
adecay

 Albedo decay rate with 
temperature 

Var. ln ( °C )-1 

a1 a1 – a3 background albedo 
parameters 

0.12 

a2  40 m 
a3  0.3 
Cp Specific heat capacity of dry 

air 
1004 J K-1 kg-1 

Ci Specific heat capacity of ice 2097 J K-1 kg-1 

d0 Scale length for snow 
transmissivity 

2.5 cm w. e. 

g Gravitational acceleration 9.807 m s-2 
k Vonkarman constant 0.4 
P0 Sea level pressure 101325 Pa 
R Dry air gas constant 287.05 J K-1 kg-1 
R* Water vapor gas constant 461.5 J K-1 kg-1 
S0 Solar Constant 1365 W m-2 
zi Instrument Height 1.85 m 
z0 Surface roughness length Var. m 
αterrain Albedo of surrounding terrain Var. 
β0 β0  – β3 humidity – emissivity 

relationship coefficients 
0.66 

β1  2.2 x 10-3 %-1 
β2  -2.5 x 10-5 %-2 
β3  4.2 x 10-7 %-3 
Γp Precipitation lapse rate Var. km-1 
εi Ice emissivity 0.98 
εr Rock emissivity 0.95 
ρ Density of ice 900 kg m3 

σ Stefan-Boltzmann constant 5.67 x10-8 W m-2 
K-4 

ψ Atmospheric transmissivity Var. 
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measured air temperature and the Stephan-Boltzman law) incoming longwave radiation.  

At SCG, effective emissivity was modeled as a third-order polynomial (coefficients listed 

in Table 2.2) function of relative humidity (Figure 2.2).  Effective atmospheric emissivity 

is ~0.73 for relative humidity measurements up to ~65% and then increases abruptly to 

values near 1.0 at humidities >80%, indicative of the transition between cloudy and 

cloud-free conditions.  Over the calibration period, the measured and simulated longwave 

radiation are correlated with r = 0.73.  The mean difference between the two records is 

0.0 W m-2 and the standard deviation of the difference is 19.2 W m-2.  This relationship is 

also used in modeling to assist in distributing longwave radiation across the glacier. 

 

2.3.3 Mass Balance Measurements 

Field measurements of mass balance and monthly ablation were used as simulation 

targets for the SEBM.  Winter balance was measured by the USGS in late April, 2004 

and mid-May, 2005.  A reference accumulation was measured near the terminus and at 

the principal reference point (termed P-1) located at mid-glacier in 2004.  In 2005, 

reference accumulation was measured at the terminus, P-1 and at ~2050 m.  Snow depth 

was probed at roughly 100 m horizontal intervals along the glacier centerline in both 

years and mean snow density was scaled between reference sites.  In 2005, the snow 

depth assessment was after net ablation had begun for the season, so snow depths were 

assigned from a more limited depth probing conducted in mid-April of that year.  The 

spatial distribution of measurements are restricted to the glacier centerline due to 

crevasses and avalanche threat.  The reader is referred to the USGS Scientific 

Investigations Reports (i.e. Bidlake et al., [2007] for the 2004 and 2005 mass balance 

years) for a more detailed methodology for the two years. 

Water equivalent ablation is computed as a product of the observed surface height change 

and material density.  The ablation measurement network consisted of 9 stakes in 2004 

and 6 stakes in 2005.  The lower number of stakes in 2005 was due to attrition due to 
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melt-out or inaccessibility in let-season.  The ablation stakes are used as references for 

surface height change (Figure 2.1).  Measurements were made at roughly monthly 

intervals beginning 24 April, 2004 through 27 October, 2004, and beginning 20 April, 

2005 through 22 October, 2005.  For 2004 the density for ablated snow was estimated to 

be 440 kg m3 in early season increasing to 510 kg m3 for late-season ablation.  For 2005 

the densities of 450 kg m3 in early season and increasing to 530 kg m3 in late-season were 

applied.  The density of ice for both years was taken as 900 kg m3 [Bidlake et al., 2007].  

Our approach to measuring ablation does not explicitly account for errors in surface 

height change measurements due to compaction of the snowpack.  Compaction probably 

had a small impact on these measurements based on the small change in density of the 

deepest layers of the snowpack from early to late-season measurements.  The previous 

winter’s accumulation was lost at ablation measurement sites by early August in 2004 

and by early September in 2005.  We estimate an uncertainty of ± 0.1 m w. e. for ablation 

measurements and in the water year net balance estimate as estimated by Krimmel 

[2002].  This error estimate is in keeping with previously made error assessments (such 

as Braithwaite et al. [1998]; Østrem and Haakensen [1999]) However, Bidlake et al., 

[2007] emphasizes that the uncertainty in mass balance measurements on SCG is difficult 

to quantify based on the limited spatial coverage of measurements. 

Additional measurements of surface lowering were made in summer, 2005, using two 

sonic snow depth sensors (SDS; see Table 2.1 for instrument information).  One SDS was 

placed at the glacier AWS and the other was placed at the 1650 m level (Figure 2.1), just 

above the glacier toe at the location of the lowermost HOBO temperature sensor.  The 

sensor at the AWS was operational beginning on 11 May and the lower sensor was 

installed on 13 July.  Both sensors recorded continuously and were removed on 9 

September.  It is likely that the expansion/contraction of the metal mounting apparatus is 

responsible for some of the diurnal fluctuation observed in the data [Willis et al., 2002], 

but the longer-term trend of the measurements is likely accurate to instrumental precision 

(± 0.4%).  This is supported by nearby stake-based measurements.  Surface-height 
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measurements recorded by the SDS were converted to water equivalent using the 

densities outlined above. 

 

2.3.4 Distributed Energy Balance Modeling 

The distributed SEBM is governed by the energy balance equation:  

s
i net net s l

dTC h S L H H K C M E
dt

ρ δ = + + + + + + −
(1) 

where Snet is solar radiation balance, Lnet is longwave radiation balance, Hs is sensible 

heat flux, Hl is latent heat flux, K is the geothermal heat flux, C is heat conduction into 

the snowpack, M is heat contributed by rain falling at temperature > 0 °C, E is energy for 

melting or refreezing, ρ is ice density in kg m-3, Ci is specific heat capacity of ice in J K-1 

kg-1, δh is a small element of thickness in m, Ts is surface temperature in °C, and t is time 

in s.  All fluxes have units of W m-2 and are defined positive toward the surface.  The 

glacier is assumed to be at steady state and isothermal, which eliminates the energy 

storage term on the left hand side of equation 1 allowing total melt (E) to be set equal to 

the energy input terms.  The isothermal assumption simplifies equation 1 further by 

eliminating the geothermal heat flux term (K) and simplifying the conduction term (C) 

when air temperature is above the melting point.  An exception to isothermal conditions 

is allowed at the skin of the glacier, which tracks the measured air temperature when sub-

freezing conditions are present.  The ramifications of assuming isothermal conditions 

with varying surface temperature will be discussed further.  In addition, the energetic 

contribution of precipitation (M) is assumed to be small relative to the other energy terms 

so is neglected. 
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2.3.4.1  Solar Radiation 

The solar radiation (wavelengths of 0.285 μm – 2.8 μm) impinging on a grid cell depends 

on direct and diffuse components that are influenced by cloud cover, surface orientation, 

and topographic shading.  Solar position is calculated using the algorithm of Walraven 

[1977]. Terrain slope, aspect and topographic shading are derived from the digital 

elevation model of the glacier and surrounding topography using a terrain computation 

technique based on Dozier and Frew [1990] and Arnold et al. [1996]. 

Diffuse solar radiation is derived from atmospheric scattering due to aerosols and clouds, 

multiple reflection between terrain and clouds, and radiation reflected from surrounding 

topography.  Partitioning measured radiation into direct and diffuse components is done 

through the ratio of potential to measured radiation values following Hock and Holmgren 

[2005]. 

( ) ( )02 sin
0 1 s

P
P

potG S θι ψ ⋅= ⋅ − ⋅  
(2) 

Potential radiation (Gpot) is calculated using the relationship expressed in Iqbal [1983] 

which is given in equation 2.  Potential radiation is a function of the solar constant (So) 

adjusted for the earth-sun distance, ι, atmospheric transmissivity, ψ, adjusted for pressure 

P relative to surface pressure Ps, and solar elevation angle θo (Physical parameters are 

described in Table 2.2).  Calculated potential radiation is compared to measured solar 

radiation, Gm, to calculate the diffuse fraction,  f. 
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(3) 
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Under completely overcast skies, some fraction of the potential atmospheric radiation 

will be transmitted as 100% diffuse.  Under clear-sky conditions the measured global 

radiation will have a small component of diffuse radiation due to atmospheric scattering.  

In this work, the end member for completely cloudy conditions is a Gm:Gpot of 0.4.  

Ratios ≥ 0.8 are assumed to represent completely clear skies with diffuse component 

equal to 20% of the measured incoming radiation.  A linear relationship is used between 

these two end members (Equation. 3).  This approach follows a relationship derived by 

Collares-Periera and Rabl [1979] and applied to alpine glaciers by Hock and Holmgren 

[2005] who developed a similar relationship for measurements made near Storglaciären, 

Sweden.  The diffuse component and direct radiation component are calculated utilizing f 

from equation 3. 

( )0sin
m

dif
GG f

θ
= ⋅  

(4) 

 

( ) ( )
0

1
sin

m
dir

GG f
θ

= ⋅ −  
(5) 

The sin(θo) terms adjust measured radiation for the elevation angle of the sun at the time 

of measurement and the results Gdiff and Gdir represent the diffuse and direct radiation 

components.   

Diffuse radiation received from surrounding slopes is incorporated by considering the 

hemispheric fraction of terrain viewable at a given grid cell and, conversely, the fraction 

of viewable sky which is calculated using the algorithm of Dozier and Frew [1990].   

( ) ( ) ( )cos 1dif dir dir terrainG G G G α⎡ ⎤= + ⋅ Θ ⋅ Φ + ⋅ ⋅ − Φ⎣ ⎦
(6) 

The radiative contribution from surrounding slopes is the product of direct radiation, the 

albedo of the surrounding terrain and the fraction of sky obscured by terrain, which 

ranges from 5% to 65%.  In Equation 6 Φ is the skyview fraction, Θ is the angle between 
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the solar beam and the vector normal to the grid cell in question.  This angle is calculated 

by calculating the dot product between the unit vector representing the direction of the 

solar beam with the unit vector normal to the grid cell in question. 

( ) ( ) ( ) ( ) ( ) ( )0 0cos cos sin sin cos cos 0θ θ θ θ φΘ = ⋅ + ⋅ ⋅ −φ (7) 

That dot product is expressed in Equation 7 in which θ represents the solar elevation 

angle, φ is the solar azimuth angle, θ0 is the slope angle, and φ0 is aspect.  Absorbed 

shortwave radiation is computed from G by adjusting for surface albedo. 

( )1netS Gα= − ⋅  (8) 

In Equation 8, Snet is net solar radiation, and α is albedo. 

2.3.4.2  Albedo 

Net solar radiation is the most important component of the surface energy budget for 

alpine glaciers and the amount of insolation available for melting is governed by glacier 

albedo; thus, an albedo submodel is an important component of the SEBM as 

demonstrated by Klok and Oerlemans [2004].  The albedo submodel used here is 

empirically based and is similar to that of Brock et al. [2000] except that it computes 

changes in albedo on arbitrary, instead of daily, time-scales.  We calculate the broadband 

albedo of snow (corresponding to our solar radiation measurements) as it decreases from 

a maximum value of 0.81 (new snow) as a function of cumulative PDDs. 

( )lnsnow decay fresha PDDα α= ⋅ +∑  (9) 

Unrealistically high albedos that are calculated for fractional PDDs are reset to the albedo 

for fresh snow (αfresh).  In this approach, temperatures higher than the melting point act as 

surrogate for the increase in grain size and liquid water content responsible for lowering 

the surface albedo [Wiscomb and Warren, 1980].  We assume that the sub-freezing 

changes in snow structure occur at a rate that is insignificant relative to the effects of 

summer meltwater production and changes in snow grain morphology on this temperate 
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glacier.  The more detailed grain evolution albedo models also introduce more free 

parameters into the model.  Such models also require quantification of the debris content 

of the snowpack, which were not measurements made in this study. 

A base albedo [Oerlemans, 1992] is set as the background albedo of the ice/firn surface 

and is used when all snow has ablated off of that surface. 

1
1 3

2

tan ELA
ice

z za a
a

α − ⎛ ⎞−
= ⋅ +⎜ ⎟

⎝ ⎠
 

(10) 

Equation 10 gives this base albedo and represents a bi-modal function with an abrupt 

increase near the value of zELA which we set to 1950 m for both ablation seasons.  In this 

function a1 – a3 are parameters that affect the shape of the transition from low albedo 

below the ELA to high albedo above; z is elevation; zELA is the ELA; and αice is the 

calculated background albedo.  The albedo model keeps track of multiple snowfall layers 

such that new layers are added when a threshold of 10 or more PDDs have passed 

between successive snowfalls.  The model proved to be insensitive to a range of degree 

day thresholds from 1 to 10 so a value was chosen to limit the total number of snowfall 

layers to expedite simulations.  The translucency of snow is incorporated to allow 

surfaces with lower albedos lying below the topmost surface to affect energy absorption 

at the surface. 

( )1 2
0

exp snowd
d 1α α α

⎛ ⎞−
= + ⋅ −⎜ ⎟

⎝ ⎠
α  

(11) 

In equation 11, α1 is the top layer albedo, α2 is the underlying surface’s albedo, dsnow is 

snow depth, d0 is a reference snow water equivalent depth.  A value of 0.025 m w. e. was 

chosen for consistency with other studies (Oerlemans and Knap [1998]; Brock et al., 

[2000]; Denby et al., [2002]; Willis et al. [2002]).  For ice, the background albedo is 

applied, and no temporal variation in ice albedo is incorporated. 
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2.3.4.3  Longwave Radiation 

Net longwave (wavelengths of 3.5 μm – 50 μm) radiation  at each model grid point is the 

sum of incoming and out-going fluxes that are determined by air temperature, humidity, 

and topographic features surrounding the glacier. 

netL L L↓ ↑= − ⋅

Φ

 (12) 

In Equation 12, L↓ is downwelling longwave, L↑ is upwelling longwave, and Lnet is net 

longwave. The measured downwelling longwave radiation is adjusted by the ratio of that 

calculated for the hut to that calculated for the grid cell in question using the relative 

humidity/emissivity relationship described above and shown in Figure 2.2.  This 

adjustment incorporates changes in downwelling longwave associated with changes in 

temperature with elevation.  Downwelling longwave radiation at a cell is a combination 

of the measured value adjusted for elevation and that emitted by surrounding terrain.  

Longwave emitted by terrain is calculated using the Stephan-Boltzmann relationship with 

an emissivity of 0.95 (εr).   

4
terrain r aL Tε σ= ⋅ ⋅  (13) 

The calculation of emission from surrounding terrain, Lterrain, relies on near-surface air 

temperature despite the likelihood that the air temperature at the average emission level 

of surrounding topography is probably colder.  Plüss and Ohmura [1997] show that the 

majority of longwave radiation emitted by a surface is attenuated by the atmosphere 

within a radius of one half of a kilometer.  Thus, longwave emitted from valley walls 500 

m above the glacier will largely combine with the emission from air between the emitting 

wall and the glacier making the application of air temperature here a reasonable 

approximation.  This effect is also pointed out by Greuell and Knap [1997].      

( ) ( )1inmeas terrainL L L↓ = ⋅ Φ + −  (14) 
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The terrain and sky longwave radiation components, Linmeas, are combined using the 

skyview factor as shown in equation 14.  Outgoing longwave radiation from the glacier 

surface is calculated from the surface temperature using the Stephan-Boltzmann 

relationship for a blackbody with emissivity of that for ice, εi = 0.98.  

4
i sL Tε σ↑ = ⋅ ⋅  (15) 

Surface temperature is specified to be at the melting point (273.16 K) when air 

temperature is above freezing and equal to air temperature when below the melting point.  

This simplification is made to enable numerous, rapid calculations of seasonal ablation to 

permit the sensitivity assessment we present here.  However, there are impacts with 

respect to this assumption, and these will be discussed later in section 4.3. 

 

2.3.4.4  Turbulent Heat Fluxes 

Sensible and latent heat fluxes at the glacier surface are computed from a bulk transfer 

approach.  For a stable boundary layer like that which dominates over a melting glacier, 

we apply Monin-Obukhov similarity theory.  Other authors have noted that the 

underlying assumption of bulk transfer theory (the existence of a constant flux layer 

above the melting glacier) is not met in typical cases [Denby and Greuell, 2000; 

Oerlemans and Grisogono, 2002].  Despite this, good simulations of turbulent heat fluxes 

have been achieved using Monin-Obukhov theory with reasonable parameter values 

[Denby and Greuell, 2000; Munro, 2004].  We also point out that SCG does not 

demonstrate a persistent katabatic flow with a low-level jet that can be the downfall of 

application of the MO similarity, so we retain this approach. 

*
a s

l air vap
e eRH L u A

R P
ρ −⎛ ⎞⎛ ⎞= ⋅ ⋅ ⋅ ⋅ ⋅⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
 

(16) 
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( )s air a sH u A Tρ= ⋅ ⋅ ⋅ −T  (17) 

The latent (Hl) and sensible (Hs) heat fluxes are calculated using equations 16 and 17.  In 

equation 16 ρair is dry air density, u is measured wind speed, Lvap is the latent heat of 

vaporization for water, R is the dry air gas constant, R* is the gas constant for water 

vapor, ea is the vapor pressure at measurement height, es is that at the surface (taken as 

saturation), and P is air pressure.  The transfer coefficient A is calculated as follows: 

( )

2

0

ln ,i i
i

kA
z zz
z

λ
λ

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥⎛ ⎞ ⎛ ⎞+ Ψ ⋅⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠⎢ ⎥⎝ ⎠⎣ ⎦

 

(18) 

in which k is the unitless von Kármán constant (k = 0.4), zi is the measurements height for 

windspeed and temperature, zo is the surface roughness length, Ψ is a unitless stability 

function, and λ is the Monin-Obukhov length. 

( )*3

2
a s

air p

s

T T
C u

k g H

ρ
λ

+
⋅ ⋅ ⋅

=
⋅ ⋅

 

(19) 

Equation 19 yields the Monin-Obukhov length.  In this equation, Cp is the heat capacity 

of dry air at constant pressure, u* is the frictional velocity, and g is gravitational 

acceleration.  The frictional velocity, u*, is calculated from equation 20.    

( )
*

0

ln ,i i
i

k uu
z zz
z

λ
λ

⋅
=

⎛ ⎞ ⎛ ⎞+ Ψ ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

 
(20) 

A consequence of our treatment of surface temperature is that sensible heat flux goes to 

zero when air temperatures are below the melting point.  This situation results in infinite 

monin-Obukhov length such that zi/λ goes to zero yielding a neutrally stable log profile.   
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( )
5 0

,
0 0
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i
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z
z
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λ

⎧ ⎫Ψ = >⎪ ⎪⎪ ⎪Ψ = ⎨ ⎬
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(21) 

The stability function in Equation 21 is used to adjust the log-profile used in equations 18 

and 20. 

Equations. 16-21 are solved by numerical iteration and, for typical conditions, are 

convergent (we iterate until λ changes by less than 5% between successive steps).  

During times of low wind speeds (u < 2 m s-1) convergence is slow or unattainable.  In 

those rare cases, wind speed is gradually increased until convergence is achieved.  This 

may lead to a small overestimation of heat flux, but because the lowest converging wind 

speeds are associated with low fluxes of sensible and latent heat (Eqns. 16 and 17) the 

errors incurred from this simplification are small.  We have compared this approach to 

that of disregarding the stability correction and observed a more realistic, continuous 

function of turbulent heat fluxes with temperature and wind speed using our method.  

 

2.3.4.5  Temperature Distribution 

The temperature field over SCG is thought to be complex along the length of the glacier 

and laterally.  Katabatic flow probably occurs sporadically over all or parts of SCG in 

summer due to the sloping surface and positive downward sensible heat flux, yet this 

flow is likely embedded in a larger scale valley-wind regime (SCG heads a deeply 

incised, valley extending down to 400 m elevation).  Lapse rates calculated from 

temperature data from 2004 and 2005 (Figure 2.3) show that during warm periods, weak 

or inverted lapse rates occurred at glacier surface stations.  The quality of linear fit of 

temperature to elevation (R2; Figure 2.3) shows that temperatures do not vary coherently 

with elevation during periods of weak lapse rate.  Inspection of individual daily averages 
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reveals that the mid-level temperature logger, P1, was anomalously cold compared to the 

upper and lower stations indicating presence of cold air drainage at this site.  Mean lapse 

rates for both years were around -6.5 °C km-1.  These temperature lapse rate fluctuations 

were modeled with a piecewise-linear relationship between stations, which explicitly 

accounts for fluctuations in lapse rate along the glacier centerline at hourly time scales.  

Similar analyses of surface temperature have been performed for the larger Pasterze 

Glacier, Austria [Greuell and Knap, 1997] where katabatic flow was dominant 

throughout much of the ablation season.  Braun and Hock [2004] report the importance of 

incorporating a variable lapse rate for simulations of an Antarctic island ice cap.  

 

2.3.4.6  Precipitation 

Precipitation increases with elevation by applying a multiplication factor calculated as a 

function of vertical distance from the measurement elevation (1580 m in this application): 

( ) ( ) 1meas p prePre z Pre z z⎡ ⎤= ⋅ Γ ⋅ − +⎣ ⎦  (22) 

This is analogous to a dimensionless precipitation lapse rate, but scales the enhancement 

or depletion by the measurement such that a precipitation enhancement or reduction 

factor is calculated.  This method follows that used in the precipitation distribution model 

described by Daly et al. [1994].  A snowfall threshold of 1 °C is used, at or below which 

precipitation falls as snow.  This is a value commonly used (i.e. Arnold et al., [2006]), 

but which also could have an  impact on the modeled ablation presented here.  Further 

study would be useful for precisely quantifying this threshold or, more importantly, the 

spatial-temporal variability of this threshold.  For the time being, we retain the 

conventional value.  The snowpack was initialized at the beginning of simulations using a 

2nd order polynomial in elevation with coefficients determined for each individual year’s 

accumulation measurements. 
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Figure 2.3: 2 m air temperature lapse rate (diamonds, black line) for daily mean 
temperatures along SCG centerline as determined by regression of temperature on 
elevation for 2004 (a) and 2005 (b). The R2 is plotted (stars, gray line) as an indication of 
the quality of a linear model. Periods with less-steep or inverted lapse rates frequently 
correspond to poor linear fits. The values from late 2004 rely on two stations (thus R2=1). 
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2.3.5 Modeling Experiments 

There are two goals for our modeling experiments: 1) to achieve the best simulation of 

SCG ablation during the 2004 and 2005 seasons and 2) to quantify the uncertainty of 

ablation calculations for SEBMs similar to our model due to uncertainties in physical 

parameters and input data.  The 2004 model runs are from 1 April through 27 October.  

The 2005 simulations span 11 May through 12 September due to the loss of a wind 

sensor to winter conditions.  Uncertainties are quantified analogously to Murphy et al. 

[2004] who varied parameters to assess uncertainty in climate change estimates from 

General Circulation Models.  We evaluate model performance by comparing 

measurements of ablation made during the two ablation seasons with simulated ablation 

values from the grid node nearest the ablation stakes.  The quality of fit is assessed using 

the root mean square error (RMSE) calculated as: 

( )2

0
1

1 n

j j
j

RMSE x x
n =

= −∑  
(23) 

In which n is the number of ablation measurements, x0j is an individual measurement, xj 

is the corresponding modeled ablation, and RMSE is the root mean square error.  Two 

steps were used to find the model minima and to assess model error.  First, a parameter 

optimization algorithm (Downhill Simplex, Press et al. [1992]) was used to vary 

parameters within physically realistic constraints (i.e. positive or negative as needed and 

within an order of magnitude of accepted values) to seek the optimal model fit.  Multiple 

optimization attempts starting with different initial parameter sets were performed to 

ensure that the resulting minima were global.  Identical techniques were used for the 

2004 and 2005 simulations. 

Second, we analyzed a suite of 103 model runs to evaluate the distribution of simulated 

mass balance over a range of parameter values.  Each model run was performed with 

parameters that were varied randomly by ±5 % of the optimized values shown in Table 

2.3.  The choice of a 5% range in parameters excludes a large range of physically realistic 
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parameter values.  As such, the results of this analysis does not yield a global estimate of 

the uncertainty in annual net balance.  The range was chosen to answer the question of 

how much variation in model results could be incurred for a fixed amount of uncertainty 

in physical parameters.  For this, 5% was chosen to reflect the parameter ranges 

commonly assessed in the literature. 

 Finally, the optimized runs for the complete 2004 ablation season was analyzed for 

sensitivity to variations in individual parameters and input meteorological data.  The 

parameters were varied about the optimum values at 5% intervals spanning ± 10 %.  The 

meteorological data were varied by factors of 0.1 over the range 0.8 – 1.2 times the 

measured values for all variables except temperature.  Temperature was varied in half 

degree increments from -1.0 °C to +1.0 °C.  The sensitivity to nighttime and daytime 

changes was determined by changing temperature in one degree intervals from -2 °C to 

+2 °C between the hours of 20:00 to 08:00 for the nighttime experiments and between 

08:00 to 20:00 for the daytime experiments.  Sensitivity was computed by fitting second 

order polynomials to the results for a given variable or parameter and the slope was 

determined about the origin.  This exercise is useful in interpreting the results of the 

random parameter variation runs described above.  For the meteorological data, this 

exercise assists in evaluating the sensitivity of estimates of net balance to uncertainties in 

the measured meteorological data. 

 

2.4 Results 

2.4.1 Energy Balance Components 

The temperate climate of SCG results in high energy fluxes during the ablation season.  

Summer is characterized by warm temperatures, and long cloud-free periods.  

Measurements indicate that the 2004 and 2005 ablation seasons generated very negative 

net balances relative to previous years, and thus should show anomalously high  
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Table 2.3: Calibrated model parameters and their sensitivity compared with literature 
values. 
Parameter 2004 

Value 
2005 
Value 

Representative 
Literature 
Ranges 

2004 Sensitivity 
Range 

2004 
Sensitivity 
m w. e.  
%-1 

Γp km-1 2.8 3.5 1.0 – 3.01  2.5 – 3.1 0.011 
zo Ice mm 44 9.6 0.1 – 802 43 – 45 -0.005 
zo Snow mm 4.4 1.7 0.2 – 302 4.2 – 4.6 -0.005 
ψ 0.62 0.67 0.69 – 0.763 0.55 – 0.69 -0.002 
αterrain 0.20 0.26 0.1,variable4,5 0.175 – 0.225 -0.001 
adecay -0.042 -0.038 -0.067 – -0.0496,7 -0.046 – -0.038 -0.023 

1Daly et al. [1994], 2Brock et al. [2006], 3Greuell and Knap [1997], 4Hock and Holmgren [2005], 5Tsvetsinkaya et al. [2002], 6Brock 
et al. [2000], 7Pellicciotti [2004] 
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downward energy fluxes.  Table 2.4 presents the monthly mean energy fluxes for a point 

near the terminus of the glacier for the 2004 and 2005 modeled periods.  For both years, 

net shortwave radiation is the dominant energy source.  Higher average shortwave values 

are evident for 2005, probably due to longer periods of clear weather, less snowfall, and a 

longer period with low-albedo firn and ice surfaces exposed.  Net longwave radiation is 

upward on average for both years, indicating predominance of clear sky or high cloud 

conditions.  Net longwave radiation is also the smallest magnitude component of the net 

energy budget, representing 5 % and 3 % of the total energy in the 2004 and 2005 

budgets, respectively.  Sensible heating contributed 29% of the total energy budget in 

2004 and 24% in 2005 with the flux in 2004 being, on average, 10% greater than that of 

2005.  Latent heating is similar for both years and the consistently positive downward 

flux indicates condensing conditions on the glacier. 

Time series of hourly energy fluxes for week-long periods in the beginning of June, 2005 

(Figure 2.4a) and in the beginning of August, 2005 (Figure 2.4b) illustrate the short-term, 

meteorological control on the glacier energy balance.  The June period displays overall 

low energy flux with low net solar radiation, positive longwave radiation flux, and 

positive latent heat flux suggesting cool, cloudy conditions.  In contrast, the August 

period begins with a so called rain-on-snow event on August 1st and then displays 

prevalent summer clear-sky conditions.  The rain-on-snow period is characterized by high 

fluxes of sensible and latent heat as a result of high winds, warm temperatures, and high 

humidity.  Insolation is low, yet single time step energy flux totals achieve values ~30% 

higher than during the subsequent clear, calm period.  The magnitude of these heat fluxes 

is comparable to that modeled by Marks et al. [1998] and demonstrates that high ablation 

rates during warm, rainy periods are accounted for by turbulent heat fluxes rather than 

conductive heat flux from precipitation.  Overall, conditions during the clear period show 

low turbulent heat fluxes due to strongly stable stratification, negative longwave balance, 

and dominance of the solar radiation flux. After 1 August, clear-sky conditions prevail  



 

Table 2.4: Monthly averaged energy balance components. 
S L H net net s Hl Σ 

Averaging Period 2004 2005 2004 2005 2004 2005 2004 2005 2004 2005 
April 42 – -44 – 16 – -23 – -9 – 
May 50 46 -16 -39 13 25 -1 -9 46 23 
June 90 101 -18 6 27 31 3 8 100 147 
July 159 156 -8 -5 72 56 18 21 241 227 
August 112 139 -1 -15 53 44 29 16 193 185 
September 56 78 -8 -8 52 34 19 10 119 113 
October 26 – -17 – 42 – -4 – 46 – 
           
JJA Means 120 132 -9 -5 51 44 16 15 178 186
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Figure 2.4:  Hourly energy fluxes for a cloudy period in June (a) and early August, 2005 (b). The first day in August shows a “rain on 
snow” event with very high sensible and latent heat fluxes with little radiation input.  Note that the energy flux scale is expanded for 
the June results. 
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with high net solar radiation due to the low albedo of the exposed ice surface.  Longwave 

radiation is also important during this period with net upward fluxes of ~50 W m-2. 

 2.4.2 2004 and 2005 Ablation and Net Balance 

The optimized model runs for 2004 and 2005 yield simulated ablation amounts that 

explain 91% and 93% of the variance in ablation data during the respective years (Figure 

2.5).  The RMS error between measured and modeled ablation for 2004 (0.26 m w. e.) is 

greater than that of 2005 (0.21 m w. e.).  Least squares estimation of the slope of the line 

fitting measured and model ablation data yields 0.91 ± 0.08 for 2004 and 0.97 ± 0.05 for 

2005.  In both years, there is a slight tendency for the model to underestimate higher 

ablation measurements as evidenced by a least squares fit with slope <1.  The majority of 

underestimated ablation amounts are from the glacier toe where ablation rates are high, 

especially in 2004.  The scatter plots for 2004 also show how well the model accounts for 

accumulation events on SCG, with four out of five measurements of net accumulation 

well simulated. 

There is a good fit between modeled ablation and the time series of net balance from the 

SDS at the glacier AWS for summer, 2005 (Figure 2.6).  The simulated net-balance time 

series at the mid-glacier site are consistently within a few centimeters of measurements.  

There is a slight departure in early August during which measured ablation rates are 

higher than modeled rates.  No ablation stake measurements for 2005 indicate 

accumulation directly, thus failing to provide a direct tuning target for accumulation in 

the optimization scheme.  Comparison of early-season modeled accumulation with the 

SDS records, however, indicates good agreement with measured accumulation events.  

The integrated effect of accumulation on monthly interval ablation measurements thus 

provides enough information for the tuning procedure to capture daily temporal details.  

Ablation at the terminus is also well replicated by the model.  Similar to the upper glacier 

site, modeled early-season ablation rates at the terminus are higher than measurements, 

causing the records to diverge somewhat to a maximum difference of ~30 cm.  
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Figure 2.5: Comparison between measured and modeled ablation for 2004 (a) and 2005 
(b). The heavy black 1:1 line is shown.  The least squares fit of the data is shown with a 
light, dashed line. Slopes less than one indicate the model’s underestimation of ablation 
with increasing ablation amount. 
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Figure 2.6: Daily point net balance at the glacier AWS (gray; denoted Mid.) and at the 
terminus (black; denoted Terminus) site during 2005. Measurements from the SDS are 
solid while the model data are dashed.  Ablation stake measurements are indicated with 
like-colored triangles.  Error bars are ±0.1 m w. e. uncertainties in ablation stake 
measurements. 
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Late-season modeled ablation rates are lower than measurements and thus compensate 

for higher rates simulated earlier in the season, yielding a final difference between 

modeled net balance and measurements of only a few centimeters. 

Modeled and measured ablation rates in early season, 2005 at the mid-glacier AWS site 

are in good agreement with both accumulation and ablation events (Figure 2.7).  The 

measured average ablation rate is 0.029 m w. e. day-1 whereas the model simulated a 

value of 0.031 m w. e. day-1.  The higher-than-measured ablation rate agrees with the 

change from slightly overestimated specific net balance during early season to an end-of-

season value in agreement with ablation stakes.  Good performance is expected here 

because this AWS provided the temperature, wind speed, and humidity data that drove 

the 2005 model simulations.  Beginning in early August, the correspondence between 

modeled ablation rates and the rates estimated from the SDS is not quite as good on a 

daily basis, but multi-day average ablation rates remain comparable.  The transition from 

well to poorly modeled daily ablation rates occurs a few days after the change from snow 

to ice at the AWS site implying that snowmelt is more accurately modeled than icemelt. 

At the terminus, the average measured ablation rate of 0.051 m w. e. day-1 is identical to 

the modeled value of 0.051 m w. e. day-1 within the measurement uncertainty.  Daily 

variability in the record, however, is not well reproduced (Figure 2.7c, 2.7d) as reflected 

in scatter plots with little coherency and a R2 value of 0.46.  Overall, the model captures 

ablation on monthly time scales, but it does not successfully reproduce daily variability.  

Because we have temperature control at the terminus, and radiation fluxes should be as 

well modeled here as at the glacier AWS, the difference between simulated and observed 

ablation is likely due to inaccuracy of modeled wind speed and/or humidity.  Wind 

speeds are not adjusted when distributed across the glacier, while relative humidity is 

adjusted based on variations in saturation vapor pressure with altitude.  Winds at the 

glacier toe were observed to be gusty compared to the upper glacier and the terminus is 

probably influenced by interactions between upslope-directed valley winds and 

downslope glacier winds.  The complex wind field probably contributes to the highly  
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Figure 2.7: Daily ablation rates from the model (dashed) and SDS (solid). Time series of 
results from the glacier AWS (a); measured versus modeled ablation rates for glacier 
AWS (b); Results from terminus (c); measured versus modeled ablation rates for the 
terminus (d). Dashed lines in (b) and (d) are best-fit lines while the heavy, black line is 
the 1:1. 

 

 

 

 

 

 

 



 39

variable measured daily ablation rates.  This result is interesting for its implications for 

applying SEBMs to sites without local wind measurements and implies that while annual 

ablation can be well simulated, shorter temporal fluctuations could have less than half of 

their variance explained.  

 

2.4.3 Model Sensitivity and Uncertainty 

The sensitivity of the model to changes in parameter values reveals which parameters are 

most influential in determining the observed fluctuations of mass balance during 2004 

(Table 2.3).  The parameters governing the elevation gradient of precipitation and the rate 

of albedo change with aging dominate control over the modeled mass balance, whereas 

those governing the reflectivity of surrounding terrain and the atmospheric transmissivity 

are least influential.  Transmissivity is only used to calculate potential radiation for 

comparison to measurements as a surrogate for cloud cover.  If this parameter were used 

directly in the calculation of solar input to the glacier, it would have a much greater 

influence on the simulated glacier net balance.  Scatter plots of net balance and RMSE 

reveal the best-fit model result as well as the nature of the approach to the minima 

representing the best model (Figure 2.8).  Both years display well-defined roughly 

parabolic approaches to the minimum RMSE, although optimization takes place over a 

six-dimensional parameter space, implying that the curvature is probably more complex 

than shown here. 

The 103 realizations about the optimized parameter sets indicated in Figure 2.8 were used 

to calculate an error estimate on the computed net mass balance.  For both years, the 

random parameter selection yields an almost normal distribution about the mean, best-

estimate mass balance value (Figure 2.9).  The net balance simulated for a single run 

using the best-fit set of parameters is chosen as the best model estimate of the net mass 

balance for the year.  These are -1.69 m w. e. and -2.09 m w. e. for 2004 and 2005, 

respectively.  Error in these estimates is taken as two standard deviations in the fitted  
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Figure 2.8:  Scatter plot of net balance and RMSE results for the 103 model realizations 
for 2004 (a) and 2005 (b). A 2nd order polynomial is fit to the data as a guide. The scatter 
in 2005 results is less than that for 2004, but the scale is kept constant between panels. 

 



 Figure 2.9:  Net balance distributions for the 103 simulations of the 2004 and 2005 ablation seasons. The normal distribution 
fitted to the data is shown by the black curve, while histograms in 0.1 m w. e. intervals are presented in gray.  

41
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normal distribution for each year’s suite of simulations yielding ± 0.15 m w. e. and ± 0.07 

m w. e. for the respective years. 

The sensitivity of the SEBM to the values of the input meteorological data is presented in 

Table 2.5.  The sensitivity for temperature is expressed in the conventional m w. e. per 

degree as well as the sensitivity per % derived using the absolute Kelvin scale for 

comparison.  For the latter, changes of one to two percent result in large differences in the 

modeled net balance, but such large changes (2.7 °C – 5.4 °C) are unexpected with 

respect to the measurement uncertainty for temperature (see Table 2.1).  The sharp 

sensitivity to temperature does reflect the importance of temperature changes to summer 

ablation.  The influence of temperature changes taking place during night or daytime only 

is expressed in Table 2.5 as well.  Net balance is 1.9 times more sensitive to daytime 

changes than nighttime.  The net energy budget is small or negative at night due to 

longwave radiative cooling, so increases in air temperature still yield a negative energy 

budget, thereby muting the effect of the perturbation.  Altering the longwave has the 

second greatest influence on ablation.  While the overall effect of increasing or 

decreasing summertime precipitation is small, the value is greater than the direct change 

in mass flux.  For example, for a decrease in summer precipitation of 20%, 18 cm of 

precipitation are lost while the net balance decreases from -1.69 m w. e. to -2.18 m w. e.  

This change represents an enhancement of ~2.6 times the direct contribution roughly half 

of which is due to amplification by the precipitation lapse rate.  A strong signal remains, 

which outlines the importance of summer snowfalls on the net balance of the glacier.  

Changes in humidity change the net balance as well by increasing the amount of 

condensation or evaporation.  The effect would probably be larger if incoming longwave 

radiation were recalculated to reflect changes in atmospheric emissivity due to changes in 

moisture content.  Finally, increased wind speed causes increased turbulent exchange.  

Because the turbulent heat fluxes are dominantly positive, increased winds correspond to 

increased ablation. 
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Table 2.5: Model sensitivity to secular changes in input meteorological variables. 
Meteorological Variable 2004 Sensitivity 
T -0.86 m w. e. °C-1 
Tday -1.15 m w. e. °C-1 
Tnight -0.60 m w. e. °C-1 
T -2.15 m w. e. %-1 
RH -0.04 m w. e. %-1 
Gmeas -0.06 m w. e. %-1 
Lin -0.16 m w. e. %-1 
u -0.05 m w. e. %-1 
P +0.02 m w. e. %-1 
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The sensitivity characteristics of the model to input data can be used to estimate the 

uncertainty in our modeling due to the uncertainty in the meteorological data.  We 

multiply the model sensitivity to input data with the instrument precision associated with 

the measurements to calculate the uncertainty in the model estimate of ablation.  The 

uncertainties associated with each instrument are combined using the root sum of squared 

error.  For the net balance estimate for 2004, the resulting uncertainty due to instrument 

error is ± 0.23 m w. e.  This yields a total uncertainty in the model estimate of net balance 

for that year of ± 0.38 m w. e.  With the combined uncertainty due to parameters and 

input data our calculated net balance for 2004 is -1.69 ± 0.38 m w. e. compared with the 

measured net balance of -1.74 ± 0.1 m w. e.  For 2005, if we assume a similar uncertainty 

due to input data, we simulate an 11 September net balance of -2.10 ± 0.30 m w. e. 

 

2.5. Discussion 

2.5.1 Optimized Parameters and Energy Fluxes 

Evaluation of the physical parameters optimized by our scheme in relation to literature 

values is useful for determining the optimization scheme's ability to replicate realistic 

physical boundary conditions.  The exercise is also indicative of an individual year's set 

of physical conditions.  It must be stated, however, that the approach used here cannot be 

interpreted as an inversion for the “real” values of model parameters; rather, it is 

instructive to view the estimated parameters as one likely set of boundary conditions for 

the model.  We do not simulate time-varying parameters although surface roughness, 

surrounding topography albedo, and atmospheric transmissivity are surely time 

dependent although inroads toward calculating time varying parameters have been made 

recently [Brock et al., 2000; Hock and Holmgren, 2005; Brock et al., 2006].  

The best-fitting parameter sets are presented in Table 2.3 along with comparisons with a 

range of literature values.  Generally, the parameter set falls within the range of published 
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values yielding a physically reasonable model.  The only major (in terms of influence of 

modeled net balance) outliers are the precipitation lapse rate determined for 2005 and the 

snow ageing parameter determined for both years, which are discussed below.  

The precipitation lapse rates are steep for both years relative to those used in the 

precipitation distribution model described by Daly et al. [1994], who’s maximum of 3.0 

km-1 was used as a limiting value in the Pacific Northwest.  Our values of 2.8 km-1 and 

3.5 km-1 are only representative of the summertime simulation period, while the literature 

values are based on longer-term averages which incorporate winter precipitation.  

Further, the scale of analysis for our result and the published result is different, and it is 

conceivable that such sharp precipitation gradients exist on short spatial scales in steep 

terrain.  The precipitation lapse rates used here may also be partially accommodating 

wind redistribution of snow falls, which may act to increase snow depth on the upper 

reaches of the glacier is it is in the lee of the dominant SW storm winds.  The strong 

increase in precipitation with elevation agrees with the observed relationship between 

accumulation at the toe of SCG and that at the upper glacier, which can be a factor of 

four greater over an elevation span of only 500 m.  This is an indication of the complexity 

of precipitation/snowfall patterns in mountainous terrain. 

Our snow ageing parameters for both years yield late-season snow albedos of 0.52 (2004) 

and 0.55 (2005), while those in Brock et al. [2000] give an albedo of 0.45 for the same 

number of PDDs.  This suggests either that aged snow on SCG is more reflective than 

that of other alpine glaciers, or the tuning procedure has partitioned energy away from 

solar radiation contributions.  We have no albedo measurements to confirm or refute the 

former possibility, but the modeled albedos are reasonable to high for an alpine glacier 

[Klok and Oerlemans, 2004].  As for the second possibility, the surface roughness lengths 

determined for both years are high, suggesting that the latter case may be correct.  We 

also discuss below the possibility that high albedo might serve to compensate for our 

parameterization of surface temperature. 
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The surface roughness lengths used in the best-fit models are on par with, or somewhat 

higher than, values in the literature.  The high ends of the values quoted in the literature 

are for unusually rough/crevassed glacier surfaces.  Typical z0 for snow is ~2 mm and for 

ice is 2-10 mm [Brock et al., 2006].  Ice on SCG is typically more heavily crevassed than 

snow and is hummocky at length scales of 1-2 m, so larger roughness lengths are 

expected here.  However, a value of 44 mm is comparable to the largest roughness 

lengths published, which are for hummocky ice in Greenland [Smeets et al., 1999].  As 

we suggest in section 3.2, ablation modeled on the glacier terminus is subject to 

uncertainties in wind speed there.  If windspeed is underestimated at the terminus, then 

the surface roughness for ice would be adjusted upward to compensate. 

The albedo of surrounding terrain and the atmosphere's transmissivity both wield the 

least influence on ablation.  The difference between the 2004 and 2005 optimized values 

of transmissivity amount to an ablation difference of 0.02 m w. e. between the years.  The 

value optimized for atmospheric transmissivity is below that typical for clean-air and 

clear-sky conditions.  However, the low sensitivity of the model to this parameter allows 

this variable to be changed by 10% to more reasonable values around 0.75 with only a 

0.02 m w. e. change in the modeled ablation for 2004.  The difference between optimized 

values of the albedo of surrounding terrain yields a small (0.03 m w. e.) difference 

between the years.  The low sensitivity of the model to the albedo of surrounding terrain 

implies that the reflectivity of the basin is of little importance as incorporated in this 

model.  Measurements of incoming solar radiation typically peak in the spring before 

summer solstice, and we infer this peak to be a result of the snow-covered surrounding 

topography.  These high radiation values are offset by the high albedo of the glacier at 

this time, but are probably important for initializing the melt season. 

The SEBM sensitivity to variations in the input meteorological data shows that incoming 

longwave radiation has the greatest influence on ablation rates in spite of the low 

contribution of net longwave to the total energy budget.  The sensitivity to incoming 

longwave is roughly 2.7 times greater than for incoming solar in a glacier-wide sense.  
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The absorption of longwave is fairly uniform across the glacier in space and time, 

whereas variations in incoming solar radiation will have the largest effect near the 

terminus where albedo is low.  This result underscores the arguments of Ohmura [2001] 

who suggests that longwave input is an important justification for ablation models based 

primarily on air temperature.  Wind speed also has a large effect on the net balance, 

which supports the conclusion that the model’s failure to capture the day-to-day 

variability in ablation at the terminus is likely due to inaccuracies in wind speeds applied 

there.  The overall model sensitivity to input data is roughly twice the model’s sensitivity 

to physical parameters, but both are significant.  Overall, this suggests that equal efforts 

be put into improving input data fields as well as the physical parameters used in SEBMs. 

 

2.5.2 Optimization and Monte Carlo Error Estimates 

The optimization scheme was able to seek out a robust estimate of the parameters chosen 

for variation in this work, and the derived parameters are within the physical estimates 

presented in the literature.  Since multiple search start points were used to initialize the 

downhill simplex method, it is likely that an approximate minimum was found and that it 

was global.  The Monte Carlo assessment yields a large spread for a small range in 

physical parameters, which underscores the importance of feedbacks between physical 

processes operating in the model.  The statistical distribution of modeled net balance is 

probably a minimum spread since surface roughness lengths, for example, could range 

over an order of magnitude rather than the ±5 % used here between all parameters for 

consistency.  With a given set of parameters applied to a longer temporal simulation of 

glacier net balance, even a small over or underestimation could accumulate into large 

errors in cumulative net balance. 
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2.5.3 Impacts of Simplifying Surface Temperature 

We have chosen to simplify our SEBM by stipulating that there is no subsurface heat flux 

in the glacier, and by pinning Ts to air temperature when freezing conditions occur.  This 

assumption could be incorrect when the surface energy balance falls below zero when 

measured air temperatures are above the melting point, and also when air temperatures 

fall below freezing and snow or ice at the melting point will release energy to the 

atmosphere.  These inconsistencies will have impacts on the flux of upwelling longwave 

energy as well as the turbulent heat fluxes.  However, this simplification is commonly 

made including in this work, which warrants discussion and quantification of the impacts. 

In our current simulations, when the surface energy balance is negative, the average flux 

is -32 W m-2, and this occurs during roughly half of the nights in 2004 and one third of 

nights in 2005.  This flux should be accommodated by cooling the snow or ice surface, or 

by refreezing liquid water in the snow pack or liquid surface water on ice.  If we assume 

that the top ~20cm of snow takes part in the diurnal cycle and a liquid water fraction of 

0.03, then ~1 MJ m-2 of energy are required to freeze all of the water in that layer.  At our 

modeled average negative flux for 2004, 10 hours are required to provide enough 

cooling, and a similar period is required to refreeze a plausible 0.5 cm thick free water 

layer on ice.  During this period, the surface temperature will remain at the melting point, 

so the temperature approximation used here is likely accurate.  However, in order to 

begin to effectively remove mass from the glacier when the energy balance becomes 

positive, the material that refroze during the night needs to be remelted, requiring that the 

1 MJ m-2 of energy that was invested to refreeze surface water will be required of the 

positive energy flux before melt occurs. 

Klok and Oerlemans [2002] explicitly calculate surface temperature using a two layer 

heat flux scheme, and this approach will yield good results when free water has already 

frozen.  Our above calculation, however, shows that for conditions present on SCG, this 

situation will rarely be met.  If Klok and Oerlemans’ [2002] approach were to be applied, 

cooling of the surface temperature would be simulated, and the sensible and latent heat 
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and upwelling longwave radiation fluxes would be too small in magnitude.  We can 

easily quantify the change in upwelling longwave if we again assume the upper 20 cm of 

the snow is diurnally active, our late season snow density of 530 kg m-3, and a specific 

heat capacity of ice of 2097 J kg-1 K-1.  With 10 hours of cooling at 30 W m-2 the surface 

temperature could cool as much as 5 K resulting in an upwelling longwave radiation flux 

that is 22 W m-2 less than if the surface remained at the melting point.  For ice the 

compensation will be 12 W m-2 due to the increased density.  These fluxes partially offset 

the errors in the surface energy flux that are accrued by keeping the surface temperature 

fixed at the melting point.  Excessively cold surface temperatures will also lead to greater 

stability in the boundary layer and suppression of latent and sensible exchange.  

However, in our simulations nighttime turbulent fluxes during negative energy budget 

periods are already small, so the impact on these should be minimal.  

It bears stating that the subsurface temperature calculations of Klok and Oerlemans 

[2002] are important for accounting for energy storage and release in the glacier on 

diurnal and seasonal time scales.  Because of these processes, both refreezing in the 

snowpack and surface cooling should be explicitly calculated in SEBMs.  This 

conclusion was reached by Fierz et al., [2003] for snow energy balance models.  Over the 

relatively small spatial scales that SEBMs for alpine glaciers are applied, a detailed 

subsurface heat flux calculation would not be too computationally expensive.  The 

CROCUS model Brun et al., [1989] applied to Glacier de Saint-Sorlin and Glacier 

d’Argentière by Gerbaux et al., [2005] incorporates a detailed subsurface energy and 

mass flux model.  A level of complexity intermediate between two-layer models and 

CROCUS is probably most appropriate.  Because our approach does not account for the 

negative energy fluxes, the result is an effective increase in the time averaged energy flux 

to the glacier.  In the energy balance calculations presented here it is speculated that the 

potentially “too-high” albedo discussed above might be compensating for this effect to 

yield a good fit to measured ablation data. 
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2.6 Conclusion 

A surface energy balance model has been developed and applied to South Cascade 

Glacier over the 2004 and 2005 ablation seasons.  The model utilizes physical 

parameterizations of the most important energy transfer processes to compute ablation 

and includes detailed temperature, humidity, and radiation distribution across the glacier.  

The model is first tuned to SCG by altering six physical parameters not measured in the 

field program.  We then estimated the uncertainty in the model calculation of net balance 

by performing 103 simulations with simultaneous random variations of physical 

parameters about a range of ±5% of the optimum value.  We also combine model 

sensitivity to input meteorological data with rated instrument error to fully describe the 

range of the SEBMs uncertainty.  For 2004, a net mass balance of -1.69 ± 0.38 m w. e. 

was computed for the period ending 30 September and is 0.04 m w. e. greater than the 

measured water year net balance.  Of the reported 2004 ablation season uncertainty, 0.23 

m w. e. are due to uncertainty in the input data, while 0.15 m w. e. are due to parameter 

uncertainty indicating that parameter uncertainty is of equal magnitude to that due to 

uncertainties in meteorological measurements.  For 2005 as of 11 Sept a balance of -2.10 

± 0.30 m w. e. was reached, which is within 0.42 m w. e. of the reported water year 

balance, with 19 days remaining in the ablation season.  

With respect to physical parameters the greatest sensitivity of the SEBM presented here 

is to the parameters governing precipitation distribution and the snow ageing parameter 

used to calculate albedo.  The SEBM’s sensitivity to variations in input meteorological 

data show that incoming longwave radiation has the greatest weight in the net balance 

outcome.  The affect of uncertainty in precipitation is small compared with the other 

variables, but the magnitude of changes is amplified through albedo feedbacks on the 

glacier by a factor of 2.6.  The sensitivity of ablation to temperature is -0.86 m w. e. °C-1 

and is greater during day than during night by a factor of 1.9. 

Overall, the combination of energy balance modeling with monte-carlo type estimation of 

model uncertainty is a powerful tool for judging uncertainty in model results and 
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comparing model results with measurements.  This method is easily applied and would be 

useful to consider in larger temporal and spatial scale applications.  Specifically, this 

technique should be applied to simulations of glacier mass balance in past or future 

climates where physical parameters are not easily characterized.  
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3.1. Abstract 

In order to accurately predict the changes in glacier mass balance that will occur under a 

changing climate, the ability to couple detailed models of the atmosphere with glacier 

mass balance models is of great importance. The mass balance time series measured on 

South Cascade Glacier (SCG) for the years 1959-2003 has been modeled using a 

physically based surface energy balance model driven by the RegCM, regional climate 

model output with NCEP/NCAR reanalysis data as a boundary condition.  We further 

extend the SCG mass balance record to the beginning of the 20th century by driving our 

model with data derived from the CRU TS2.1 gridded surface climatology.  Physical 

parameters used in the surface energy balance model were tuned to best replicate the 

measured time series of mass balance components.  The RegCM net balance result 

correlates with measurement with r = 0.75.  Performance for the winter and summer 

balance components is poorer with r = 0.74 and r = 0.50.   Performance using the CRU 

data set is slightly better with respective correlations of 0.78, 0.72, 0.55.  Our year 1902 

onward results show that the greatest rates of mass loss occurred early in the century. 

This rapid ablation is accompanied by low winter balance, and warm summer 

temperatures.  Retreat over the past decade has been accompanied by moderate to high 

winter precipitation underscoring the importance of temperature in the current mass loss.  

The noted recent decoupling between Pacific Ocean conditions and SCG mass balance is 

replicated in our simulations; however, the earlier record of mass balance has shown 

similar behavior.  The tightest coupling between oceanic conditions and South Cascade 

Glacier was in the middle part of the 20th century. 

 

3.2. Introduction 
3.2.1. Motivation 

Alpine glaciers and snowpacks provide an important water resource in the dry season 

especially at midlatitudes in the northern hemisphere where human populations exist near 

glacier fed catchments (Barnett et al., 2005). The glacial component of these water 

supplies is diminishing at an accelerating rate (Dyurgerov and Meier, 2000; Dyurgerov, 

2003; Kaser et al., 2006; Meier et al., 2007). Predicting the mass loss of glaciers in 

 



 59

coming years could provide vital information to water resource planners in locales where 

glacier inputs are substantial. Further, alpine glaciers are highly sensitive to climate 

fluctuations and are presently contributing to sea level rise at a greater rate than the 

Greenland and Antarctic ice sheets (Meier et al., 2007).  While this role will diminish as 

montane ice volume disappears (Raper and Braithwaite, 2006) quantification of sea level 

rise over the coming century requires an accurate understanding of the behavior of alpine 

glaciers.  

 

Many authors have shown that glacier mass balance is coupled with decadal modes of 

climate variability such as the Pacific Decadal Oscillation (PDO) in the Pacific Ocean 

(Walters and Meier, 1989; McCabe and Fountain, 1995; Hodge et al., 1998; Bitz and 

Battisti, 1999; McCabe et al., 2000; Rasmussen and Conway, 2004) or the North Atlantic 

Oscillation/Arctic Oscillation (NAO/AO) in the Atlantic Ocean (McCabe et al., 2000; 

Nesje et al., 2000; Reichert et al., 2001; Meier et al., 2003). Incorporating these natural 

modes of variability into glacier models is critical for making assessments of glacier 

change (Roe and O’Neal, in review).  Global climate models (GCMs) can capture such 

variability, but require an interface to the glacier, which can be provided with some 

combination of regional scale models and statistical downscaling.  These techniques are 

discussed by Hay and Clark (2003) for hydrological modeling applications.  For 

calculations of static glacier sensitivity and short term variations, less spatially detailed 

models are sufficient.  For longer-term sensitivity studies, especially for the larger 

glaciers of SE Alaska and Patagonia, which will have the greatest contribution to future 

sea level rise, the effects of ice dynamics are important.  However, inclusion of ice 

dynamics dictates that spatial distributed models be applied to accurately describe the 

spatial distribution of mass flux.  For this application a surface energy balance model 

approach is a good alternative because these models are able to capture local feedbacks 

and small scale processes (~10s or 100s of meters) that empirical models may not be able 

to replicate.  In this paper, the application of regional atmospheric model output and a 

gridded observational climatology to simulations of South Cascade Glacier (SCG; Figure 
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3.1) mass balance is investigated.  The changing influence of Pacific Ocean conditions on 

glacier mass balance is investigated over century-long simulations. 

 

3.2.2. Previous Mass Balance Reconstructions 

Several studies have reconstructed long mass balance histories of SCG and other alpine 

glaciers.  Many of these investigations have used models based on measurements of air 

temperature and precipitation (Tangborn, 1980; Rasmussen et al., 2000; Torinesi et al., 

2002).  Tangborn (1999) refined his model by including a glacier’s hypsometry.  Of these 

models, only Tangborn’s (1999) model directly accounts for changes in the glacier 

topography, although Rasmussen and Conway (2003) address the impacts of assigning a 

fixed topography in a model that includes upper atmosphere measurements of 

temperature and water vapor flux.  They show a tendency to underestimate ablation in the 

early model period, and overestimate in the latter portion of the record.   

 

There have been numerous attempts to combine atmospheric model data with 

reconstructions of glacier mass balance. Many of these techniques rely on mass balance 

models with a minimal demand for input data (Schneeberger et al., 2003; Radic and 

Hock, 2006; Zang et al., 2007).  Reichert et al., (2001) employ energy balance modeling 

to derive seasonal sensitivity to temperature and precipitation (Oerlemans and Reichert, 

2000) of Nigardsbreen and the Rhonegletscher in Norway and Switzerland respectively.  

They use these sensitivities with downscaled GCM output to calculate glacier response to 

past climate and future climate scenarios.  Reichert et al., (2001) further applied the 

downscaled output of GCM simulations to illuminate the effects of the North Atlantic 

Oscillation on these two glaciers.  In a paper comparing results from the range of 

complexity for glacier mass balance models, Hock et al., (2007) reconstructed 21 years of 

Storglaciären mass balance from 1981 through 1991.   

 

The studies of Reichert et al., (2001) and Hock et al., (2007) are unique in that they 

incorporate detailed surface energy balance models similar to this study.  The merits and 

disadvantages of applying a surface energy balance model to reconstructions such as this  
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Figure 3.1: Inset: regional map of Washington State with Canada, Idaho, and Oregon 
bordering to the N, E, and S. Main: Study area including the locations of the CoOp 
climate stations, SNOTEL sites, and RegCM and CRU TS2.1 grid nodes used in this 
study. 
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were discussed by Hock et al. (2007) who showed reduced performance for a surface 

energy balance model compared with models based on temperature and precipitation 

only.  This finding poses the question of what level of model complexity best minimizes 

free parameters and retains a capability to simulate processes important for ablation.  

Bougamont et al. (2007) have shown that the detailed physics of a surface energy balance 

model can make up for its lack of simplicity in application.  Our approach applies the 

detailed surface energy balance model described in Anslow et al., (accepted) combined 

with an assembled record of SCG surface topography and two sources of climate data to 

calculate the mass balance of SCG. 

 

3.3. Methods 
We make use of two meteorological data sources to calculate the mass balance of SCG 

over the past century. Over the latter half of the century, we employ dynamical 

downscaling of the NCEP/NCAR reanalysis data set over the period 1950-2006 using the 

RegCM climate model.  To gain perspective on the mass balance history for SCG over 

the past century, we also employ the University of East Anglia Climate Research Unit 

(CRU TS2.1) 0.5° gridded surface climatology (New et al., 2000; Mitchell and Jones, 

2005).  These data are used to drive the distributed surface energy balance model of 

Anslow et al. (accepted) over a 30 m grid spacing.  The topographic data used in the 

model are derived from the geological reconstruction of Miller (1969) and mapping that 

has been conducted by the USGS since 1958. 

 

3.3.1. Study Area 

South Cascade Glacier is a small (1.8 km2) north-facing alpine valley glacier located in 

the North Cascades Mountains (Lat. 48° 20' N, Lon. 121° 3' W; Figure 3.1).  The gently-

sloping glacier surface has an altitude range of ~1600 m to ~2100 m over a present-day 3 

km centerline length.  Rugged topography surrounds the glacier, with relief exceeding 

1500 m and peaks reaching 2400 m elevation.  SCG lies on the west side of the divide 

that separates eastward drainage into the Columbia River from westward drainage into 

the Skagit River via the South Fork of the Cascade River.  The maritime climate of the 
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glacier basin is characterized by extremes of winter accumulation approaching 5 m water 

equivalent (w. e.) on the upper elevations and by summer net losses of > 9 m w. e. at the 

terminus during high ablation years. 

 

 

3.3.2. Regional Climate Model 

To provide access to climate data at a higher spatial resolution than the NCEP 

Reanalysis, we have produced a continuous, high resolution (45 km horizontal grid, 

~0.4°) simulation for the period 1948 – 2006 (to-date) using our modified version of the 

NCAR RegCM2 regional climate model (Giorgi et al., 1993a,b). The RegCM is derived 

from the fourth generation mesoscale model of NCAR/PSU and is thus related to the 

MM5 of Grell et al. (1995). The RegCM downscaling of the reanalysis was used in lieu 

of the North American Regional Reanalysis (NARR; Mesinger et al., 2006) for the longer 

temporal span of the RegCM reconstruction.  Application of the RegCM model results is 

a useful parallel to downscaled GCM simulations that could be used to investigate glacier 

behavior in the past and future.  The regional model simulation is driven by temporally 

varying lateral (vertical profiles of temperature, wind, humidity) and surface (pressure 

and sea surface temperature) boundary conditions derived from the 6-hr NCEP reanalysis 

history files. A 150 s model time step was used for the RegCM simulations, which 

allowed archiving daily values of the model fields for analysis and plotting. The model 

domain covers the western U.S. and adjacent areas of Canada and Mexico.  At 45-km 

grid spacing, climatically important physiographic features such as coastlines and the 

basin and range topography that dominate the West are resolved.  The spatial resolution 

is comparable to that of the CRU TS2.1 data set described below.   

 

3.3.3. CRU TS2.1 Gridded Climate Data 

To simulate the mass balance history for SCG for the period prior to direct observation 

(1902 – 1958), the gridded climate data set CRU TS2.1 (New et al., 2000; Mitchell and 

Jones, 2005; Hereafter CRU TS2.1 will be shortened to CRU) was applied. This data set 

is composed of quality controlled, observational data for temperature, cloud cover, 
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precipitation, humidity, and frequency of precipitation at monthly temporal resolution 

and 0.5° (lat./lon.) spatial resolution. Early in the century, areas such as the North 

Cascades, Washington have few available observational data sets and data in the gridded 

data set will be based on measurements at only a few stations (Figure 3.2). Because of the 

reduction in station density, the extrapolation distance between observational stations and 

a given grid node increases with age likely leading to a reduction in the accuracy of the 

older data.  When station observations of variables such as cloud cover and water vapor 

pressure are unavailable, they are derived from available temperature and precipitation 

measurements (New et al., 2000; Mitchell and Jones, 2005).  Temperature and 

precipitation typically have high coverage density, so we suggest that there is sufficient 

information in the early part of the CRU data set to enable good simulations of  

glacier/climate interaction.  A method for estimating the uncertainty in model results 

arising from changes in the number of observation stations is devised and discussed.  

Successful application of this data implies that this methodology could be used elsewhere 

to generate a broadly consistent “climatology” of glacier behavior for all areas with CRU 

data coverage.  

 

While the CRU data are monthly resolved, the surface energy balance model requires 

input data of daily resolution.  The surface energy balance model also requires solar 

radiation, windspeed, and downwelling longwave variables, which are not explicitly 

included with the CRU dataset although sufficient data is present to apply empirical 

relationships to derive these variables.  Daily temporal resolution is important for the 

model’s ability to capture non-linear high magnitude ablation events that occur in 

summer.  Modeling trials in which the variability was restricted indicate substantially 

different model behavior and a strong reduction in summer ablation.   

 

To impose realistic variability to our data we use random selection from a normal 

distribution for temperature and from a gamma distribution for precipitation, water vapor, 

and cloud cover.  The equations describing these two probability distributions are given 

below. 
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 Figure 3.2: Monthly CRU TS2.1 data for cell most correlated with SCG plotted with 
number of contributing observational stations. Temperature (a) and precipitation (b) have 
a high number of stations through much of the record. For vapor pressure (c) and cloud 
cover (d), there are no stations available prior to 1953, so those variables are derived 
from the temperature and precipitation data. There is a change in the variability of the 
latter two records at the time the derived data yields to measurements. 
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Equation 1 describes the gamma distribution, where θ and k are the parameters that 

describe the scale and the shape of the distribution respectively, and P is the probability 

of occurrence of a given observation x.  In Equation 2, μ and σ are the well-known mean 

and standard deviation of the distribution, and P again is the probability of occurrence of 

a given observation x. 

  

A four-step process is applied to compute daily data from the native monthly resolved 

data in the CRU data set. These steps are as follows:  1) Using station data, find 

parameters (k and θ in Equation 1) for the gamma distribution that fits the month-long 

distribution of daily data for the variable in question.  2) Interpolate these gamma 

parameters to daily resolution, thus providing a smooth function of the annual cycle of 

gamma parameters that govern the statistical distribution of a given variable.  3) Use the 

daily gamma parameters with a random number generator to calculate daily values of a 

variable. 4) On a month-by-month basis, adjust the means of the simulated daily data 

such that the monthly CRU mean is retained.  For temperature a similar approach was 

used with Gaussian statistics for which the mean, μ, and standard deviation σ, are the 

relevant parameters describing the distribution (Equation 2).   

 

Where available, the reference station data from which distribution parameters were 

calculated was from South Cascade Glacier (temperature, humidity, longwave radiation, 

solar radiation; 2001 – 2005).  For precipitation, nearby station data were incorporated. 

We did not attempt to describe wind speed. Rather we apply the measured wind speeds 

over the period from 2001 through 2004 repeated through the simulation period.  Implicit 

in this assumption is that wind climatology is unimportant for understanding the mass 
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balance behavior of the glacier, which, given the overall fairly small role that turbulent 

heat fluxes play on the glacier (Anslow et al., submitted), may be a reasonable 

approximation.  Changes in temperature will still be able to leverage the turbulent heat 

fluxes to retain that part of the temperature sensitivity of the glacier.  To compute 

longwave radiation, we rely on a relationship between relative humidity and effective 

atmospheric emissivity based on two years of measurements described by Anslow et al., 

(accepted). This approach allows downwelling longwave to vary with derived air 

temperature and atmospheric water vapor content, thus realistically linking these 

variables.  The main variable directly associated with the incoming solar radiation flux at 

ground level in the CRU data set is the mean monthly fractional cloud clover. The first 

step that is used to calculate solar flux is to compute the annual, daily envelopes of solar 

radiation impinging on a flat surface that would occur were the sky completely cloud free 

and were the sky obscured by thick clouds.  We calculate an annual cycle of solar 

position at hourly resolution using Walraven (1978).  Daily potential solar radiation is 

calculated using: 

( ) ( )02 sin
0 1 s

P
P

potG S θι ψ ⋅= ⋅ − ⋅  
(3) 

 

Where Gpot is the potential solar radiation, So is the solar constant, ι is the ratio of the 

instantaneous earth-sun distance to the mean distance, ψ is net atmospheric 

transmissivity, P is air pressure at the glacier, Po is sea level air pressure, and θo is the 

solar elevation angle.  We apply this equation for an effective transmissivity appropriate 

for clear skies (0.85) and another for thick cloud conditions (0.10).  The daily envelope is 

calculated by inserting the computed hourly solar elevation angle, θo into Equation 3, and 

averaging for each day of the year.  From our calculated annual envelopes, we allow the 

daily average incoming solar to fall between the clear sky and overcast extremes 

depending on the cloud cover fraction.  We next derive cloud cover statistics from 

measurements of solar radiation that have been made at SCG, and convert measured solar 

radiation to cloud cover using the relationship of Arnold et al. (1996).  We use the cloud-

cover climatology to calculate parameters for the gamma distribution as was done for the 
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other variables.  This variability is applied and then the cloud cover means are adjusted to 

match the CRU monthly means. 

 

The data from RegCM and CRU require downscaling from their respective grid spacing 

to the location of the glacier itself.  To approach this, correlation between measurements 

and grid node data is used to select the most appropriate grid node, and then adjustments 

are made to the data from the selected node using physical relationships between 

meteorological variables and elevation.  The correlation analysis is limited to temperature 

and precipitation based on those variables’ larger control on glacier mass balance 

(Braithwaite, 1981; Vincent and Vallon, 1997) and because long records of other 

variables are less readily available.  The temperature reference data are from 

measurements made at South Cascade Glacier (up to 19 years depending on the month), 

while precipitation was referenced to a nearby Natural Resources Conservation Snow 

Telemetry (NRCS-SNOTEL) site called Miner’s Ridge (Figure 3.1).  Miner’s Ridge has 

both temperature and precipitation measurements (up to 18 years, depending on month) 

and was found to have the greatest correlation (r = 0.88, p < 0.01) between April 

snowpack and winter mass balance on South Cascade Glacier among nearby SNOTEL 

stations.  Correlations are made on a monthly basis (i.e. all available average January 

temperatures are correlated with the corresponding CRU January mean data).  The data 

from the grid node with the highest overall correlation with the SCG and Miner’s Ridge 

sites are chosen.  Since both precipitation and temperature correlations are investigated, 

the choice invariably causes some sacrifice to be made in degree of correlation for both 

variables. In general, grid cells to the west and south of the glacier perform better than 

those to the east, while temperature is better simulated by grid nodes to the north and 

west of the actual glacier site.  From the CRU data set we use the node demarked CRU i- 

in Figure 3.1, which is 62 km from the glacier. From the RegCM data, we use the node 

demarked RegCM j-, which is 53 km west of SCG.  The preference for grid nodes away 

from that closest to the glacier is likely a result of the topographic smoothing implicit in 

the spatial resolution of the CRU data set and the RegCM model.  Further details of the 

analysis are presented in Appendix 1.   
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3.3.4. Energy and Mass Balance Model 

The distributed surface energy balance model used is that of Anslow et al. (accepted) and 

follows many of the conventions of earlier distributed surface energy balance models 

such as (Arnold et al., 1996; Klok and Oerlemans, 2002).  The model is applied over a 30 

m digital elevation grid.  The thrust of the approach is to use meteorological data to 

calculate surface energy fluxes relevant for a melting, midlatitude alpine glacier, while 

accumulation on the glacier relies on precipitation amount and a snow/rain temperature 

threshold.  Since summer ablation is arguably more complex with respect to surface 

processes, much greater detail is incorporated into the model to simulate summer melt 

than winter accumulation.  

 

For ablation, the surface energy balance model calculates the contribution of energy 

toward melt from turbulent heat fluxes and radiative fluxes to the glacier. 

lsnetnet HHLSM +++=  (4) 

In Equation 4, Snet is net solar radiation, Lnet is net longwave radiation, Hs is the sensible 

heat flux, and Hl is the latent heat flux.  In the application to SCG, we assume an 

isothermal glacier, so neglect heat conduction into snow or ice and geothermal heat 

conduction from the glacier bed, we also do not treat latent heating effects due to 

refreezing of meltwater into the snowpack, nor is the conductive energy contribution of 

precipitation treated. 

 

For daily resolved simulations, incorporation of “gustiness” into the daily average 

windspeeds is important.  Since the model uses daily mean wind speeds, gustiness is 

replicated in the model by integrating a Weibull distribution of windspeeds.  Latent and 

sensible heat are calculated four times per time step at factors of 1/3, 1, 1 2/3, and 2 1/3 

of the mean daily wind speed and appropriate weighting factors derived from integration 

of the Weibull probability distribution function are applied. This addition is important for 

capturing the peak wind speeds that may be short lived, but are capable of delivering a 

large amount of energy to the glacier.  Greuell and Knap (1997) demonstrate a Weibull 

distribution of wind speeds for the Pasterze glacier, Switzerland, and Weibull 
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distributions have been used to describe wind speed in descriptions of available 

renewable wind energy sources (Rehman  et al., 1994; Change et al., 2003).  

 

Winter snowfall is distributed using the relationship between elevation and the amount of 

precipitation relative to that at the highest elevations of the glacier for the 1999-2004 

accumulation seasons (Figure 3.3). This distribution is best modeled as a second order 

polynomial with peak amounts at the highest elevations of 2050 m and about 25% of that 

total at the glacier toe at 1600 m.  Individual snowfalls are applied to the glacier by 

multiplying the precipitation amount by the fraction determined by the above elevation 

distribution. Whether precipitation falls as snow or rain is determined by the temperature 

at individual grid cells. Snow is assumed to fall at temperatures equal to or below 1 °C. 

Above that temperature, rain falls. Liquid precipitation is allowed to runoff without effect 

in the model.   

 

3.3.5. Elevation Data 

Digital elevation models are available sparsely through the early part of the period 

beginning in 1958, and then more frequently beginning in 1986. The published 7.5 

minute USGS topographic quadrangle (Dome Peak) contains elevation data measured in 

1958 and is available via the USGS seamless data distribution system 

(http://seamless.usgs.gov).  The 1967 contour map with 50 m elevation contours was 

obtained from the online USGS publications warehouse 

(http://infotrek.er.usgs.gov/pubs). A hard-copy contour map from 1977 was obtained 

from the USGS (Bill Bidlake, 2006, personal communication).  DEMs from these maps 

were constructed from digitized contours and gridded to 30 m spacing. From 1986 – 2002 

data are available in gridded form at 100 m native grid spacing. These data were 

interpolated to 30 m resolution to match existing data.  Over the 1986-2002 period 

elevation grids from years 1986, 1992, 1996, and 2002 were used.  The 2002 data were 

made available from recent efforts to update the 7.5 minute USGS quad (Bill Bidlake, 

2006, personal communication).  
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Figure 3.3: The relationship between relative accumulation amount and elevation 
compiled from six years (1999 – 2004) of winter mass balance data from South Cascade 
Glacier. Note that the lowest elevations of the glacier receive roughly a quarter of the 
accumulated snowfall that the higher elevations receive.  
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For years with no available elevation data, linear interpolation between the two 

temporally adjacent surfaces is applied.  The difference between two reference surfaces is 

calculated and divided by the number of years separating the two maps yielding the 

annual average surface height change.  Elevation grids are calculated by adding or 

subtracting elevation based on the number of years elapsed since the reference map was 

produced multiplied by the average annual surface height gain or loss for that period.  In 

addition to elevation, the spatial extent of the glacier must be known to define the 

modeling domain.  Glacier outlines are available from maps and USGS open file reports 

for the years 1958, 1964, 1965, 1966, 1967, 1977, 1980, and annually 1985-2004 (Figure 

3.4).  For years in which there are no data, the outline between bracketing years was 

linearly interpolated between tie points.  The basin containing South Cascade glacier is 

steep enough that the change in aerial extent of the glacier from year to year is typically 

limited to the front half in the early part of the record and front third in the later portion.  

Any errors incurred in interpolating the margin are also restricted to those parts of the 

glacier.  

 

For years prior to 1958 there is little topographic control.  For this period, we use the 

mapped Little Ice Age (LIA) maximum extent of (Miller, 1969) to guide spatial extent, 

and ice thickness along the lower part of the glacier margin. Miller (1969) used trees 

growing on the moraine demarking this extent to date the formation of the LIA moraine 

to ~1890 AD.  We project this margin up valley to its intersection with the 1958 ice 

surface.  Above this junction, the 1958 ice topography is retained.  We interpolate 

between the Little Ice Age extent of the glacier and the 1958 map as described above.  

This approach probably underestimates the surface elevation leading to slightly more 

negative mass balance over this period.  This error can be quantified if we assume a 

worse case error in surface height of 25 m, a temperature lapse rate of 6.5° km-1, and a 

mass balance sensitivity to temperature of 0.8 m w. e. per degree.  This calculation yields 

a maximum annual bias of -0.13 m w. e.  This bias would tend to be alleviated as time 

passes and the glacier approaches the actual 1958 topography.  Figure 3.4 shows a sample  
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 Figure 3.4: Map of selected outlines for South Cascade Glacier used in determining 
the modeling domain in this study. Retreat from the 1900 extent to the 2000 extent is > 1 
km. 
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of the outlines used in the model runs although it should be noted that glacier extent and 

the DEM change annually.  

 

3.3.6 Error Estimation 

Because one of the aims of this paper is to establish the long-term connection between 

SCG mass balance and conditions in the Pacific Ocean, it is important to place 

confidence limits on our estimates of mass balance.  This is difficult to approach because 

the error associated with the input data sets (RegCM and CRU) are not readily 

established, and propagating this error through a complex physical model is not 

straightforward. We approach this by first examining the performance of the model 

during the calibration period using the Root Mean Square Error (RMSE).   We find that 

the RMSE error range encompasses roughly 95% of the annual measurements of the 

mass balance components, thus it may provide a good surrogate for a two standard 

deviation uncertainty.  For net balance, we combine the winter and summer balance 

RMSEs as the root sum of squares of the two components. 

22
swn bbb εεε +=  

(4) 

 

In Equation 4, ε represents error in a given mass balance component and bn, bw, and bs 

represent net, winter, and summer mass balance respectively.  For the RegCM estimates, 

we only apply the RMSE error range for the mass balance components as our error 

estimate.   

 

Estimating uncertainty in the mass balance results from the CRU driven simulations 

beyond the calibration period is more difficult.  We approach this by assuming that the 

RMSE estimated during the calibration period is the best performance that the model will 

obtain, because it is derived from the period with the greatest number of available 

observations.  Thus, the RMSE is taken as the error estimate for this period.  Beyond the 

calibration period, the uncertainty is allowed to vary with the number of stations that 

contributed to the CRU data.  The number of stations that contribute to the CRU input 
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data declines moving into the earlier part of the century (Figure 3.2), thus the estimates of 

mass balance there should be less reliable than those during the calibration period.  The 

number of stations is plotted in Figure 3.2 along with the raw grid cell data for 

temperature, vapor pressure, precipitation, and cloud cover.  For cloud cover and vapor 

pressure, there are no measurements available prior to 1953, and the CRU data set derives 

these variables from the daily temperature range.  

 

To make the connection between number of stations and model uncertainty we make a 

worse case scenario uncertainty estimate using the sum of the RMSE determined as 

above and the uncertainty associated with 10% variations in precipitation, vapor pressure, 

downwelling longwave radiation, downwelling solar radiation, wind speed, and a 1° 

range in air temperature.  We combine these ranges with South Cascade Glacier’s 

sensitivity to these variables established by Anslow et al., (accepted).  The errors 

associated with individual perturbations are combined using the root sum of squared 

error.  This worst case error (RMSE + input data uncertainty) is applied to the period with 

the fewest stations (see figure 3.2).  Uncertainty is allowed to vary as a linear function of 

the number of available stations between the error associated with the minimum number 

of stations and the RMSE.  

 

 

3.4 Results and Discussion 

In this section we present the simulated mass balance components for SCG for both input 

data sets and compare them with measurements over the period of record. We also 

compare the simulated cumulative volume change with that calculated by Josberger et al., 

(2007). Finally, we compare the simulated mass balance components with two climate 

indexes shown to be correlated with SCG mass balance in earlier studies: the Southern 

Oscillation and Pacific Decadal Oscillation.  
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3.4.1 Modeled versus Measured Mass Balance and Ice Volume 

The simulations using the CRU data set allow us to extend the mass balance history of 

South Cascade Glacier to the beginning of the 20th century.  Figure 3.5 shows the three 

mass balance components derived from the RegCM and CRU simulations and the 

uncertainty ranges in those estimates.  The earliest part of the winter balance record 

shows the lowest amounts of accumulation with the late 1930s and early 1940s having 

anomalously low winter mass balance.  The period from 1940 to 1944 comprises a 5-year 

span of low winter accumulation.  The highest winter accumulation years are in the early 

to mid 1970s and again in the late 1990s and early 2000s.  This wetter period shows 

substantial interannual variability with high accumulation years interspersed with low 

accumulation years.  Overall, there is not a statistically significant trend in modeled 

winter mass balance.  The periods with the greatest summer melt occur around 1940 and 

again in the most recent decade.  The recent high summer ablation also corresponds to a 

period of high winter accumulation.  Thus, the winter and net mass balance appear to be 

becoming less well connected requiring an increased importance of summer ablation to 

the net balance record.  We observe no trend (which would indicate acceleration) in the 

mass balance rate in either the measured or the modeled components using either method.  

The variability in the measurements and model results as indicated by the standard 

deviation agree very well with each other within a few cm w. e. suggesting that simulated 

interannual change in the record is well captured with both methods.  For the long-term 

CRU simulations, the standard deviations in the winter and net mass balance components 

for the period from 1902 to 1957 are within a couple of centimeters of their later values.  

The summer standard deviation decreases from 58 cm to 47 cm, and is detectable by eye 

in Figure 3.5.  This change may be a reflection of the step-change in the input CRU 

records that occurs after 1953 for vapor pressure and cloud cover, which strongly effect 

downwelling longwave and solar radiation. 

 

Further assessment of the performance of the two model approaches is shown in the 

Figure 3.6 scatter plots comparing the modeled and measured mass balance components. 

The general result is a good simulation of the net and winter balance and poorer  
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Figure 3.5: Time series of the reconstructed and measured mass balance for SCG for 
the two methods.  In both panels the winter, net, and summer mass balance time series 
are plotted from top to bottom. The modeled time series are plotted in dashed grey, with 
thin, black lines denoting the uncertainty in the calculated mass balance component.  
Heavy black lines are the measurements. The light, dashed line represents the mean of 
each simulated balance component. The top panel (a) are the results using the RegCM 
regional model, while (b) are the results using the CRU TS2.1 data.  
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simulation of summer ablation.  The result using RegCM input data for winter balance 

shows a better quality of fit than the CRU results as judged by the R2 for the least squares 

regression between measurements and the model result which are 0.55 and 0.47 

respectively.  However, the CRU results show a relationship closer to the 1:1 line as 

determined by the best-fit line suggesting reduced bias in that model.  For summer mass 

balance performance is poor for both models with a slightly worse result using the 

RegCM simulation than that for the CRU data (R2 of 0.25 and 0.33 respectively).  

Although these R2 are low, the relationships between the measured and modeled mass 

balances are statistically significant (r = 0.5, p < 0.05; r = 0.57, p < 0.01) indicating that 

the model retains some systematic explanatory capability.  The reduced performance for 

ablation is probably due to the greater complexity in modeling ablation than winter mass 

balance.  Although precipitation patterns in mountainous areas are complex, the 

processes that determine accumulation are best described by precipitation amount and 

temperature whereas summer ablation is determined by these as well as winds, solar 

radiation, longwave radiation, and humidity.  For SCG, measurements of net balance are 

highly correlated with winter balance (r = 0.80, p < 0.01, N = 47), while net and summer 

balance are less well correlated (r = 0.76, p < 0.01, N = 47), and summer and winter 

balance are not significantly correlated (r = 0.22, p = 0.13, N = 47).  Because the net 

mass balance of SCG is most strongly related to winter precipitation, and results from 

both input data sets capture a significant portion of the summer variance, the model 

performance for net balance is better than for the contributing winter and summer mass 

balance components.  Overall, the RegCM and CRU input data sets are able to simulate 

56% and 59% of the variance in the measured net mass balance record.  The least squares 

lines describing the fit between model and measurement show a closer to 1:1 relationship 

for the RegCM results than for the CRU results although the difference is slight.  

 

3.4.2  Cumulative Net Balance and Volume History 

In Figure 3.7, the calculated cumulative net balance and volume history are presented.  

The cumulative net balance record and the volume loss from South Cascade Glacier are 

compared with volume change calculated from geodetic techniques described by  
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Figure 3.6:  Plots demonstrating the performance of the a) RegCM simulations and b) 
CRU simulations of the winter, summer, and net mass balance components for SCG. In 
both panels, the 1:1 ideal is shown as a fine, black line. The heavy black lines are the 
least squares best fitting line for which the equation and R2 is shown. 
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Josberger et al. (2007).  The cumulative net mass balance history shows alternating 

periods of mass loss and followed by less dramatic periods of loss or even slight gains.  

The period of ablation from the beginning of our simulation through the 1930s shows a 

uniform mass wasting with a brief period of positive balance in the 1920s and again in 

the mid 1930s.  The most rapid ablation of the entire record occurred in the 1940s.  The 

period from ~1950 through 1976 presents near zero net mass balance on average hence a 

stagnating cumulative mass loss.  This period is interesting, for it also is the period with 

some of the warmest summer temperatures (Figure 3.8) of the century modeled here and 

includes the most negative net mass balance measured on SCG (1958).  It appears that 

winter accumulation was able to compensate for some of the high summer ablation years.  

Finally, the period after 1976 shows a dominantly negative net balance with an indication 

of a recovery in the late 1990s through 2002, although the most recent 4 years of mass 

balance measurements have been negative suggesting that this recovery may have ended 

(Figure 3.5a).  The period of negative mass balance beginning 1977 is almost as negative 

as that early in the record despite the greater proportion of surface area at high elevation.  

These consistently high ablation rates indicate that SCG remains far from an equilibrium 

with present-day climate.  The general trends toward high ablation in the ‘30s and early 

‘40s with a return to high ablation in the ‘80s and ‘90s is in agreement with the mass 

balance calculations of Howat et al. (2007) for Mt. Shasta, California glaciers.  Mote et 

al., (2005) model the lowest Pacific Northwest winter snow accumulation in the decades 

surrounding the ‘30s and a return to low accumulation in the ‘80s and ‘90s. 

 

We also present the measured and modeled volume history for the glacier in Figure 3.7.  

The earliest volume measurements are based on geologic reconstruction (Miller, 1969; 

year 1890) and an oblique aerial photograph (1928; Josberger et al. 2007).  We set the 

reference volume to be that derived from the oblique photograph since the geological 

reconstruction likely has the greater error.  Overall, the modeled volume change for the 

glacier is in good agreement with the measured values.  The very high rate of volume loss 

prior to 1928 is not accurately modeled with the model producing 0.05 km3 less ablation 

than the volume estimate.  That high rate may be an artifact of the geologic 
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reconstruction.  The geodetic data show that the first two intervals of measured volume 

loss are the greatest of the century.  Our model results confirm the rapidity of the second 

period of high volume loss and indicate that much of this loss was during a period in the 

late ‘30s through the mid ‘40s.  We pointed out earlier that the glacier averaged net 

balance is similarly negative today, however, the volume loss is smaller at present owing 

to the substantially lower surface area of the glacier at present (1.9 km2) than at the 

beginning of the record (3.4 km2).  

 

3.4.3 Summer and Winter Controls on Net Balance 

The variations in the controls on net glacier mass balance can be elucidated by comparing 

winter precipitation and summer temperature with annual mass balance.  As could be 

expected, these variables have been shown to correlate strongly with glacier net balance 

(Tangborn, 1980; Braithwaite, 1981; Vincent and Vallon, 1997).  The changing 

relationship between net balance, summer temperature, and winter precipitation is 

investigated using running, 30-year windowed correlation between the timeseries.  The 

correlation between 30 year periods is assigned the year of the end of the window such 

that the first entry, 1931, represents the correlation over the period from 1902 – 1931.  A 

similar windowing approach was used by Hodge et al. (1998) to investigate the 

relationship between climate indexes and the mass balance of glaciers in the Pacific 

Northwest as will be discussed further in the next section.  In presenting this correlation  

 



 82

 Figure 3.7: The cumulative mass balance history and volume history for SCG. a) The 
cumulative net mass balance of SCG as measured (black squares), as modeled with 
RegCM data (open diamonds), and as modeled with CRU data (grey circles). On the 
same panel, the measured volume history for SCG is presented (black line, black squares) 
and the modeled volume history is shown (heavy grey line).  The grey bars on the figure 
denote visually determined periods with reduced mass loss.  b) Close-up look at the 
cumulative mass balance history.  
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Figure 3.8: Time series of meteorological variables and climate indexes important for 
glacier mass balance in the Pacific Northwest. a) Mean summer temperature 
reconstructed for South Cascade Glacier from the CRU data set. The warmest summer 
time temperature appears in 1958. b) Total winter precipitation reconstructed for South 
Cascade Glacier from CRU data. c) Wintertime values of the PDO index which appear to 
show a tendency for persistent cold (more negative) and warm (more positive) phases. d) 
Wintertime values of the Southern Oscillation Index. The three most negative SOI (El 
Niño) years are in the last two decades of the record.  
 

 

 

 

 

 

 

 

 

 



 84

analysis we seek to establish thresholds for statistically significant relationships between 

the variables.  The presence of autocorrelation (AR1 ρ ~ 0.3) in the timeseries effectively 

reduces the number of degrees of freedom (N) in our records.  We apply the correction of 

Bence (1995) to adjust N and then use a t-test to establish the threshold of significance for 

correlation.  Figure 3.9 shows running correlations between net balance and summer 

temperature as well as between net balance and winter precipitation.  Overall, winter 

precipitation dominates the control on variability in the net annual balance record (full 

record ( r = 0.72, p < 0.01) explaining as much as 68% of the variance in the net mass 

balance record early in the reconstruction declining to 40% for the most recent 30 year 

period.  The correlation between winter precipitation and net balance are significant 

throughout the record (p < 0.01).  Running correlations between summer temperature and 

net mass balance are also shown in Figure 3.9.  The full-records of summer temperature 

and net balance are significantly correlated (r = 0.).  This running correlation series 

shows alternating influence of summer temperature on net balance with the early part of 

the record failing to exceed the p < 0.05 confidence threshold as do correlation periods 

ending in the late ‘80s and early ‘90s.  For 30 year periods ending from 1939 through 

1966, summer temperature explains upwards of 53% of the variance in the net balance 

record.  The correlation windows in this span include the highest ablation period modeled 

for the glacier.  Both variables are highly correlated with net balance at this time 

indicating that low precipitation in the winter and high ablation in the summer combined 

to make this period the most ablative in the record. The correlation between net balance 

and winter precipitation declines below the p < 0.01 threshold for 30 year periods ending 

in the range from 1970 through 1995, then regaining significance in the most recent 

correlation periods.  The 30-year correlation windows during this interval include the 

period of reduced mass loss that occurs between the early 1940s and 1976 suggesting that 

summer ablation was less important in determining the mass balance in this interval. 

 

3.4.4 Pacific Ocean Influence on Winter Mass Balance 

Previous studies on SCG mass balance and that of other glaciers in western North 

America have demonstrated a connection between Pacific Ocean climate state and winter  
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Figure 3.9: Running correlations with a 30 year window between net balance and 
winter precipitation (heavy black line); correlation between net balance and summer 
temperature multiplied by -1 (heavy grey line); and the fraction of variance in net balance 
unexplained by the combination of summer temperature and winter precipitation. 
Statistical confidence thresholds are plotted and labeled. 
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mass balance (Walter and Meier, 1989; Hodge et al., 1998; Bitz and Battisti, 1999; 

McCabe et al., 2000; Moore and Demuth, 2001; Rasmussen and Conway, 2004).  To 

extend the period of analysis presented in these records, the relationship between our 

long-term mass balance reconstruction and two climate modes as expressed by their 

indexes is investigated.  The Pacific Decadal Oscillation (PDO) index and the Southern 

Oscillation Index (SOI) are both available over the period of the reconstructed mass 

balance record for South Cascade, thus are chosen for this analysis.  Both of these 

indexes are associated with Pacific Ocean SST.  The PDO is calculated as the first EOF 

of Pacific Ocean SST north of 30° N, and has been attributed to decadal “phases” in 

climate and ecology in the NE Pacific and Western North America (Mantua et al., 1997).  

It is disputable whether these phases are real, or attributable to mechanisms of sea surface 

temperature resurgence that favor a “reddening” of the SST patterns generated by the El 

Niño Southern Oscillation (ENSO) (Alexander et al., 1999; Newman et al., 2003). 

However, the presences of PDO modes in SST that are subsequently expressed in the 

atmosphere suggest that, regardless of the cause of the oscillation, the PDO has some 

impact on Western North America climate. The Southern Oscillation index (SOI) is the 

standardized difference in sea level pressure between Tahiti and Darwin, Australia and is 

directly related to the strength of the ENSO (Horel and Wallace, 1981).  Despite the 

apparent dependence of the PDO on ENSO, on monthly to annual time scales there is 

only weak correlation between the two indexes.  ENSO and PDO phases are linked to 

climate in Western North America by atmospheric teleconnections expressed in 

geopotential height fields (Horel and Wallace, 1981; Wallace and Gutzler, 1981; Diaz et 

al., 2001).  The winter averages of the two indexes are shown in Figure 3.8 along with 

winter precipitation and summer temperature. 

 

As was done with the mass balance components, running 30 yr. window correlations 

between the climate indexes and the measured and modeled winter mass balance are 

presented in Figure 3.10.  In implicating tropical or higher latitude oceanic conditions as 

drivers of glacier behavior, we seek to establish confidence limits on our running 

correlations in this analysis.  This is done by extending the error estimate for net mass 
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balance that was described in section 3.3.6. to this correlation analysis using a 

bootstrapping approach.  To establish the range of possible correlation values for our 

estimated uncertainty in net mass balance, 104 artificial data sets were generated by 

selecting values within the range of each year’s uncertainty.  The running correlation 

analysis was then applied to each artificial time series.  This generates a suite of running 

correlation time series that are normally distributed about the mean correlation between 

net mass balance and the climate indexes (Kolmogorov-Smirnov test p < 0.003). Thus, 

two standard deviations in the range of correlation values generated will correspond to a 

~95% confidence interval in the correlation values for each entry in the time series.  For 

simplicity, we only present the correlation uncertainty results for the CRU simulations 

and note that a similar uncertainty range applies to the RegCM simulations and a far 

smaller range applies to the measurement record. 

 

In the period of overlap between measured mass balance and the RegCM reconstruction, 

the correlations with SOI are equally strong and show similar variability while the 

correlations with the CRU data are weaker (Figure 3.10a).  The correlations with the 

PDO are weaker in both of the model reconstructions than in the measurements.  We 

speculate that the reduced model performance reflects an overall loss of fidelity within 

the monthly CRU data, but the presence of significant correlations in both indexes over 

this period confirms that the data retain the ability to simulate a substantial portion of the 

year-to-year mass balance signal.  The level of correlation between the CRU results for 

both indexes declines for averaging windows ending prior to roughly 1960.  The 

uncertainty range in these correlations includes the p < 0.01 confidence limit for all of 

this period indicating low confidence in the correlation between the CRU determined 

winter balance and the SOI.  This decay may be due to the declining number of stations 

contributing to the CRU data set prior to 1953.  However, for the PDO the correlations 

retain significance somewhat longer indicating that the CRU may be reliable for 

correlation periods ending from 1955 onward.  Overall, the form of the correlation time 

series is similar for the two indexes with strong correlation in the middle of the record  
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Figure 3.10: Running correlations with a 30 year window between a) winter balances 
and SOI and b) winter balance and the PDO. The heavy black curves are for the 
correlation between measurements and the climate indexes.  The heavy dashed curve is 
the correlation between RegCM winter balance and the indexes.  Finally, the heavy grey 
curves are the correlations between winter balance simulated with CRU data and the 
climate indexes.  The lighter grey curves represent the uncertainty envelope for the 
correlations.  Correlations curves are for measurements (heavy black), the RegCM 
reconstruction (fine black), and the CRU reconstruction (heavy grey). Statistical 
confidence thresholds are plotted and labeled. 
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and weaker correlation at the beginning and end of the century.  This similarity may 

confirm the close ties between ENSO and the PDO mentioned above. 

 

Hodge et al., (1998) performed an analysis similar to this one over the then-shorter 

measurement record and showed that the glacier’s sensitivity to conditions in the tropics 

has dropped off in recent years and these results confirm this finding.  Our results also 

imply that the relationship between the tropics and South Cascade Glacier has also been 

weak in the past, or that forcing from the tropical Pacific was limited earlier in the 

century, and then grew into the later 20th century.  During the first half of the 1900s, there 

were relatively few extreme phases of the Southern Oscillation with 9 out of the 10 

strongest (either positive or negative) “events” occurring in the second half of the 

century.  So, the lack of correlation between glacier mass balance and the Southern 

Oscillation may be a result of weak forcing from the tropics.  McCabe and Dettinger 

(1999) show similar weak correlation between Pacific Northwest precipitation and the 

Southern Oscillation in the period from 1911 through 1951.  In their work strong 

correlations are obtained in the middle part of the century and begin to taper by the last 

correlation period (1961 – 1990).  The correlation with PDO is stronger than with the SOI 

with a tendency to trail off in the early part of the record and also in the latter.  Our 

uncertainty range lies at greater magnitude correlation than the p < 0.05 confidence limit 

for most of the period from 1955 through 1995.  The strength of the correlation does not 

necessarily imply dominance of PDO on the net mass balance signal.  At the threshold for 

significant (r = 0.41 when p = 0.05) correlation the PDO index explains just over 16% of 

the variance in the winter mass balance data.  Thus, while PDO might be influential, it by 

no means dominates variability in winter mass balance in the early and late record.  When 

the correlation is strongest, i.e. for the 30 year period ending in 1965, PDO explains as 

much as 56% of the variance in the winter mass balance of SCG.  The influence of 

climate as determined by both indicators on glacier mass balance is likely greater judging 

by the consistently stronger correlation between measured winter mass balance and the 

indexes. 
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3.5 Conclusion 

The mass balance history of South Cascade Glacier has been reconstructed over the 20th 

century by combining surface energy balance modeling with input data from the RegCM 

regional model and the CRU gridded monthly climatology .  The results from both input 

data sets explain 56% and 59% of the variance in net mass balance over the observational 

period (for RegCM and CRU respectively).  The cumulative net balance history from the 

CRU reconstruction shows that the late 1930s and early 1940s had the highest rates of 

surface lowering and volume loss. There was subsequent slowing in the ablation rate 

lasting until 1976 that lead to the present high rates of surface lowering.  The modeled 

volume change is in good agreement with the geodetically determined volume change of 

Josberger et al., (2007) and replicates the highest rates of Volume change that occurred 

before 1945.  

 

Throughout the record, winter precipitation has the greatest role in determining the net 

mass balance outcome. Summer temperatures played a reduced role in determining net 

mass balance outcome during the period between 30 year correlation windows ending in 

1970 and those ending in 1990.  A similar period is expressed in the early part of the 

record for 30 year correlation windows ending in 1935.  The present rapid mass loss is 

occurring in a climate with fairly high winter precipitation with high summer ablation 

playing a strong role in determining the annual mass balance for the glacier. A similar 

period occurred in late 1950s through the 1960s, however, that period showed only 

moderate rates of mass loss. In both these cases the net balance is more highly correlated 

with summer temperatures than other periods. Winter precipitation dominates the mass 

balance signal at all times in the reconstruction period.  

 

The relationship between winter accumulation and two climate indexes relevant to 

conditions in the Tropical (SOI) and Northern (PDO) North Pacific shows a diminishing 

role for both indexes in recent decades as demonstrated in Hodge et al., (1998).  There is 

an earlier manifestation of weak relationships for correlation periods ending in between 

1931 and 1950 for the PDO and all averaging periods ending prior to 1960 for the SOI.  
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This may not necessarily imply a weak connection between tropical and extratropical 

ocean state as much as a lack of strong forcing as described by these indexes during the 

first half of the century.    
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4.1 Abstract 

In this study, surface exposure dating using cosmogenic 3He has been conducted on the 

moraines from the last glaciation on Mauna Kea, Hawaii.  These ages constrain the age of 

the end of the Local Last Glacial maximum to be 22.1 ± 2.1 kyr BP.  Deglaciation was 

rapid following this stade to an elevation greater than 3700 m.  A readvance occurred 

during the period from 16.8 kyr BP to 16.1 kyr BP and persisted until complete 

deglaciation at 14.7 ± 1.4 kyr BP.  The surface exposure ages from boulders on an 

outwash plain and a nearby lateral moraine records destabilization of the moraine and 

deposition on the outwash plain at 11.9 ± 1.0 kyr BP.  An atmospheric mechanism that 

connects the glacial history of Hawaii with climate around the North Atlantic is 

presented. 

 

4.2 Introduction 

The tropical Pacific Ocean is increasingly thought to have played an important role in the 

glacial and deglacial climate system via various mechanisms (Clement et al., 1999; Lea 

et al., 2000; Hostetler et al., 2006). Whether the tropics were a driving force of deglacial 

warming, were acting in response to conditions near Antarctica, or responsible for 

delivering climate changes affecting the mass balance of North American ice sheets, it is 

becoming more clear that the role of the tropics in the climate system at this time needs to 

be better understood.  The island of Hawaii presents a unique locale to study the 

interactions between tropical and higher latitude climate because of its location outside of 

the Western Pacific Warm Pool, the Eastern Pacific Warm Pool, and the Eastern 

Equatorial Cold Tongue in the central North Pacific (Figure 4.1).  Climate records from 

this part of the Pacific Ocean are limited to a sediment core near the shores of Oahu (Lee 

and Slowey, 1999), and pollen records from bogs on the island of Oahu (Selling, 1948; 

Hotchkiss and Juvik, 1999).  The glacial deposits on Mauna Kea present a temporally 

coarser record of climate, but their presence yields unequivocal evidence of a 

dramatically changed climate during periods of glacier advance and retreat (Porter, 

1976).  
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These glacial deposits have been studied beginning in the early part of the 20th century 

but Porter (1976; 1979) first established a chronology for the glacial deposits based on 

K/Ar dates of lavas and the detailed analysis of the interleaved volcanic and glacial 

stratigraphy.  Porter (1979) also performed detailed mapping of moraine crests and the 

glacial extent of the most recent, Makanaka, glacial drift sequence.  For the last glacial 

maximum (MIS stage 2), Wolfe et al. (1997) refines the Makanaka chronology with K/Ar 

ages of stratigraphically older and younger lavas with ages of 31 ± 9 kyr BP and 18 ± 10 

kyr BP respectively.  These ages are supported by 36Cl surface exposure ages of Dorn 

(1991) of 18.9 ± 0.8 kyr BP and 20.3 ± 2.3 kyr BP and a 14C age from basal sediments 

taken from Lake Waiau near the summit of Mauna Kea that calibrates to 14.7± 0.7 cal. 

Kyr BP (Peng and King, 1992).   

 

Most recently Blard et al. (2007) used 3He surface exposure dating to investigate the 

timing of abandonment of a moraine sequence in the Pohakuloa gulch on the SW flank of 

Mauna Kea.  Their results suggest deglaciation was underway by 18.3 ± 1.8 kyr BP (# of 

boulders = 3).  A suite of moraines inset from their older moraine yield, in stratigraphic 

order, ages of 14.6 ± 1.5 kyr BP, (N = 1) 16.5 ± 1.7 kyr BP (N = 3), and 14.5 ± 1.5 kyr 

BP (N = 1).  This latter study relies on relatively few dated boulders from individual 

landforms. Blard et al. (2007) discuss the possibility that the Pohakuloa moraines have 

undergone some degradation since deposition implying the need for a large sample size 

to properly constrain the age of these landforms.  

 

This paper seeks to solidify the deglacial chronology of Mauna Kea by providing ages for 

four previously unsampled landforms. We constrain the glacier fluctuations that occurred 

between the local LGM to final deglaciation at ca. 15 kyr BP.  We also discuss the 

climate of Hawaii during the local LGM and during the deglaciation in order to reconcile 

the conclusions of Hostetler and Clark (2000) that require wetter conditions at high 

elevations during the LGM on Hawaii, and those of Hotchkiss and Juvik (1999) that 

require drier conditions at lower elevations.  Our mechanism is counter to the conclusions 

of Blard et al., (2007) who imply dry conditions during the LGM and until ~16 kyr BP.  
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We present arguments for weaker trade winds and increased frequency of extratropical 

storms and leading to increased precipitation at high elevations. 

 

4.3 Methods 

4.3.1 Physical Setting 

The island of Hawaii (19.5º N¸ 155.5º W) is located in the subtropics in the central North 

Pacific (Figure 4.1).  Topography on the island is dominated by several shield volcanoes 

Mauna Kea being the highest at 4209 m, and Mauna Loa is also high with a summit of 

4169 m just ~42 km distant.  Porter (2005) suggests that both summits harbored ice 

during the last glaciation, although Mauna Loa displays no glacial features due to an 

active Holocene eruptive history.  Present-day climate is dominated by NE trade winds 

that are more frequent in summer (80% – 95% of the time) than winter (50% – 80% of 

the time).  The trade winds are driven by geostrophic circulation about the Pacific High 

which is situated north and east of the island and which tracks the seasonal position of the 

sun.  Subsidence associated with the Pacific High maintains a temperature inversion that 

averages 1500 m in elevation.  The inversion separates the convective boundary layer at 

low elevations from the very dry, subsidence dominated troposphere above.  The trade 

winds deliver substantial orographic precipitation at elevations below the inversion, but 

above the inversion, subsidence strongly inhibits vertical development of clouds and thus 

restricts precipitation.  Present-day annual precipitation on the summit is ~30 cm.  

Moisture in this part of the troposphere is derived from distant deep convection centers 

and less frequent influence of frontal weather systems. The majority of precipitation that 

occurs on the summit of Mauna Kea is associated with weakening of the inversion due to 

incursion of organized synoptic scale weather systems in winter when the pacific high is 

shifted southward (Blumenstock and Price, 1974). 

 

4.3.2 Sampling Techniques and Locales 

In order to establish an absolute constraint on the age of abandonment of the moraines on 

the south flank of Mauna Kea, we apply cosmogenic 3He surface exposure dating.  

Glacial landforms of correlative age are present on all flanks of the volcano, but boulders  
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Figure 4.1: Location of study area. a) This plot gives context for the location of 
Hawaii in the Central North Pacific. b) Shaded elevation map of the big island of Hawaii 
with active and recently active volcanoes plotter as black triangles. Black diamonds 
correspond to cities. c)  Geologic map derived from Wolfe et al., (1997) showing the 
major volcanic and glacial drift units mentioned in the text.  The Makanaka drift extends 
NE and NW, but is not plotted for areas that were not studied.  Flows are named after 
their parent cinder cone (orange triangles).   The Wekiu subglacially erupted flow and the 
Hau Kea synglacially erupted flow have hatching.  The Pohakuloa Gulch is the site of the 
investigation of Blard et al., (2007). 
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of the appropriate lithology for our dating technique were only found on the south flank.  

Mauna Kea’s high altitude, dry climate, and limited soil development have allowed for 

almost no vegetative growth and thus provide no material for 14C dating of organic matter 

associated with glacial landforms.  However, such an environment is ideal for 

cosmogenic surface exposure dating because shielding from soil, vegetation, and snow 

cover is minimal.  Our choice of the 3He cosmogenic system was based on the presence 

of peridotite and gabbro xenoliths in 20% – 30% of Hawaiite lava flows of the 

Laupahoehoe volcanic member (Wolfe et al. 1997).  These xenoliths contain large 

quantities of olivine and pyroxene with large mineral grains (up to 5 mm diameter); both 

mineral phases quantitatively retain 3He and have indistinguishable production rates 

(Cerling, 1990). The Laupahoehoe volcanics are the primary parent material for 

Makanaka moraines and are no older than 107 ± 13 kyr (Wolfe et al., 1997) and are 

likely younger than ~70 kyr.  Many laupahoehoe flows within the Makanaka glacial limit 

were erupted subglacially, or present ice-contact features around the flow perimeters 

(Porter, 1987).  

 

Sampling was performed on relatively large, subangular to subrounded boulders situated 

on low angled (< 10°) moraine crests.  The criteria for sampling a boulder was based on 

1) xenolith presence; 2) boulder size; 3) the mineral content of any xenoliths; 4) the 

orientation of xenoliths relative to the boulder top.  Samples were only taken when they 

were within 10 cm of the crest of a boulder and preferably on the boulder crest.  The 

orientation of the xenoliths relative to other boulder faces and the horizontal was 

recorded and corrections were calculated using the results of Masarik and Weiler (2003) 

for a spherical boulder geometery.  This correction was typically ~3 %, but ranges as 

high as 7 % for samples from vertical faces near the crests of boulders.  To correct for 

topographic shielding, the inclination and azimuth of major features on the horizon were 

recorded.  The topographic correction proved to be relatively minor (< 1%) for the open 

topography of the Mauna Kea summit area.  Bedrock samples were taken with similar 

care to geometry, potential shielding, orientation as well as lateral proximity to nearby 

regolith.  Some xenoliths displayed preferential, cavernous weathering that was limited to  
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Figure 4.2: Aerial photographs and associated geologic maps of the two regions 
whose results are presented here.  a)  Aerial photo over the Waikahalulu Gulch (lower 
right of photo) and the “MBG” moraine (middle left).  Bedrock samples were taken from 
exposed Rouches Mutonnes to the left of the cinder cone in the middle right. b)  Geologic 
map of same region showing units relevant to this study. Sample sites are shown in green 
diamonds with the boulder age adjacent. c)  Aerial photo of the “Cone A” region where 
two moraine crests and one outwash plain were sampled. d)  As in b) but for the Cone A 
area. 
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1-2 cm for which a correction was applied.  Preservation of striations on bedrock 

indicates that 1) subaerial erosion since deglaciation has been minimal; 2) that subglacial 

erosion was active when ice was present. 

  

We sampled four individual moraines, boulders from a glacial outwash plain, striated 

bedrock, and a single boulder near Lake Waiau that is 200 m in elevation of the summit.  

Our best-sampled landform is the right lateral moraine of the Waikahalulu Gulch from 

which 10 boulders were sampled.  Our other landforms, in descending order of sampling 

density are; a proximal moraine east of cone A (Cone A M2; N = 6); bedrock within 

waikahalulu gulch (N = 5); boulders within a glacial outwash plain (N = 4); a moraine 

between Pohakuloa and Waikahalulu gulches (MBG; N = 3); a distal moraine east of 

cone A (Cone A M1; N = 2), and a single boulder adjacent to lake Waiau.  Table 4.1 

provides our sampling coordinates and Figure 4.2 maps individual sample locations.   

 

 

4.3.3 Glacial and Volcanic Stratigraphy and Boulder Provenance 

Porter (1979) mapped the limits of the Makanaka glacial drift as well as maximum and 

recessional moraine crests.  Stratigraphically, the oldest landforms we have sampled are 

the MBG and the Cone A M1 sites.  The lateral moraines of Waikahalulu gulch cross-cut 

the moraine crest associated with the MBG site implying that moraine building occurred 

later on the Waikahalulu moraine.  There are no moraines and only thin glacial drift up-

slope from the Waikahalulu moraine indicating that this moraine represents deposition 

during the last still-stand before deglaciation.  The only lavas that could have provided 

source material for the Waikahalulu right lateral moraine and the moraine between 

gulches is the Puu Waiau flow of the Laupahoehoe volcanic member, which has a single 

K/Ar age of 107 ± 13 kyr BP (Figure 2a and 2b).   

 

The Cone A M1 moraine lies in a more distal position relative to the Cone A M2 moraine 

indicating its greater age.  The source of Hawaiite boulders on these two moraines was 

likely Puu Wekiu, which forms the summit of Mauna Kea and has a lateral contact with 
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the Puu Waiau flow.  The Puu Wekiu lavas have no direct age control, but are 

stratigraphically younger than the Puu Poliahu flow, which has a single K/Ar age of 52 ± 

15 kyr BP, and older than the syn-glacially erupted Puu Hau Kea flow, with a single K/Ar 

age of 39 ± 7 kyr BP.  The Puu Wekiu flow also displays features associated with 

subglacial eruption (Porter, 1987; Wolfe et al., 1997).  The ice-contact textures of the Puu 

Wekiu flow and the Puu Hau Kea flow suggests that ice associated with the Makanaka 

glaciation was present on Mauna Kea at some time between 32 kyr BP and 67 kyr BP.  

Our bedrock sample sites are upslope of the Waikahalulu moraines and are from outcrops 

of both the Puu Waiau and Puu Wekiu flows as mapped by Wolfe et al. (1997).  Finally, 

our single sample from near Lake Waiau sits directly upon the Puu Hau Kea flow surface, 

and is likely derived from these lavas which extend further upslope from the sampling 

site.  

 

4.3.4 3He Analysis 

Olivine and pyroxene were separated from xenoliths by crushing and manual separation. 

The separated mineral phases were first subject to in-vacuuo crushing of the mineral 

grains. This process preferentially releases the magmatic 3He and 4He.  The crushed 

minerals were then heated to fusion to release all remaining helium.  This latter helium 

component contains both inherited helium as well as some amount of cosmogenic helium 

(3He*).  Gases were analyzed in the in-vacuuo crushing, and the heating steps using a 

mass spectrometer.  The cosmogenic component is calculated using the inherited ratio, 

(3He/4He)i from the initial crushing and the total amount of 4He, Σ 4He, from the in-

vacuuo crushing and the heating stages.  The cosmogenic Helium component 3He*, is 

calculated using; 

iHeHeHe 33*3 −Σ=  (1) 

i
i He

HeHeHe ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Σ= 4

3
43  

(2) 
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For the latitude of Hawaii (20 °N), variations in geomagnetic intensity, the strength of the 

geomagnetic dipole, and its position cause the largest changes in effective production 

rates on earth (Kurz et al., 1990; Dunai, 2000; Dunai, 2001; Gosse and Phillips, 2001).  

On Hawaii the integrated effect of the strength of the magnetic dipole on 3He production 

was noted and addressed by Kurz et al, (1990).  We apply the scaling techniques of 

Dunai (2000) for their incorporation of the non-dipole component of the magnetic field, 

which has important impacts on the penetration of cosmic rays at low latitudes and high 

altitude.  We do not correct for temporal variations in the magnetic field during exposure 

assuming that, over 15 – 20 kyr timescales these effects cancel.  A production rate of 118 

± 8 at. g-1 yr-1 is used based on compiled production rates for sea level, high latitudes 

(Licciardi et al., 2006; Licciardi, personal communication).  We are mindful of potential 

grain size dependent loss of cosmogenic 3He during vacuum crushing (Kurz 1986; 

Yokochi et al., 2005; Blard et al., 2006).  We argue that  since 3He production rates have 

been calculated from a number of high mid and high latitude sites using the techniques of 

Kurz et al., (1986) or techniques similar to theirs and consistent results have been 

obtained, there is little error introduced by the helium loss.  If the wide scatter in 

fractional loss of cosmogenic 3He as shown in Figure 4.4 of Blard et al., (2006) were in 

effect, such precision in production rates would not be obtained.  The scatter that does 

exist in 3He production rates calculated at low latitudes is largely explainable by the 

systematic effects of changing geomagnetic field or air pressure (Kurz et al., 1986). 

 

4.4 Results and Discussion 

In this section we present the results of our dating of the individual landforms.  We next 

discuss these results in the context of the established glacial and deglacial chronology for 

Maun Kea determined by earlier authors (Porter, 1979; Dorn et al., 1991; Wolfe et al., 

1997; Porter, 2005; and Blard et al. 2007).  Finally, we compare the glacial history of 

Mauna Kea with proxy records of local climate and the relationship between tropical 

Pacific climate and that of the North Atlantic.  A climate mechanism that could reconcile 

the apparently disparate proxy records and glacier modeling climate inferences is 

discussed. 

 



 

 

107

The results of our helium analysis and age calculations are shown in Table 4.1.  These 

ages are plotted for each landform in Figures 3, 4, 5, 7, and 8.  Our plotting convention 

shows the ages of all samples on each landform with error bars that combine 7% 

uncertainty in the production rate and scaling, and the analytical uncertainty in measured 
3He* concentrations.  The calculated age of each landform is the boulder mean age 

excluding outliers (landform ages are given in Table 4.2).  For each landform, the 

standard error is calculated using 
N

σ  in which σ is the standard deviation in the ages 

and N is the number of samples contributing to the age.  The error associated with the 

calculated age is the root sum of squares (RSS) of the standard error and the mean of the 

analytical, scaling, and production rate error for all boulders contributing to the mean age.  

Outliers that are “too-young” are excluded outright if they are < 10 kyr BP in age.  

Removal of other outliers is based on the reduced chi square (χ2
R) statistic for the group 

of ages.  χ2
R is an indicator of whether the distribution of ages about the mean age can be 

explained by the uncertainty in the individual boulder ages.  A χ2
R of ~1 indicates that a 

given distribution of ages can be explained by the uncertainty in individual ages, while 

larger χ2
R imply that geologic processes may be causing the observed age distribution.  

The latter case is readily apparent in summed probability plots (so-called “camel” plots) 

as a multi-humped age distribution.  Probability plots are presented in the insets of the 

figures showing sample ages.  We err on the side of including suspect ages when lacking 

rigorous statistical justification for rejecting those ages.  In most cases, the inclusion of 

outliers maintains a given mean age, but increases the standard error of our uncertainty 

estimate in that age. 

 

4.4.1. The Local Last Glacial Maximum 

Our stratigraphically oldest landforms – MBG and Cone A M1 – present the oldest 

surface exposure ages (Figure 4.2b, Figure 4.2d, and Figure 4.3) confirming the 

stratigraphic relationship established between these moraines and the Waikahalulu and 

Cone A M2 moraines by Porter (1979).  In calculating the age of the Local Last Glacial  



 

 

 

Table 4.1 Results of 3He analysis and boulder ages 
Sample Loc. Min Ht

cm
Thck
cm

Σ
Corr.

lat lon alt.
(km)

Sclg [3He]
(at./g)

1 σ Age
(kyr) 

1 σ 

CK03-1 Cone A M2 Cpx 90 1 0.96   19.793 155.454 3.597 7.072 9.53E+6 2.90E+5 11.9 0.9 
CK03-2 Cone A M2 Cpx 100 1 0.96   19.792 155.454 3.597 7.072 9.76E+6 1.97E+5 12.2 0.9 
CK03-3A Cone A M2 Cpx 60 1 0.96   19.792 155.454 3.590 7.044 3.93E+6 1.42E+5 4.9 0.4 
CK03-3C Cone A M2 Cpx 60 1 0.96   19.792 155.454 3.590 7.044 3.76E+6 1.29E+5 4.7 0.4 
CK03-4 Cone A M2 Oli 14 4 0.93 19.793 155.454 3.597 7.072 6.79E+6 1.47E+5 8.8 0.6 
CK03-4 Cone A M2 Cpx 14 4 0.93 19.793 155.454 3.597 7.072 6.24E+6 1.20E+5 8.1 0.6 
AN06-7 Cone A M2 Cpx 95.55 2 0.97 19.794 155.455 3.605 7.104 1.75E+7 3.73E+5 21.6 1.6 
AN06-8 Cone A M2 Oli 36.8 2 0.97 19.792 155.454 3.597 7.072 9.00E+6 1.79E+5 11.1 0.8 
AN06-8 Cone A M2 Cpx 36.8 2 0.97 19.792 155.454 3.597 7.072 9.55E+6 6.31E+5 11.9 1.1 
AN06-4 Cone A M1 Oli 25.7 2 0.97 19.794 155.453 3.595 7.064 1.80E+7 3.53E+5 22.2 1.6 
AN06-4 Cone A M1 Cpx 25.7 2 0.97 19.794 155.453 3.595 7.064 1.77E+7 3.57E+5 21.8 1.6 
AN06-5 Cone A M1 Cpx 68.6 2 0.97 19.793 155.453 3.585 7.024 1.33E+7 3.43E+5 16.5 1.2 
CK03-6 Waikahalulu Cpx 0 1 0.96 19.788 155.469 3.555 6.910 1.14E+7 3.11E+5 14.5 1.1 
CK03-7 Waikahalulu Oli 50 1 0.96 19.788 155.469 3.550 6.891 9.17E+6 2.68E+5 11.7 0.9 
CK03-7 Waikahalulu Cpx 50 1 0.96 19.788 155.469 3.550 6.891 9.46E+6 2.03E+5 12.1 0.9 
CK03-8 Waikahalulu Cpx 0 1 0.96   19.792 155.469 3.550 6.891 6.80E+6 2.16E+5 8.7 0.7 
CK03-10A Waikahalulu Oli 50 3 0.94 19.787 155.469 3.545 6.871 1.12E+7 2.06E+5 14.7 1.1 
CK03-10A Waikahalulu Cpx 50 3 0.94 19.787 155.469 3.545 6.871 1.06E+7 2.14E+5 14.0 1.0 
AN06-10B Waikahalulu Oli 44.1 2 0.91 19.787 155.469 3.535 6.829 8.92E+6 3.25E+5 12.2 0.9 
AN06-11 Waikahalulu Oli 58.8 2 0.92 19.787 155.469 3.535 6.829 7.01E+6 1.75E+5 9.5 0.7 
AN06-12 Waikahalulu Cpx 98 2 0.94 19.788 155.469 3.578 6.997 1.20E+7 3.41E+5 15.4 1.2 
AN06-16A Waikahalulu Oli 85.8 2 0.94 19.788 155.469 3.560 6.926 1.47E+7 3.18E+5 19.1 1.4 
AN06-16A Waikahalulu Cpx 85.8 2 0.94 19.788 155.469 3.560 6.926 1.36E+7 2.69E+5 17.7 1.3 
AN06-16B Waikahalulu Cpx 90.7 2 0.94 19.788 155.469 3.560 6.926 1.52E+7 4.67E+5 19.8 1.5 
AN06-17 Waikahalulu Cpx 42.9 2 0.93 19.788 155.469 3.550 6.887 1.21E+7 2.41E+5 16.0 1.2 
AN06-18 Waikahalulu Cpx 49 2 0.93 19.787 155.469 3.540 6.849 1.05E+7 2.14E+5 13.9 1.0 

108



 

 

 

Table 4.1 (Continued) 
Sample Loc. Min Ht

cm
Thck
cm

Σ
Corr.

Lat. Lon. alt.
(km)

Sclg [3He]
(at./g)

1 σ Age
(kyr) 

1 σ 

CK03-13 MBG Oli 40 1 0.96 19.789 155.480 3.560 6.926 1.92E+7 3.03E+5 24.4 1.8 

CK03-14 MBG Oli 65 5 0.92 19.789 155.482 3.560 6.926 1.79E+7 3.29E+5 23.9 1.7 

CK03-14 MBG Cpx 65 5 0.92 19.789 155.482 3.560 6.926 1.75E+7 2.84E+5 23.4 1.7 

CK03-15 MBG Oli 60 1 0.96 19.789 155.481 3.560 6.926 1.42E+7 3.50E+5 18.1 1.3 

CK03-5 Bedrock Cpx 0 1 0.99 19.791 155.463 3.670 7.366 1.36E+7 4.08E+5 15.8 1.2 

CK03-16 Bedrock Cpx 0 3 0.96 19.791 155.466 3.652 7.293 1.67E+7 3.46E+5 20.2 1.5 

CK03-17 Bedrock Cpx 0 1 0.99 19.791 155.466 3.652 7.293 1.72E+7 2.75E+5 20.3 1.5 

AN06-19 Bedrock Cpx 0 2 0.97 19.793 155.462 3.670 7.366 9.00E+6 2.43E+5 10.6 0.8 

AN06-20 Bedrock Cpx 0 9 0.94 19.795 155.462 3.690 7.449 1.52E+7 3.91E+5 19.4 1.4 

AN06-22 Lk. Waiau  Oli 0 2 0.94 19.813 155.477 4.020 8.921 1.58E+7 2.91E+5 16.0 1.2 

CK03-22A Outwash Oli 35 7.5 0.89 19.789 155.452 3.499 6.692 7.73E+6 1.80E+5 11.0 0.8 

CK03-22A Outwash Cpx 35 7.5 0.89 19.789 155.452 3.499 6.692 7.75E+6 5.70E+5 11.1 1.1 

CK03-23 Outwash Oli 55 1 0.96 19.790 155.452 3.511 6.739 9.75E+6 1.89E+5 12.8 0.9 

CK03-24 Outwash Oli 65 1 0.96 19.791 155.452 3.536 6.832 1.36E+7 3.89E+5 17.6 1.3 

CK03-24 Outwash Cpx 65 1 0.96 19.791 155.452 3.536 6.832 1.30E+7 2.25E+5 16.8 1.2 

CK03-25 Outwash Oli 40 3.5 0.93 19.790 155.452 3.536 6.832 1.25E+7 1.85E+5 16.6 1.2 

109



 110

Maximum (LLGM), we combine the boulder ages from the two landforms.  That the 

MBG moraine is part of a recessional sequence, while the Cone A M1 moraine appears to 

be the maximum extent in its locale is acknowledged.  However, MBG is only 200 m 

horizontally upslope from the mapped maximum (Porter, 1979), so deposition probably 

occurred shortly after the maximum extent was abandoned.  The combined ages are 

plotted in Figure 4.3, and our estimate of the age for the LLGM is 22.1 ± 2.1 kyr BP.  We 

exclude one of the samples from Cone A M1 based on the criteria described above 

yielding a decrease in the χR
2 from 5.0 to 3.0 implying that the remaining samples are 

distributed in accord with their individual uncertainties. 

  

4.4.2. Age of the Last Deglaciation 

Our samples from the Waikahalulu moraine are indicative of abandonment of this 

moraine. Since there are no recessional moraines upslope from Waikahalulu, and only 

thin till grading to exposed bedrock upslope of the moraine, the exposure age of boulders 

on the Waikahalulu moraine indicate the onset of the final deglaciation of Mauna Kea.  

We calculate an age of 14.7 ± 1.4 3He kyr BP (Figure 4.4).  In this age we have excluded 

two young ages (< 10 kyr), which decreased the χR
2 from 12.2 to 4.0.  This age is in 

direct agreement with the 14.7 ± 0.7 cal. kyr BP bulk basal sediment radiocarbon age 

from Lake Waiau.  For comparison, we have recalculated the ages of Blard et al. (2007) 

from Pohakuloa Gulch using our production rate and scaling.  For their deglacial 

moraines an age of 16.1 ± 1.6 3He kyr BP is calculated, which is in agreement with our 

age within error.  The presence of recessional moraines in the Pohakuloa gulch implies 

slightly different recessional behavior of this lobe of the ice cap, so a slightly different 

age is acceptable.  Together, these results confirm that deglaciation of Mauna Kea was 

underway by ~15 kyr BP. 

  

4.4.3. Glacier Fluctuation Between the LLGM and Deglaciation 

The ages we obtained from our bedrock samples yield a mean age of 18.9 ± 1.8 3He kyr 

BP (Figure 4.5), which is intermediate between our estimate of the age of the LLGM and 

the age of deglaciation.  In calculating this age, we have excluded a young age of 10.6 ±  
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 Figure 4.3: Plot of boulder ages thought to date the local Last Glacial Maximum.  
These samples were derived from sites MBG and CONE A M1.  The sample plotted in 
grey was excluded from the boulder mean age calculation base don its dissimilarity from 
other ages.  Inset plots the individual samples and the Gaussian distribution associated 
with the uncertainty in each sample.  The dashed sample corresponds to the excluded 
boulder age.  The larger magnitude curves represent the cumulative frequency normalized 
to one.  Grey bars represent uncertainty about the boulder mean age shown with a black 
line. 
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Figure 4.4: Plot of boulder ages thought to date the age of deglaciation from 
Waikahalulu Gulch, with the two youngest boulders excluded from the boulder mean age.  
The plotting convention is as in Figure 4.3. 
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Figure 4.5: Plot of bedrock ages thought to record both exposure since deglaciation as 
well as some interval of exposure during the period between the LLGM and readvance in 
Waikahalulu Gulch.  The bedrock mean age corresponds to a mix of exposure and 
subsequent erosion of the bedrock and removal of some 3He*. 
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0.8 kyr BP on a surface that was within 50 cm of a deflating colluvial surface.  Excluding 

that age bring the χR
2 from 27.0 to 4.2.  The presence of intermediate aged bedrock 

upslope from the younger Waikahalulu moraine suggests some combination of inherited 
3He* from previous exposure and shielding and erosion due to ice cover.  Substantial 

exposure prior to the advance culminating in the LLGM is restricted by the observation 

that the bedrock samples are from two lava flows (Puu Waiau and Puu Wekiu) with 

eruptions separated by ~50 kyr, thus these flows have two different exposure histories 

contributing to any inherited 3He*.  A further restriction is that the Puu Wekiu lava flow 

erupted subglacially some time after ~67 kyr BP.  Although this age allows substantial 

time to accumulate 3He*, the presence of subglacially and syn-glacially erupted lava 

flows between this time and deposition of the LLGM moraines suggests that potentially 

long periods of ice cover and subglacial erosion occurred prior to the LLGM.  We 

postulate that at the time of glacial advance leading to the LLGM, there was little 3He* 

from previous exposure of these bedrock surfaces.   

 

Two histories of the Waikahalulu gulch are possible beginning with abandonment of the 

LLGM moraines. 1) A long-term still stand with ice near the LLGM extent or slow, 

continuous retreat with continuous moraine building on the lateral moraines leading to 

rapid deglaciation at ~15 kyr BP.  In this explanation, the difference between the age of 

deglaciation and the mean age of bedrock is due to prior exposure between eruption of 

the lavas and the glacier advance leading to the LLGM.  This model requires limited 

erosion during all glacial phases as well as an explanation for similar amounts of 

inherited 3He* on lava flows with different ages and, presumably, with different amounts 

of prior exposure. 2) Rapid retreat of ice from the LLGM position to an elevation greater 

than that of the bedrock exposures initiating exposure of our sampled bedrock surface 

roughly simultaneously with our age for the LLGM.  Next, the bedrock is exposed for 

some duration prior to a readvance culminating in deposition of the Waikahalulu lateral 

and then the Pohakuloa recessional moraines.  A readvance provides some combination 

of shielding and erosion bringing the apparent exposure age of the bedrock to 18.9 kyr 
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BP.  Finally, deglaciation occurs at ~14.7 kyr BP and the bedrock sites begin normal 

cosmic ray exposure. 

 

The polished and striated features of the bedrock outcrops demonstrate that subglacial 

erosion was active when these surfaces were last ice covered.  To illustrate the 

improbability of a continuous glacial occupation of Waikahalulu Gulch between the 

LLGM and deglaciation we present a simple example.  Even with a relatively slow 

erosion rate of 0.3 mm yr-1 a ~7400 year occupation between deposition of the LLGM 

moraines and the Waikahalulu moraines would reduce the amount of inherited 3He* to 

7% of it’s pre LLGM amount.  To account for the ~4.2 kyr worth of pre exposure in the 

bedrock (the difference between our deglaciation age of 14.7 kyr BP and the bedrock age 

of 18.9 kyr BP), ~60 kyr of exposure prior to the LLGM are required to accumulate 

sufficient 3He*.  If erosion rates were halved over this period, ~30 kyr would still be 

required.  Given the history of ice-contact eruptions with K/Ar ages of associated lava 

flows around ~30 kyr and the stratigraphic relationships that place the age of the flow 

from which some of our bedrock ages were sampled at < 67 kyr BP, this scenario is 

highly unlikely. We conclude that the “added time” between the deglacial age and our 

bedrock age implies some combination of erosion and exposure during the interval 

between the LLGM and deglaciation.  Further support for a readvance is provided by 

glacial stratigraphy and surface exposure ages for the Kemole Gulch on the NW flank of 

Mauna Kea. Here, an older Makanaka moraine is overlain by a lava flow which lies 

beneath a younger unit of Makanaka till.  Dorn et al. (1991) report 36Cl exposure ages of 

20.3 ± 2.3 kyr BP on a single boulder on the older till and an age of 18.9 ± 0.8 kyr BP on 

a single boulder from the younger till (Table 4.2).  

 

We investigate various combinations of erosion rate and ice cover duration required to 

explain the observed 3He* concentration. We first subtract the 3He* accumulated after 

deglaciation using the average, scaled production rate and the deglacial age of 14.7 kyr.  

The remaining helium component ([3He*]r) arises as a product of production during any 

ice free intervals and the amount of material removed during the readvance.  For 
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simplicity we assume a single retreat/advance cycle between the LLGM and deglaciation.  

The amount of helium accumulated during this period is given as: 

[ ] ( )
⎟
⎠
⎞

⎜
⎝
⎛

Λ
−

−= noice
noicer

tPtHe 7400exp**3 ρε (3) 

Where tnoice is the total ice free time, P* is the mean, scaled production rate for the 

bedrock sites, ρ is rock density (2.2 g cm-3), ε is the erosion rate, 7400 years is the 

interval between the LLGM and deglaciation, and Λ is the attenuation length for 

production of 3He (165 g cm-2; Kurz 1986). We solve Equation 3 for tnoice iteratively with 

erosion rates ranging from no erosion to 0.65 mm yr-1. The results are presented in Figure 

4.6.  We also calculate the amount of glacier cover prior to the LLGM required to reduce 

the amount of inherited 3He* to a value of 10% of the amount prior to advance leading to 

the LLGM.  If as much as 20 kyr of exposure occurred prior to advance leading to the 

LLGM, a 10% value for inheritance is in the range of our age uncertainty.  

 

The results presented in Figure 4.6 allow us to converge on an appropriate erosion rate 

and provide an indication of the duration of ice free conditions between the LLGM and 

deglaciation.  If we presume that the ice advance leading to the LLGM covered the 

bedrock sites for a plausible duration of 5 kyr – 10 kyr and that the erosion rate was 

sufficiently high to have reduced inherited 3He* to <10% of the pre LLGM amount, then 

a range of erosion rates of 0.15 mm yr-1 to 0.35 mm yr-1 is required.  Inserting this range 

of erosion rates into equation 3 yields a range for the duration of ice free conditions of 5.3 

kyr to 6.1 kyr, which corresponds to a duration of readvance from 1.3 kyr to 2.1 kyr. 

Adding these durations to our age of deglaciation requires that ice began to advance from 

16.0 kyr BP to 16.8 kyr BP.  This timing corresponds closely with the occurrence of H1 

in the North Atlantic.  Our choice of erosion rates compares well with the published 

bedrock erosion data for glaciers with a low mass flux (Hallet et al., 1996).  Glaciers in 

the Alps have bedrock erosion rates > 1 mm yr-1, while glaciers in drier, colder regions 

have erosion rates ranging from 0.01 mm yr-1 to 1 mm yr-1. 
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Figure 4.6: Plot describing the relationship between erosion rate, the amount of time 
prior to the LLGM to reach 10% inheritance (dashed line with black squared, left hand y-
axis), and the number of years of ice free conditions between the LLGM and readvance a 
given erosion rate corresponds to (solid line with open circles, right hand y-axis).  The 
shaded region displays the results with a plausible range of erosion rates.  
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4.4.4. Outwash Deposition and Moraine Destabilization of Younger Dryas age 

The Cone A M2 moraine, together with the outwash deposit immediately downslope of it 

yield an internally consistent description of a post-glacial moraine destabilization event. 

Figure 4.7 plots our sample ages from the Cone A M2 moraine and shows that three 

boulders yield a consistent age of 11.9 ± 1.0 kyr BP with one older and two younger 

outliers.  The χ2
R statistic for all samples is 74 indicating substantial geologic scatter in 

the ages outside the range of the uncertainty in individual ages.  Following our earlier 

protocol and removing the boulders younger than 10 kyr leaves a χR
2 of 69.  Finally, 

when the older outlier is removed, the χ2
R statistic improves to 0.3.  We note that this 

older boulder is situated near where the Cone A M1 and Cone A M2 boulders diverge, so 

it may have been deposited during the LLGM and possibly reworked by the later 

advance.  The ages from the glacial outwash (Figure 4.8) show two ages equivalent to 

theCone A M2 age and two older boulder ages closer to our age for the Waikahalulu 

moraine.  These samples tentatively suggest that at 16.9 ± 1.2 and 11.9 ± 1.0 kyr BP, the 

stream leading to the outwash plain was actively depositing boulder-size clasts and 

possibly cutting into the Cone A M2 moraine.  The older depositional period coincides 

with our timing of readvance as evidenced by our bedrock and deglacial moraine ages.  

The meaning of the combined moraine age and outwash age is less clear.  These samples 

indicate renewed, vigorous hydrologic activity and deposition on the outwash plain at 

their respective times, and are corroborated by boulder ages on the Cone A M2 moraine 

and our timing of readvance.   

 

4.4.5. Influence of Moraine Degradation 

The variation in individual boulder ages about our mean landform ages as indicated by 

our relatively high χR
2 values close to four indicates some degree of post-depositional 

morphologic changes to our sampled moraines. This phenomenon was noted by Blard et 

al. (2007) who chose to only accept ages from boulders larger than 80 cm in height. 

However, their results show considerable scatter despite this restriction.  Moraine 

degradation modeling has shown that substantial reductions in crest height are possible  
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Figure 4.7: Plot of boulder ages thought to record Cone A M2 moraine destabilization 
roughly coeval with the Younger Dryas.  The two youngest and oldest boulders have 
been excluded based on boulder size and likelihood of post-glacial excavation (young 
boulders) and dissimilarity from other ages (older boulder).  Plotting convention as in 
Figure 4.3. 
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Figure 4.8: Plot of boulder ages from outwash below Cone A M1 and Cone A M2.  
We tentatively draw mean ages for the potential grouping amongst the older and younger 
boulders.  The older boulders are thought to represent activation of the outwash plain 
during the post-LLGM advance, while younger boulders are thought to record 
reactivation of the outwash plain in sync with Cone A M2 destabilization.  Dashed 
horizontal lines represent the tentative nature of this interpretation.  
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on kyr time-scales (Hallet and Putkonen, 1994; Putkonen and Swanson, 2003) especially 

on matrix supported moraines such as those on Mauna Kea (Putkonen and Swanson, 

2003; Ivy-Ochs et al., 2007).  For moraines with present-day crest heights and ages 

equivalent to ours, these authors model upwards of 15 m of surface height change since 

deglaciation.  Post depositional alteration is observationally supported by the broad, 

rounded crests of the sampled moraines and the very broad “crests” of the Waihu 

moraines that date to MIS stage 4 or 6 (Dorn et al., 1991; Wolfe et al., 1997).  In light of 

the possible magnitude of moraine deflation, choosing an 80 cm cutoff appears somewhat 

arbitrary.  Blard et al., (2007) and our results do appear to yield a reliable estimate of the 

age of the LLGM and the timing of deglaciation over two, independently studied sets of 

moraines.  One possibility is that the mode of deflation does not involve widespread 

rolling of larger clasts allowing boulders to maintain a continuous exposure surface.  It is 

possible that moraine deflation occurs via gradual removal of smaller-sized, more mobile 

material with boulders settling along with the lowering moraine crest.  This process 

would leave a selection of boulders with a full exposure history interspersed among a 

selection of more recently exhumed boulders, which would explain the presence of 

several “too young” outliers on our moraines, which typically correspond with the 

smallest boulders sampled.  

 

4.4.6. Interpreted Climate History 

Our results for the deglacial chronology of Mauna Kea require deglaciation after the 

LLGM to begin at 22.1 kyr BP.  Full deglaciation was punctuated by a readvance lasting 

1.3 kyr to 2.1 kyr until Mauna Kea was deglaciated entirely no later than 14 kyr BP.  We 

have compiled the published surface exposure ages for Mauna Kea in Table 4.2 to 

summarize the deglacial chronology.  The glacial history punctuated by a readvance near 

the timing of Heinrich event 1 is in disagreement with fairly monotonic warming 

beginning at roughly 19 kyr BP recorded in some tropical SST records  (Lea et al., 2000; 

Stott et al., 2002; Visser et al., 2003; Kiefer and Kienast, 2005, Stott et al. 2007).  

Uniform warming is not observed throughout the tropical Pacific basin.  An abrupt 

warming at ~15 kyr is recorded in tropical SST records from the South China Sea  



 

 

 

Table 4.2 Summary of Makanaka landform ages from surface exposure dating on Mauna Kea
Location Landform Age N χ

R
2 Interpretation 

This Study      
Waikahalulu Rt. 
Lateral 

Lateral Moraine 14.7 ± 1.4 8 4.0 Age of deglaciation 

MBG and Cone A M1 Terminal/Lateral 
Moraine 

22.1 ± 2.1 5 3.0 LLGM 

Waikahalulu Bedrock Glacially Eroded 
Lavaflow 

18.9 ± 1.8 4 4.2 Constrains timing of ice 
cover between LLGM 
and deglaciation 

Cone A M2 Lateral Moraine 11.9 ± 1.0 3 0.3 Moraine destabilization 
event 

Older Boulders from 
Cone A Outwash 

Outwash Plain 16.9 ± 1.2 2 NA Deposition during 
advance culminating in 
deglaciation 

Younger Boulders 
from Cone A Outwash 

Outwash Plain 11.9 ± 0.9 2 NA Deposition during Cone 
A M2 destabilization 
event 

Lk. Waiau Boulder on bedrock 16.0 ± 1.2 1 NA Age of summit 
deglaciation 

Previous Studies      
Surface near summit Glacially Eroded 

Lava flow 
14.7 ± 0.5a 1 NA Age of deglaciation 

Kemole Gulch Older 
Till 

Terminal Moraine 20.3 ± 2.3a 1 NA Age of LLGM 

Kemole Gulch 
Younger Till 

Terminal Moraine 18.9 ± 0.8a 1 NA Timing of Subsequent 
Advance 

Pohakuloa Gulch M0  20.4 ± 2.0b 3 0.5 LLGM 
Pohakuloa Gulch M2  16.1 ± 1.6b 5 1.2 Age of deglaciation 122
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(Kienast et al., 2001) while records of a cold event coeval with Heinrich 1 followed by 

abrupt warming at ~15 kyr BP have been recovered from the eastern tropical Pacific 

(Kienast et al., 2006; Pahnke et al., 2007).   

 

The paleoproxies and modeled climate histories for temperature and precipitation at the 

Hawaiian Islands are at odds with one another for the deglaciation. Figure 4.9 shows a 

lake sediment record of pollen abundance and assemblages from Oahu at an elevation of 

463 m reveals dry, cold conditions at the Local LGM ~22-20 kyr BP with a gradual 

warming and an increase in precipitation culminating in steady temperature conditions 

near Holocene values by ~16 kyr BP and precipitation greater than at present.  The 

magnitude of cooling from the pollen record is consistent with a lower temporal 

resolution alkenone record of SST (Lee and Slowey, 1999; Lee et al., 2001) which shows 

the greatest cooling ending by ~23 kyr BP, and subsequently a gradual warming with 

millennial scale variability of ~1° C magnitude followed by a seemingly rapid increase in   

SST at ~15 kyr BP.  The cold dry conditions at low elevations are in apparent conflict 

with modeling results of Hostetler and Clark (2000), who model a ~60% increase in 

precipitation during the Local LGM to simulate a glacier of Makanaka extent.  The recent 

results of Blard et al. (2007) do not clarify the issue.  Using a simplified ice flow and 

glacier mass balance model Blard et al. constrain a range of possible temperature and 

precipitation conditions capable of generating an ice cap of Makanaka size, which does 

not exclude the precipitation and temperature conditions reconstructed by Hostetler and 

Clark (2000). Thus, the balance of the evidence (albeit limited) is for cool conditions with 

a reduction in precipitation at low elevation and an increase at high elevations.  We 

propose a mechanism for glaciation driven by tropical Pacific atmosphere reorganizations 

associated with a reduction in the strength of the Atlantic Meridional Overturning 

Circulation. 
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 Figure 4.9: Forcing and proxy data relevant for interpreting the deglaciation sequence 
of Mauna Kea.  a) June insolation at 20 °N (Berger and Loutre, 1991).  b)  Greenland 
temperature calculated from δ 18O (Cuffey and Clow, 1997). c)  Pollen assemblage 
reconstruction of precipitation at 463 m on Oahu (Hotchkiss and Juvik, 1999). d)  Pollen 
abundance reconstruction of temperature from the same location as (d).  The temperature 
record follows summer insolation closely.  e)  Alkenone based Sea Surface Temperature 
reconstruction of Lee et al., (2001).  f)  Glacial history of Mauna Kea since the local 
LGM with ages plotted against distance upslope from the LGM terminal moraine 
(summit ~ 5 km). Grey boxes are the landform results from this study, open circles are 
the results of earlier work along Pohakuloa Gulch (Blard et al., 2007), black triangle is a 
basal sediment age from Lk. Waiau (Peng and King, 1992). Black diamonds are ages 
from glacial outwash from this study. Black dashed line is the inferred front position that 
is consistent with the presented data.  Question marks denote uncertainty in extent of ice 
or interpretation of our data.  
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Blard et al. (2007) suggest that greater precipitation at the summit of Mauna Kea during 

the local LGM and just prior to deglaciation would have been unlikely given modeling 

and glacial evidence that the troposphere was drier overall in the tropics during glacial 

times due to decreased moisture supply as a result of ~3 °C lower tropical SSTs (Rind 

and Peteet, 1985; Broecker, 1997; Bush and Philander, 1998; Bush and Philader, 1999; 

Pinot et al., 1999).  Hostetler and Clark (2000) note that, via the presence of the tropical 

inversion, conditions at low and high elevations may be decoupled.  Above the inversion, 

subsidence and dry conditions are controlled by large scale circulation and distant 

convection, while moisture content below the inversion is tied to SSTs.  The pollen 

derived precipitation record likely reflects drying of the lower troposphere during the 

LLGM and a decrease in the frequency or strength of trade winds (Hotchkiss and Juvik, 

1999).  Overall cooler SSTs alone would drive a reduction in convective boundary layer 

water vapor content and thus lower precipitation rates.  Using the alkenone SST record of 

Lee et al. (2001) which shows an LGM temperature of 22.6 °C and a late Holocene  

 

SST of 25.7 °C (ΔT = 3.1 °C) we calculate a 17% reduction in the saturation water vapor 

pressure of air in equilibrium with the ocean.  This is in good agreement with the 

precipitation estimates of Hotchkiss and Juvik (1999) which show precipitation 

reductions at the LGM of 5% to 15% at 463 m.  A reduction in the strength of the trade 

winds would further decrease moisture advection to the islands.  A possibility for 

reduction in trade winds in the context of larger-scale atmospheric dynamics is discussed 

next. 

 

Proxy records are revealing a clearer picture of the tropical Atlantic and Pacific coupled 

system during the last deglaciation including H1.  During H1, records show drying of the 

tropical North Atlantic (Peterson et al., 2000), wetter conditions in southern South 

America (Wang et al., 2004), drier and colder conditions in the East Pacific Warm Pool 

(Benway et al., 2006), colder and wetter conditions off the Pacific coast of Columbia 

(Kienast et al., 2006; Pahnke et al., 2007), and reduction in the strength of the Asian 

Monsoon (Wang et al., 2001).  These records are consistent with a southward 
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displacement of the ITCZ in concert with H1 and the LGM.  Atmosphere and slab Ocean  

GCMs and coupled Atmosphere-Ocean GCMs (AOGCMs) are capable of simulating a 

southward shift in the ITCZ  (Zhang and Delworth, 2005; Broccoli et al., 2006; 

Timmerman et al., 2007).  Zhang and Delworth (2005) apply an AOGCM forced by a 

freshwater flux of 1 Sv over 60 years to simulate climate response to a large reduction in 

the Atlantic Meridional Overturning Circulation (AMOC) similar to a Heinirich event.  

Their results show a southward shift in the ITCZ associated with a meridionally 

asymmetric tropical SST pattern about the equatorial Atlantic induced by reducing the 

AMOC.  This shift is transmitted to the tropical Pacific via an “atmospheric bridge” over 

the Isthmus of Panama that transmits the cold Caribbean SST anomaly to the NE Pacific. 

Together, the SST patterns induced by a reduction in the AMOC cause a southward shift 

in the ITCZ accompanied by a southerly displacement of the Hadley cell.  The results of 

Zhang and Delworth (2005)’s simulation are supported by a suite of AO-GCM 

simulations reviewed by Timmerman et al. (2007).  Because the Pacific High is a 

manifestation of the northern extent of the Hadley circulation over the Pacific, a 

southward shift in the Hadley circulation corresponds with a southward displacement of 

the Pacific High.  Timmerman et al. (2007) show positive zonal surface wind anomalies 

near Hawaii and northward in many of their simulations.  Perhaps more relevant for a 

Heinrich event occurring during full glacial boundary condition are the results of 

Hostetler and Bartlein (1999) who include the topographic effects of Northern 

Hemisphere ice sheets in a slab ocean atmospheric GCM.  Hostetler and Bartlein show 

northwesterly surface wind anomalies, strong zonal upper atmospheric wind anomalies, 

and a decrease in sea level pressure over Hawaii in their simulated Heinrich event as 

simulated with glacial boundary conditions including cold North Atlantic SSTs.  The 

wind anomalies and pressure results agree with a mechanism involving a weakening and 

shifting of the Pacific High and a southward displacement of the winter storm track.  The 

present-day occurrence of snow on the summits of Mauna Kea is associated with 

extratropical frontal cyclonic storms during winter (Blumenstock and Price, 1974).  With 

a southward shifted Pacific High, decreased trade wind strength, and southward shifted 

storm track during glacial times, it is conceivable that cyclonic storm frequency was 
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greater during the LGM and H1 providing increased moisture at the summit of Mauna 

Kea.  The incursion of extratropical frontal systems is supported by the greater LGM 

seasonality of 1.6 °C (average of two cores) based on faunal assemblage temperature 

estimates (Lee and Slowey, 1999). A 63% increase in Mauna Kea summit precipitation 

requires an additional 32 cm of rain or snowfall over the present-day annual average and 

would increase precipitation at all elevations in the island.  That amount is 11% – 13% of 

the LGM minimum in precipitation of 250 cm – 285 cm estimated by Hotchkiss and 

Juvik (1999) at 463 m.  The additional precipitation reduction at low elevation needed to 

reconcile increased cyclonic storminess with the low elevation drying could have been 

accommodated by the reduced water vapor flux associated with weaker trade winds and a 

drier convective boundary layer that would be associated with a southward shift in the 

Pacific High.    

 

Finally, the difference between North Atlantic circulation conditions during a Heinrich 

event and the LGM and the influence that may have had on Hawaiian climate should be 

pointed out.  GCMs indicate that the LGM in the North Atlantic was marked by a 

reduction in the strength of the AMOC and shoaling atlantic deepwater (Stocker et al., 

1992).  During Heinrich events, ventilation appears to have beeen reduced to a few 

percent of the preindustrial overtuning (Knutti et al., 2004).  Thus the response of Hawaii 

climate to LGM and H1 conditions should not be identical if a connection between 

Hawaii and the North Atlantic exists.  This is supported by the Eastern Tropical Pacific 

SST records of Kienast et al. (2006) and Pahnke et al. (2007) which show marked 

cooling during H1, but no obvious change during the LGM.  The additional climate 

forcing for Hawaii could have come from the direct summertime insolation forcing at 20 

°N shown in Figure 4.9a.  This record shows a minima in insolation that coincides with 

the maximum extent of the Makanaka ice cap with deglaciation beginning as insolation 

increases.  
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4.5 Conclusion 

We have presented the results of surface exposure dating of four moraines, a glacial 

outwash plain, and a singe boulder near the summit of Mauna Kea.  All of these 

landforms have been associated with the last glacial advance on Mauna Kea (Porter, 

1979; Wolfe et al., 1997).  Based on our ages we have determined a glacial chronology 

that establishes the local last glacial maximum at an age of 22.1 ± 2.1 kyr BP roughly 

coincident with the timing of the LGM of the Laurentide Ice Sheet and with the minimum 

of summer solar insolation at 20 °N (Figure 4.9a).  Deglaciation from this maximum 

extent raised the elevation of the terminus to > 3700 m followed by a readvance at 16.8 

kyr BP to 16.1 kyr BP corresponding to the timing of Heinrich event 1 in the North 

Atlantic.  The readvance was less extensive than the LLGM extent.  Deglaciation 

resumed by 14.7 ± 1.4 kyr BP and was complete shortly thereafter.  

  

To explain the close relationship between our chronology and condition of the circum-

North Atlantic we argue for a glacial/deglacial mechanism tied to the transient position of 

the ITCZ and its link with the Pacific High.  Present day climate on Hawaii is closely 

related to the position and strength of the Pacific High.  During periods of glacier growth, 

the Pacific High was shifted southward in concert with the position of the ITCZ.  A 

southwardly shifted high enabled extratropical cyclonic activity to reach Hawaii, which 

increased precipitation at high elevations.  The increased cyclonic precipitation at lower 

elevations was offset by a decrease in the strength and/or frequency of trade winds along 

with decreased atmospheric moisture content due to lower SSTs.  This mechanism is 

supported by both modeling and proxy evidence. 

 

4.6 Acknowledgements 

Support for this research was provided by the National Science Foundation Paleoclimate 

Program grant number 0233953.  Jorie Clark and Dave Sherrod (USGS) provided 

assistance sampling during the 2003 campaign.  

 

 



 129

4.7 References 
 
Berger A. and M.F. Loutre, 1991. Insolation values for the climate of the last 10 million 

years.  Quaternary Science Reviews, 10, 297-317. 
 
 
Blard, P.-H., R. Pik, J. Lavé, D. Bourlès, P.G. Burnard, R. Yokochi, B. Marty, and F. 

Trusdell, 2006. Cosmogenic 3He production rates revisited from evidences of grain 
size dependent release of matrix-sited helum. Earth and Planetary Science Letters, 
247, 222-234. 

 
Blard, P.-H., J. Lavé, R. Pik, P. Wagnon, and D. Bourlès, 2007. Persistence of full glacial 

conditions in the central Pacific until 15,000 years ago. Nature, 449, 591-596. 
 
Blumenstock, D.I., and S. Price, 1974. The climate of Hawaii. The Climates of States, 

National Oceanic and Atmospheric Administration, 24 pp. 
 
Broccoli, A.J., K.A. Dahl, and R.J. Stouffer, 2006. Response of the ITCZ to Northern 

Hemisphere cooling. Geophysical Research Letters, 33, doi: 10.1029/2005GL024546. 
 
Broecker, W., 1997. Mountain glaciers: Recorders of atmospheric water vapor content? 

Global Biogeochemical Cycles, 11, 589-597. 
 
Bush, A.B.G., and S.G. Philander, 1998. The role of Ocean-Atmosphere Interactions in 

Tropical Cooling During the Last Glacial Maximum. Science, 279, 1341-1344. 
 
Cerling, T.E., 1990. Dating Geomorphologic Surfaces Using Cosmogenic 3He.  

Quaternary Research, 33, 148-156. 
 
Clement, A.C., R. Seager, and M.A. Cane, 1999. Orbital controls on the El 

Niño/Southern Oscillation and the tropical climate. Paleoceanography, 14, 441-456. 
 
Cuffey, K.M. and G.D. Clow, 1997. Temperature, accumulation, and ice sheet elevation 

in central Greenland through the last deglacial transition. Journal of Geophysical 
Research, 102, No. C12, 26,383-26,396. 

 
Dorn, R.I., F.M. Phillips, M.G. Zreda, E.W. Wolfe, A.J.T. Jull, D.J. Donahue, P.W. 

Kubik, and P.W. Sharma, 1991. Glacial chronology of Mauna Kea, Hawaii, as 
constrained by surface-esposure Dating. National Geographic Research and 
Exploration, 7, 456-471. 

 
Dunai, T.J., 2000. Scaling factors for production rates of in situ produced cosmogenic 

nuclides: a critical reevaluation. Earth and Planetary Science Letters, 176, 157-169. 
 

 



 130

Gosse, J.C. and F.M. Phillips, 2001. Terrestrial in situ cosmogenic nuclides: theory and 
application. Quaternary Science Reviews, 20, 1475-1560. 

 
Hallet, B. and J. Putkonen, 1994. Surface Dating of Dynamic Landforms: Young 

Boulders on Aging Moraines. Science, 265, 937-940. 
 
Hallet, B. L. Hunter, and J. Bogen, 1996. Rates of erosion and sediment evacuation by 

glaciers: A review of field data and their implications. Global and Planetary Change, 
12, 213-235. 

 
Hostetler, S.W. and P.J. Bartlein, 1999. Simulation of the Potential Responses of 

Regional Climate and Surface Processes in Western North America. In Mechanisms 
of Global Climate Change at Millennial Time Scales, P.U. Clark, R.S. Webb, and 
L.D.  Keigwin (eds.), Geophysical Monograph 112, American Geophysical Union 
(1999), pp. 313-327 

 
Hostetler, S.W. and P.U. Clark, 2000. Tropical climates at the last glacial maximum 

inferred from glacier mass-balance modeling. Science, 290, 1747-1750. 
 
Hostetler, S.W., N. Pisias, and A. Mix, 2006. Sensitivity of Last Glacial Maximum 

climate to uncertainties in tropical and subtropical ocean temperatures. Quaternary 
Science Reviews, 25, 1168-1185. 

 
Hotchkiss, S. and J.O. Juvik, 1999. A Late-Quaternary Pollen Record from Ka’au Crater, 

O’ahu, Hawai’i. Quaternary Research, 52, 115-128. 
 
Ivy-Ochs, S., H. Kerschner, and C. Schlüchter, 2007. Cosmogenic nuclides and the dating 

of Lateglacial and Early Holocene glacier variations: The Alpine perspective. 
Quaternary International, 164-165, 53-56. 

 
Kienast, M., S.S. Kienast, S.E. Calvert, T.I. Eglinton, G. Mollenhauer, R. François, and 

A.C. Mix, 2006. Eastern Pacific cooling during the last deglaciation. Nature, 443, 
846-849. 

 
Knutti, R., J. Flückiger, and A. Timmerman, 2004. Strong interhemispheric coupling of 

glacial climate through freshwater discharge and ocean circulation. Nature, 430, 851-
856. 

 
Kurz, M.D., 1986. Cosmogenic helium in a terrestrial igneous rock. Nature, 320, 435-

439. 
 
Kurz, M.D., 1986. In situ production of terrestrial cosmogenis helium and some 

applications to geochronology. Geochimica et Cosmochimica Acta, 50, 2855-2862. 
 

 



 131

Kurz, M.D., D. Colodner, T.W. Trull, R.B. Moore, and K. O’Brien, 1990. Cosmic ray 
exposure dating with in situ produced cosmogenis 3He: results from young Hawaiian 
lava flows. Earth and Planetary Science Letters,  97, 177-189. 

 
Lal, D., 1991. Cosmic ray labeling of erosion surfaces: in-situ nuclide production rates 

and erosion models. Earth And Planetary Science Letters, 104, 424-439. 
 
Lea, D.W., D.K. Pak, and H.J. Spero, 2000. Climate Impact of Late Quaternary 

Equatorial Pacific Sea Surface Temperature. Science, 289, 1719-1724. 
 
Lee, K. E., N.C. Slowey, and T.D. Herbert. 2001. Glacial  sea surface temperatures in the 

subtropical North Pacific: A comparison of Uk’
37, d18O, and foraminiferal assemblage 

temperature estimates. Paleoceanography, 16, 268-279. 
 
Lee, K.E. and N.C. Slowey, 1999. Cool surface waters of the subtropical North Pacific 

Ocean during the last glacial. Nature, 397, 812-814. 
 
Licciardi, J.M., M.D. Kurz, and J.M. Curtice, 2006. Cosmogenic 3He production rates 

from Holocene lava flows in Iceland. Earth and Planetary Science Letters, 246, 251-
264. 

 
Masarik, J. and R. Wielier, 2003. Production rates of cosmogenic nuclides in boulders. 

Earth and Planetary Science Letters, 216, 201-208. 
 
Peng, L. and J.W. King, 1992. A Late Quaternary Geomagnetic Secular Variation Record 

From Lake Waiau, Hawaii, and the Question of the Pacific Nondipole Low. Journal 
of Geophysica Research, 97, B4, 4407-4424. 

 
Peterson, L.C., G.H. Haug, K.A. Hughen, and U. Rohl, 2000. Rapid Changes in the 

Hydrologic Cycle of the Tropical Atlantic During the Last Glacial. Science, 290, 
1947-1951. 

 
Pinot, S., G. Ramstein, S.P. Harrison, I.C. Prentice, J. Guiot, M. Stute, and S. Joussaume, 

1999. Tropical paleoclimates at the Last Glacial Maximum: comparison of 
Paleoclimate Modeling Intercomparison Project (PMIP) simulations and paleodata. 
Climate Dynamics, 15, 857-874. 

 
Porter, S.C., M. Stuiver, and I.C. Yang, 1977. Chronology of Hawaiian Glaciations. 

Science, 195, 61-63. 
 
Porter, S.C., 1979. Hawaiian Glacial Ages. Quaternary Research,  12, 161-187. 
 

 



 132

Porter, S.C., 1987. Pleistocene subglacial eruptions on Mauna Kea, Chap. 21 of Decker, 
R.W., T.L. Wrigth, and P.H. Stauffer eds. Volcanism in Hawaii: U.S. Geological 
Survey Professional Paper 1350, 1, 587-598. 

 
Porter, S.C., 2005. Pleistocene snowlines and glaciation of the Hawaiian Islands. 

Quaternary International, 138-139, 118-128. 
 
Putkonen, J. and T. Swanson, 2003. Accuracy of cosmogenic ages for moraines. 

Quaternary Research, 59, 255-261. 
 
Rind, D. and D. Peteet, 1985. Terrestrial Condition at the Last Glacial Maximum and 

CLIMAP Sea-Surface Temperature Estimates: Are They Consistent? Quaternary 
Research, 24, 1-22. 

 
Selling, O. H. 1948. “Studies in Hawaiian Pollen Statistics. Part III. On the 

Late Quaternary History of the Hawaiian Vegetation.” Bernice P. Bishop 
Museum Special Publication 39. 

 
Stocker, T.F., D.G. Wright, and W.S. Broecker, 1992. The influence of high-latitude 

surface forcing on the global thermohaline circulation. Paleoceanography, 7, 529-
541. 

 
Timmerman, A., Y. Okumura, S.-I. An, A. Clement, B. Dong, E. Guilyardi, A. Hu, J.H. 

Jungclaus, M. Renold, T.F. Stocker, R.J. Stouffer, R. Sutton, S.-P. Xie, and J. Yin, 
2007. The Influence of a Weakening of the Atlantic Meridional Overturning 
Circulation on ENSO. Journal of Climate, 20, 4899-4919. 

 
Wang, Y.J., H. Cheng, R.L. Edwards, Z.S. An, J.Y. Wu, C.-C. Shen, and J.A. Dorale, 

2001. A High-Resolution Absolute-Dates Late Pleistocene Monsoon Record from 
Hulu Cave, China. Science, 294, 2345-2348.  

 
Wang, X., A.S. Auler, R.L. Edwards, H. Cheng, P.S. Cristall, P.L. Smart, D.A. Richards, 

and C.-C. Shen, 2004. Wet periods in northeastern Brazil over the past 210 kyr linked 
to distant climate anomalies. Nature, 432, 740-743. 

 
Wolfe, E.W., W.S. Wise, and G.B. Dalrymple, 1997. The Geology and Petrology of 

Mauna Kea Volcano, Hawaii: a Study of Postshield Volcanism. U.S. Geological 
Survey Professional Paper 1557, 129 pp. 

 
Yokochi, B.M., R. Pik, and P. Burnard, 2005. High 3He/4He ratios in peridotite xenoliths 

from SW Japan revisited: Evidence for cosmogenic 3He released by vacuum crushing. 
Geochemisry, Geophysics, Geosystems, 6, doi:10.1029/2004GC000836

 

 



 133

Zhang, R. and T.L. Delworth, 2005. Simulated Tropical Response to a Substantial 
Weakening of the Atlantic Thermohaline Circulation. 18, 1853-1860. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 134

Chapter 5 
 
 
 

Conclusions 
 

 
 

A surface energy balance model has been developed and applied to South Cascade 

Glacier over the 2004 and 2005 ablation seasons.  The model utilizes physical 

parameterizations of the most important energy transfer processes to compute ablation 

and includes detailed temperature, humidity, and radiation distribution across the glacier.  

The model is first tuned to SCG by altering six physical parameters not measured in the 

field program.  We then estimated the uncertainty in the model calculation of net balance 

by performing 103 simulations with simultaneous random variations of the parameters 

mentioned above about a range of ±5% of the optimum value.  We also combine model 

sensitivity to input meteorological data with rated instrument error to fully describe the 

range of the SEBMs uncertainty.  For 2004, a net mass balance of -1.69 ± 0.38 m w. e. 

was computed for the period ending 30 September and is 0.04 m w. e. greater than the 

measured water year net balance.  Of the reported 2004 ablation season uncertainty, 0.23 

m w. e. are due to uncertainty in the input data, while 0.15 m w. e. are due to parameter 

uncertainty indicating that parameter uncertainty is of equal magnitude to that due to 

uncertainties in meteorological measurements.  For 2005 as of 11 Sept a balance of -2.10 

± 0.30 m w. e. was reached, which is within 0.42 m w. e. of the reported water year 

balance, with 19 days remaining in the ablation season.  

With respect to physical parameters the greatest sensitivity of the SEBM presented here 

is to the parameters governing precipitation distribution and the snow ageing parameter 

used to calculate albedo.  The SEBM’s sensitivity to variations in input meteorological 

data show that incoming longwave radiation has the greatest weight in the net balance 

outcome.  The affect of uncertainty in precipitation is small compared with the other 

variables, but the magnitude of changes is amplified through albedo feedbacks on the 
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glacier by a factor of 2.6.  The sensitivity of ablation to temperature is -0.86 m w. e. °C-1 

and is greater during day than during night by a factor of 1.9. 

Overall, the combination of energy balance modeling with monte-carlo type estimation of 

model uncertainty is a powerful tool for judging uncertainty in model results and 

comparing model results with measurements.  This method is easily applied and would be 

useful to consider in larger temporal and spatial scale applications.  Specifically, this 

technique should be applied to simulations of glacier mass balance in past or future 

climates where physical parameters are strictly not easily characterized.  

 
Using the surface energy balance model developed and described in Chapter 2, the mass 

balance history of South Cascade Glacier has been reconstructed over the 20th century 

with input data from the RegCM regional model and the CRU gridded monthly 

climatology .  The results from both input data sets explain 56% and 59% of the variance 

in net mass balance over the observational period (for RegCM and CRU respectively).  

The cumulative net balance history from the CRU reconstruction shows that the late 

1930s and early 1940s had the highest rates of surface lowering and volume loss. There 

was subsequent slowing in the ablation rate lasting until 1976 that lead to the present high 

rates of surface lowering.  The modeled volume change is in good agreement with the 

geodetically determined volume change of Josberger et al., (2007) and replicates the 

highest rates of volume change that occurred before 1945.  

 

Throughout the record, winter precipitation has the greatest role in determining the net 

mass balance outcome. Summer temperatures played a reduced role in determining net 

mass balance outcome during the period between 30 year correlation windows ending in 

1970 and those ending in 1990.  A similar period is expressed in the early part of the 

record for 30 year correlation windows ending in 1935.  The present rapid mass loss is 

occurring in a climate with fairly high winter precipitation with high summer ablation 

playing a strong role in determining the annual mass balance for the glacier. A similar 

period occurred in late 1950s through the 1960s, however, that period showed only 
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moderate rates of mass loss. In both these cases the net balance is more highly correlated 

with summer temperatures than other periods. Winter precipitation dominates the mass 

balance signal at all times in the reconstruction period.  

 

The relationship between winter accumulation and two climate indexes relevant to 

conditions in the Tropical (SOI) and Northern (PDO) North Pacific shows a diminishing 

role for both indexes in recent decades as demonstrated in Hodge et al., (1998).  There is 

an earlier manifestation of weak relationships for correlation periods ending in between 

1931 and 1950 for the PDO and all averaging periods ending prior to 1960 for the SOI.  

This may not necessarily imply a weak connection between tropical and extratropical 

ocean state as much as a lack of strong forcing as described by these indexes during the 

first half of the century. 

 

Finally, as somewhat of a departure from the modeling aspects of this thesis, but in work 

that will be complimentary to it, we have presented the results of surface exposure dating 

of four moraines, a glacial outwash plain, bedrock surfaces and a singe boulder near the 

summit of Mauna Kea.  All of these landforms have been associated with the last glacial 

advance on Mauna Kea (Porter, 1979; Wolfe et al., 1997).  Based on our ages we have 

determined a glacial chronology that establishes the local last glacial maximum at an age 

of 22.1 ± 2.1 kyr BP roughly coincident with the timing of the LGM of the Laurentide Ice 

Sheet and with the minimum of summer solar insolation at 20 °N (Figure 4.9a).  

Deglaciation from this maximum extent raised the elevation of the terminus to > 3700 m 

followed by a readvance at 16.8 kyr BP to 16.1 kyr BP corresponding to the timing of 

Heinrich event 1 in the North Atlantic.  The readvance was less extensive than the LLGM 

extent.  Deglaciation resumed by 14.7 ± 1.4 kyr BP and was complete shortly thereafter.  

  

To explain the close relationship between our chronology and condition of the circum-

North Atlantic we argue for a glacial/deglacial mechanism tied to the transient position of 

the ITCZ and its link with the Pacific High.  Present day climate on Hawaii is closely 

related to the position and strength of the Pacific High.  During periods of glacier growth, 
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the Pacific High was shifted southward in concert with the position of the ITCZ.  A 

southwardly shifted high enabled extratropical cyclonic activity to reach Hawaii, which 

increased precipitation at high elevations.  The increased cyclonic precipitation at lower 

elevations was offset by a decrease in the strength and/or frequency of trade winds along 

with decreased atmospheric moisture content due to lower SSTs.  This mechanism is 

supported by both modeling and proxy evidence. 

 

References 
 
Hodge, S. M., D. C. Trabant, R. M. Krimmel, T. A. Heinrichs, R. S. March, and E. G. 

Josberger, 1998. Climate Variations and Changes in Mass of Three Glaciers in 
Western North America. Journal of Climate, 11, 2161-2179. 

 
Josberger, E.G., W.R. Bidlake, R.S. March, and B.W. Kennedy, 2007. Glacier mass-

balance fluctuations in the Pacific Northwest and Alaska, USA. Annals of Glaciology, 
46, 291-296. 

 
Porter, S.C., 1979. Hawaiian Glacial Ages. Quaternary Research,  12, 161-187. 
 
Wolfe, E.W., W.S. Wise, and G.B. Dalrymple, 1997. The Geology and Petrology of 

Mauna Kea Volcano, Hawaii: a Study of Postshield Volcanism. U.S. Geological 
Survey Professional Paper 1557, 129 pp. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 138

Bibliography 
 
 
Alexander, M.A., C. Deser, and M.S. Timlin, 1999. The Reemergence of SST Anomalies 

in the North Pacific Ocean. Journal of Climate, 12, 2419-2433. 
 
Anslow, F.S., S. Hostetler, W.R. Bidlake, and P.U. Clark (accepted. Distributed energy 

balance modeling of South Cacade Glacier and assessment of model uncertainty. 
Journal of Geophysical Research. 49 pp. 

Arendt, A.A., K.A. Echelmeyer, W.D. Harrison, C.S. Lingle, and V.B. Valentine, 2002. 
Rapid Wastage of Alaska Glaciers and Their Contribution to Rising Sea Level. 
Science, 297, 382-386. 

Arnold, N.S., I.C. Willis, M.J. Sharp, K.S. Richards. and W.J. Lawson, 1996. A 
distributed surface energy-balance model for a small valley glacier. I. Development 
and testing for Haut Glacier d’Arolla, Valais, Switzerland. Journal of  Glaciology, 
42, 77-89. 

Arnold, N.S., W.G. Rees, A.J. Hodson, and J. Kohler, 2006. Topographic controls on 
surface energy balance of a high arctic valley glacier. Journal of Geophysical 
Research, 111, F02011, doi:10.1029/2005JF000426. 

Barnett, T.P., J.C. Adam, and D.P. Lettenmaier, 2005. Potential impacts of a warming 
climate on water availability in snow-dominated regions. Nature, 438, 303-309. 

 
Bence, J.R. 1995. Analysis of short time series: corrections for autocorrelation. Ecology, 

76, 628-639. 
 
Berger A. and M.F. Loutre, 1991. Insolation values for the climate of the last 10 million 

years.  Quaternary Science Reviews, 10, 297-317. 

Bidlake, W.R., E.G. Josberger, M.E. Savoca, 2007. Water, Ice, and Meteorological 
Measurements at South Cascade Glacier, Washington, Balance Years 2004 and 
2005: U.S. Geological Survey Scientific Investigations Report 2007-5055, 38 p.  

 
Bitz, C. M., and D. S. Battisti, 1999. Interannual to Decadal variability in Climate and the 

Glacier Mass Balance in Washington, Western Canada, and Alaska. Journal of 
Climate,  12, 3181-3196. 

 
Blard, P.-H., R. Pik, J. Lavé, D. Bourlès, P.G. Burnard, R. Yokochi, B. Marty, and F. 

Trusdell, 2006. Cosmogenic 3He production rates revisited from evidences of grain 

 



 139

size dependent release of matrix-sited helum. Earth and Planetary Science Letters, 
247, 222-234. 

 
Blard, P.-H., J. Lavé, R. Pik, P. Wagnon, and D. Bourlès, 2007. Persistence of full glacial 

conditions in the central Pacific until 15,000 years ago. Nature, 449, 591-596. 
 
Blumenstock, D.I., and S. Price, 1974. The climate of Hawaii. The Climates of States, 

National Oceanic and Atmospheric Administration, 24 pp. 

Bougamont, M., J.L. Bamber, J.K. Ridley, R.M. Gladstone, W. Greuell, E. Hanna, A.J. 
Payne, and I. Rutt, 2007. Impacts of model physics on estimating the surface mass 
balance of the Greenland ice sheet. Geophysical Research Letters, 34, 
doi:10.1029/2007GL030700. 

Braithwaite, R.J, 1981. On glacier energy balance, ablation, and air temperature. Journal 
of Glaciology, 27, 381-391. 

Braithwaite, R.J., T. Konzelmann, C. Marty, and O.B. Olesen, 1998. Errors in daily 
ablation measurements in northern Greenland, 1993-1994, and their implications 
for glacier climate studies. Journal of Glaciology, 44, 583-588. 

Braun M. and R. Hock, 2004. Spatially distributed surface energy balance and ablation 
modeling on the ice cap of King George Island (Antarctica), Global Planet. 
Change, 42, 45-58.  

 
Broccoli, A.J., K.A. Dahl, and R.J. Stouffer, 2006. Response of the ITCZ to Northern 

Hemisphere cooling. Geophysical Research Letters, 33, doi: 10.1029/2005GL024546. 

Brock, B.W. and N.S. Arnold, 2000. A spreadsheet-based (Microsoft Excel) point surface 
energy balance model for glacier and snow melt studies. Earth Surface Processes 
and Landforms, 25, 649-658. 

Brock, B.W., I.C. Willis, and M.J. Sharp, 2000. Measurement and parameterization of 
albedo variations at Haut Glacier d’Arolla, Switzerland. Journal of Glaciology, 45, 
675-688. 

Brock, B.W., I.C. Willis, and M.J. Sharp, 2006. Measurement and parameterization of 
aerodynamic roughness length variations at Haut Glacier d’Arolla, Switzerland. 
Journal of Glaciology, 52, 281-297. 

 
Broecker, W., 1997. Mountain glaciers: Recorders of atmospheric water vapor content? 

Global Biogeochemical Cycles, 11, 589-597. 

 



 140

Brun, E., E. Martin, V. Simon, C. gendre, and C. Coléou, 1989. An energy and mass 
model of snow cover suitable for operational avalanche forecasting. Journal of 
Glaciology, 38, 13-22.  

Brutsaert, W, 1975. On a Derivable Formula for Long-Wave Radiation from Clear Skies. 
Water Resources Research, 11, 742-744. 

 
Bush, A.B.G., and S.G. Philander, 1998. The role of Ocean-Atmosphere Interactions in 

Tropical Cooling During the Last Glacial Maximum. Science, 279, 1341-1344. 
 
Cerling, T.E., 1990. Dating Geomorphologic Surfaces Using Cosmogenic 3He.  

Quaternary Research, 33, 148-156. 
 
Chang, T.-J., Y.-T. Wu, H.-Y. Hsu, C.-R. Chu, and C.-M. Liao. 2003. Assessment of 

wind characteristics and wind turbine characteristics in Taiwan. Renewable Energy, 
28, 851-871. 

 
Clement, A.C., R. Seager, and M.A. Cane, 1999. Orbital controls on the El 

Niño/Southern Oscillation and the tropical climate. Paleoceanography, 14, 441-456. 

Collares-Periera, M. and A. Rabl, 1979. The average distribution of solar radiation-
correlations between diffuse and hemispherical and between daily and hourly 
insolation values. Solar Energy, 22, 155-164. 

 
Cuffey, K.M. and G.D. Clow, 1997. Temperature, accumulation, and ice sheet elevation 

in central Greenland through the last deglacial transition. Journal of Geophysical 
Research, 102, No. C12, 26,383-26,396. 

Daly, C., R.P. Neilson, and D.L. Phillips, 1994. A Statistical-Topographic Model for 
Mapping Climatological Precipitation over Mountainous Terrain. Journal of 
Applied Meteorology, 33, 140-158. 

Denby, B. and W. Greuell, 2000. The use of bulk and profile methods for determining 
surface heat fluxes in the presence of glacier winds. Journal of Glaciology, 46, 445-
452. 

Denby, B., W. Greuell, and J. Oerlemans, 2002. Simulating the Greenland atmospheric 
boundary layer: Part II. Energy balance and climate sensitivity, Tellus, Series A, 54, 
529-541. 

 
Diaz, H.F., M.P. Hoeling, and J.K. Eischeid, 2001. ENSO variability, teleconnections and 

climate change. International Journal of Climatology, 21, 1845-1862. 
 

 



 141

Dorn, R.I., F.M. Phillips, M.G. Zreda, E.W. Wolfe, A.J.T. Jull, D.J. Donahue, P.W. 
Kubik, and P.W. Sharma, 1991. Glacial chronology of Mauna Kea, Hawaii, as 
constrained by surface-esposure Dating. National Geographic Research and 
Exploration, 7, 456-471. 

Dozier, J. and J. Frew, 1990. Rapid Calculation of Terrain Parameters For Radiation 
Modeling From Digital Elevation Data. IEEE Transactions of Geoscience and 
Remote Sensing, 28, 963-969. 

 
Dunai, T.J., 2000. Scaling factors for production rates of in situ produced cosmogenic 

nuclides: a critical reevaluation. Earth and Planetary Science Letters, 176, 157-169. 
 
 
Dyurgerov, M.B. and M.F. Meier, 2000. Twentieth century climate change: Evidence 

from small glaciers. Proceedings of the National Academy of Science, 
 
Dyurgerov, M., 2003. Mountain and supolar glaciers show an increase in sensitivity to 

climate warming and intensification of the water cycle. Journal of Hydrology, 282, 
164-176. 

 
Escher-Vetter, H, 1985. Energy balance calculations for the ablation period 1982 at 

Vernagtferner, Oetzal Alps. Annals of Glaciology, 6, 158-160.  

Fierz, C, P. Riber, E.E. Adams, A.R. Curran, P.M.B. Föhn, M. Lehning, C. Plüss, 2003. 
Evaluation of snow-surface energy balance models in alpine terrain. Journal of 
Hydrology, 282, 76-94. 

Fleming, S.W., 2005. Comparitive analysis of glacial and nival streamflow regimes with 
implications for lotic habitat quantity and fish species richness. River Research and 
Applications,  21, 363-371. 

Gerbaux, M., C. Genthon, P. Etchevers, C. Vincent, and J.P. Dedieu, 2005. Surface mass 
balance of glaciers in the French Alps: distributed modeling and sensitivity to 
climate change. Journal of Glaciology, 51, 561-572. 

 
Giorgi, F., M. R. Marinucci, and G. T. Bates, 1993a. Development of a second generation 

regional climate model (RegCM2) I: Boundary layer and radiative transfer processes. 
Monthly Weather review, 121, 2794-2813. 

 
Giorgi, F., M. R. Marinucci, G. T. Bates, and G. DeCanio, 1993b. Development of a 

second generation regional climate model (RegCM2) II: Convective processes and 
assimilation of lateral boundary conditions. Monthly Weather Review, 121, 2814-
2832. 

 



 142

 
Gosse, J.C. and F.M. Phillips, 2001. Terrestrial in situ cosmogenic nuclides: theory and 

application. Quaternary Science Reviews, 20, 1475-1560. 
 
Grell, G.A., J. Dudhia, and D.R. Stauffer, 1995. A Description of the Fifth-Generation 

Penn State/NCAR Mesoscale Model (MM5). NCAR Technical Note, NCAR/TN-398 
+ STR, 122 pp. 

Greuell, W. and T. Konzelmann, 1994. Numerical modeling of the energy balance and 
the englacial temperature of the Greenland Ice Sheet. Calculations for the ETH 
Camp location (West Greenland, 1155 m a.s.l.). Global and Planetary Change, 9, 
91-114. 

Greuell, W. and W.H. Knap, 1997. Elevational changes in meteorological variables along 
a midlatitude glacier during summer. Journal of Geophysical Research, 102, 
25,941-25,954.  

 
Hallet, B. and J. Putkonen, 1994. Surface Dating of Dynamic Landforms: Young 

Boulders on Aging Moraines. Science, 265, 937-940. 
Hallet, B. L. Hunter, and J. Bogen, 1996. Rates of erosion and sediment evacuation by 

glaciers: A review of field data and their implications. Global and Planetary Change, 
12, 213-235. 

 
Hay, L. E., and M. P. Clark, 2003. Use of statistically and dynamically downscaled 

atmospheric model output for hydrologic simulations in three mountainous basins in 
the Western United States. Journal of Hydrology, 282, 56-73. 

Hock, R, 1999. A distributed temperature-index ice- and snowmelt model including 
potential direct solar radiation. Journal of Glaciology, 45, 101-111. 

Hock, R. and B. Holmgren, 2005. A distributed energy-balance model for complex 
topography and its application to Storglaciären, Sweden. Journal of Glaciology, 51, 
25-36. 

 
Hock, R., V. Radic, and M. De Woul, 2007. Climate sensitivity of Storglaciären, Sweden: 

an intercomparison of mass-balance models using ERA-40 re-analysis and regional 
climate model data. Annals of Glaciology, 46, 342-348. 

 
Hodge, S. M., D. C. Trabant, R. M. Krimmel, T. A. Heinrichs, R. S. March, and E. G. 

Josberger, 1998. Climate Variations and Changes in Mass of Three Glaciers in 
Western North America. Journal of Climate, 11, 2161-2179. 

 

 



 143

Horel, J.D. and J.M. Wallace, 1981. Plnetary-Scale Atmospheric Phenomena Associated 
with the Southern Oscillation. Monthly Weather Review, 109, 813-829. 

 
Hostetler, S.W. and P.J. Bartlein, 1999. Simulation of the Potential Responses of 

Regional Climate and Surface Processes in Western North America. In Mechanisms 
of Global Climate Change at Millennial Time Scales, P.U. Clark, R.S. Webb, and 
L.D.  Keigwin (eds.), Geophysical Monograph 112, American Geophysical Union 
(1999), pp. 313-327 

 
Hostetler, S.W. and P.U. Clark, 2000. Tropical climates at the last glacial maximum 

inferred from glacier mass-balance modeling. Science, 290, 1747-1750. 
 
Hostetler, S.W., N. Pisias, and A. Mix, 2006. Sensitivity of Last Glacial Maximum 

climate to uncertainties in tropical and subtropical ocean temperatures. Quaternary 
Science Reviews, 25, 1168-1185. 

 
Hotchkiss, S. and J.O. Juvik, 1999. A Late-Quaternary Pollen Record from Ka’au Crater, 

O’ahu, Hawai’i. Quaternary Research, 52, 115-128. 
 
Howat, I.M., S. Tulaczyk, P. Rhodes, K. Israel, and M. Snyder, 2007. A precipitation-

dominated, mid-latitude glacier system: Mount Shasta, California. Climate Dynamics, 
28, 85-98. 

Iqbal, M., 1983. An Introduction to Solar Radiation, Academic Press, London, 390 pp. 
 
Ivy-Ochs, S., H. Kerschner, and C. Schlüchter, 2007. Cosmogenic nuclides and the dating 

of Lateglacial and Early Holocene glacier variations: The Alpine perspective. 
Quaternary International, 164-165, 53-56. 

 
Josberger, E.G., W.R. Bidlake, R.S. March, and B.W. Kennedy, 2007. Glacier mass-

balance fluctuations in the Pacific Northwest and Alaska, USA. Annals of Glaciology, 
46, 291-296. 

 
Kaser, G., J.G. Cogley, M.B. Dyurgerov, M.F. Meier, and A. Ohmura, 2006. Mass 

balance of glaciers and ice caps: Consensus estimates for 1961-2004. Geophysical 
Research Letters, 33, L19501, doi:10.1029/2006GL027511, 2006. 

 
Kienast, M., S.S. Kienast, S.E. Calvert, T.I. Eglinton, G. Mollenhauer, R. François, and 

A.C. Mix, 2006. Eastern Pacific cooling during the last deglaciation. Nature, 443, 
846-849. 

Klok, E.J. and J. Oerlemans, 2002. Model study of the spatial distribution of the energy 
balance of Morteratschgletscher, Switzerland. Journal of Glaciology, 48, 505-518. 

 



 144

Klok, E.J. and J. Oerlemans, 2004. Modelled climate sensitivity of the mass balance of 
Morteratschgletscher and its dependence on albedo parameterization. Int. J. 
Climatol., 24, 231-245.  

Klok, E.J., M. Nolan, and M.R. Van Den Broeke., 2005.  Analysis of meteorological data 
and the surface energy balance of McCall Glacier, Alaska, USA. Journal of 
Glaciology, 51, 451-461. 

Knutti, R., J. Flückiger, and A. Timmerman, 2004. Strong interhemispheric coupling of 
glacial climate through freshwater discharge and ocean circulation. Nature, 430, 851-
856. 

Konzelmann, T., R. Van de Wal, W. Greuell, R. Bintanja, E. Henneken, and A. Abe-
Ouchi, 1994. Parameterization of short- and longwave incoming radiation for the 
Greenland Ice Sheet. Global Planet. Change, 9, 143-164. 

 
Kurz, M.D., 1986. Cosmogenic helium in a terrestrial igneous rock. Nature, 320, 435-

439. 
 
Kurz, M.D., 1986. In situ production of terrestrial cosmogenis helium and some 

applications to geochronology. Geochimica et Cosmochimica Acta, 50, 2855-2862. 
 
Kurz, M.D., D. Colodner, T.W. Trull, R.B. Moore, and K. O’Brien, 1990. Cosmic ray 

exposure dating with in situ produced cosmogenis 3He: results from young Hawaiian 
lava flows. Earth and Planetary Science Letters,  97, 177-189. 

Laabs, B.J.C., M.A. Plummer, and D.M. Mickelson, 2006. Climate during the last glacial 
maximum in the Wasatch and southern Uinta Mountains inferred from glacier 
modeling. Geomorphology, 75, 300-317. 

 
Lal, D., 1991. Cosmic ray labeling of erosion surfaces: in-situ nuclide production rates 

and erosion models. Earth And Planetary Science Letters, 104, 424-439. 
 
Laroque, S. J. and D. J. Smith, 2005. ‘Little Ice Age’ proxy glacier mass balance records 

reconstructed from tree rings in the Mt. Waddington area, British Columbia Coast 
Mountains, Canada. The Holocene, 15, 748-757. 

 
Lea, D.W., D.K. Pak, and H.J. Spero, 2000. Climate Impact of Late Quaternary 

Equatorial Pacific Sea Surface Temperature. Science, 289, 1719-1724. 
 
Lee, K. E., N.C. Slowey, and T.D. Herbert. 2001. Glacial  sea surface temperatures in the 

subtropical North Pacific: A comparison of Uk’
37, d18O, and foraminiferal assemblage 

temperature estimates. Paleoceanography, 16, 268-279. 
 

 



 145

Lee, K.E. and N.C. Slowey, 1999. Cool surface waters of the subtropical North Pacific 
Ocean during the last glacial. Nature, 397, 812-814. 

 
Licciardi, J.M., M.D. Kurz, and J.M. Curtice, 2006. Cosmogenic 3He production rates 

from Holocene lava flows in Iceland. Earth and Planetary Science Letters, 246, 251-
264. 

 
Linderholm, H. W., P. Jansson, and D. Chen, 2007. A high-resolution reconstruction of 

Storglaciären mass balance back to 1780/1781 using tree-ring data and circulation 
indices. Quaternary Research, 67, 12-20. 

 
Mantua, N.J. and S.R. Hare, Y. Zhang, J.M. Wallace, and R.C. Francis,1997: A Pacific 

interdecadal climate oscillation with impacts on salmon production. Bulletin of the 
American Meteorological Society, 78, 1069-1079. 

Marks, D., J. Kimball, D. Tingey, and T. Link (1998), The sensitivity of snowmelt 
processes to climate conditions and forest cover during rain-on-snow: a case study 
of the 1996 Pacific Northwest flood. Hydrol. Process., 12, 1569-1587. 

Marks, D., J. Kimball, D. Tingey, and T. Link, 1998. The sensitivity of snowmelt 
processes to climate conditions and forest cover during rain-on-snow: a case study 
of the 1996 Pacific Northwest flood. Hydrol. Process., 12m 1569-1587. 

Masarik, J. and R. Wielier, 2003. Production rates of cosmogenic nuclides in boulders. 
Earth and Planetary Science Letters, 216, 201-208. 

 
McCabe, G., and A. G. Fountain, 1995. Relations between Atmospheric Circulation and 

Mass Balance of South Cascade Glacier, Washington, U.S.A. Arctic and Alpine 
Research, 27, 226-233. 

 
McCabe, G.J., and M.D. Dettinger, 1999. Decadal variations in the strength of ENSO 

teleconnections with precipitation in the western United States. International Journal 
of Climatology, 19, 1399-1410. 

 
McCabe, G. J., A. G. Fountain, and M. Dyurgerov, 2000. Variability in Winter Mass 

Balance of Northern Hemisphere Glaciers and Relations with Atmospheric 
Circulation. Arctic, Antarctic and Alpine Research, 32, 64-72. 

Meier, M.F, 1958. Research on South Cascade Glacier. The Mountaineer, 51, 40-47. 
  
Meier, M.F., M.B. Dyurgerov, and G.J. McCabe, 2003. The health of glaciers: Recent 

changes in glacier regime. Climatic Change, 59, 123-135. 
 

 



 146

Meier, M.F., M.B. Dyurgerov, U.K Rick, S. O’Neel, W.T. Pfeffer, R.S. Anderson, S.P. 
Anderson, and A.F. Glazovsky, 2007. Glaciers Dominate Eustatic Sea-Level Rise in 
the 21st Century. Nature, 317, 1064-1067. 

 
Mesinger, F., G. DiMego, E. Kalnay, K. Mitchell, P.C. Shafran, W. Ebisuzaki, D. Jovic, 

J. Woollen, E. Rogers, E.H. Berbery, M.B. Ek, Y. Fan, R. Grumbine, W. Higgins, H. 
Li, Y. Lin, G. Mankin, D. Parrish, and W. Shi, 2006. North American Regional 
Reanalysis. Bulletin of the American Meteorological Society, 87, 343–360. 

 
Miller, C. D., 1969. Chronology of Neoglacial Moraines in the Dome Peak Area, North 

Cascade Range, Washington. Arctic and Alpine Research, 1, 49-66. 
 
Mitchell, T. D., and P. D. Jones, 2005. An improved method of constructing a database of 

monthly climate observations and associated high-resolution grids. International 
Journal of Climatology, 25, 693-712. 

 
Moore, R.D. and M.N. Demuth, 2001. Mass balance and streamflow variability at Place 

Glacier, Canada, in relation to recent climate fluctuations. Hydrological Processes, 
15, 3473-3486. 

 
Mote, P.W., A.F. Hamlet, M.P. Clark, and D.P. Lettenmaier, 2005. Declining mountain 

snowpack in western North America. Bulletin of the American Meteorological 
Society, 86, 39-49. 

 
Munro, D.S, 1990. Comparison of melt energy computations and ablatometer 

measurements on melting ice and snow. Arctic and Alpine Research, 22, 153-162.  

Munro, D.S, 2004. Revisiting bulk heat transfer on Peyto Glacier, Alberta, Canada, in 
light of the OG parameterization. Journal of Glaciology, 50, 590-600. 

Murphy, J.M., D.M. Sexton, D.N. Barnett, G.S. Jones, M.J. Webb, M. Collins, and D.A. 
Stainforth, 2004. Quantification of modelling uncertainties in a large ensemble of 
climate change simulations. Nature, 430, 768-771. 

Nesje, A., Ø. Lie, and S. O. Dahl, 2000. Is the North Atlantic oscillation reflected in 
Scandanavian glacier mass balance records? Journal of Quaternary Science, 15, 587-
601.  

 
New, M., M. Hulme, and P. Jones, 2000. Representing Twentieth-Century Space-Time 

Climate Variability, Part II: Development of 1901-1996 Monthly Grids of Terrestrial 
Surface Climate. Journal of Climate, 13,  2217-2238. 

 
Newman, M. G.P. Compo, and M.A. Alexander, 2003. ENSO-Forced Variability of the 

Pacific Decadal Oscillation. Journal of Climate, 16, 3853-3857. 

 



 147

Oerlemans, J., 1992. Climate sensitivity of glaciers in southern Norway: application of an 
energy-balance model to Nigardsbreen, Hellstugubreen and Alfotbreen. Journal of 
Glaciology, 38, 223-232.  

Oerlemans, J. and N.C. Hoogendoorn, 1989. Mass balance gradients and climatic change. 
Journal of Glaciology, 35, 399-405. 

Oerlemans, J., and W.H. Knap, 1998. A 1 year record of global radiation and albedo in 
the ablation zone of Morteratschgletscher, Switzerland, Journal of Glaciology, 44, 
231-238. 

Oerlemans, J.,  and B.K. Reichert, 2000. Relating glacier mass balance to meteorological 
data by using a seasonal sensitivity characteristic. Journal of Glaciology, 46, 1-6. 

Oerlemans, J. and B. Grisogono, 2002. Glacier winds and parameterization of the related 
surface heat fluxes. Tellus, 54A, 440-452. 

 
Oerlemans, J., 2005. Extracting a Climate Signal from 169 Glacier Records. Science, 

308, 675-677. 

Ohmura, A., 2001. Physical basis for the temperature-Based Melt-Index Method. Journal 
of Applied Meteorology, 40, 753-761. 

Østrem, G. and N. Haakensen, 1999. Map comparison or traditional mass-balance 
measurements: which method is better? Geografiska Annaler A, 81, 703-711. 

Pellicciotti, F, 2004. Development of an ice and snow melt model for long-term analysis 
of water resources from highly glacierized basins. Ph.D. Thesis, Eidgenössische 
Technische Hochschule, Zürich, Switzerland, 176 pp. 

Pellicciotti, F. B. Brock, U. Strasser, P. Burlando, M. Funk,  and J. Corripio, 2005. An 
enhanced temperature-index glacier melt model including the shortwave radiation 
balance: development and testing for Haut Glacier d’Arolla, Switzerland. Journal of 
Glaciology, 51, 573-587. 

Peng, L. and J.W. King, 1992. A Late Quaternary Geomagnetic Secular Variation Record 
From Lake Waiau, Hawaii, and the Question of the Pacific Nondipole Low. Journal 
of Geophysica Research, 97, B4, 4407-4424. 

 
Peterson, L.C., G.H. Haug, K.A. Hughen, and U. Rohl, 2000. Rapid Changes in the 

Hydrologic Cycle of the Tropical Atlantic During the Last Glacial. Science, 290, 
1947-1951. 

 
Pinot, S., G. Ramstein, S.P. Harrison, I.C. Prentice, J. Guiot, M. Stute, and S. Joussaume, 

1999. Tropical paleoclimates at the Last Glacial Maximum: comparison of 

 



 148

Paleoclimate Modeling Intercomparison Project (PMIP) simulations and paleodata. 
Climate Dynamics, 15, 857-874. 

Plummer, M.A. and F.M. Phillips, 2003. A 2-D numerical model of snow/ice energy 
balance and ice flow for paleoclimatic interpretation of glacial geomorphic features. 
Quaternary Science Reviews, 22, 1,389-1,406. 

Plüss, C. and A. Ohmura, 1997. Longwave Radiation on Snow-Covered Mountainous 
Surfaces. J. Appl. Meteorol., 36, 818-824. 

Porter, S.C., M. Stuiver, and I.C. Yang, 1977. Chronology of Hawaiian Glaciations. 
Science, 195, 61-63. 

 
Porter, S.C., 1979. Hawaiian Glacial Ages. Quaternary Research,  12, 161-187. 
 
Porter, S.C., 1987. Pleistocene subglacial eruptions on Mauna Kea, Chap. 21 of Decker, 

R.W., T.L. Wrigth, and P.H. Stauffer eds. Volcanism in Hawaii: U.S. Geological 
Survey Professional Paper 1350, 1, 587-598. 

 
Porter, S.C., 2005. Pleistocene snowlines and glaciation of the Hawaiian Islands. 

Quaternary International, 138-139, 118-128. 

Press, W.H., S.A. Teukolsky, W.T. Vetterling, and B.P. Flannery, 1992. Numerical 
Recipes in Fortran 77: The art of scientific computing. 933 pp., Cambridge 
University Press, Cambridge. 

 
Putkonen, J. and T. Swanson, 2003. Accuracy of cosmogenic ages for moraines. 

Quaternary Research, 59, 255-261. 
 
Radic, V., and R. Hock, 2006. Modelling mass balance and future evolution of glaciers 

using ERA-40 and climate models – A sensitivity study at Storglaciären, Sweden. 
Journal of Geophysical Research, 111, F03003, doi:10.1029/2005JF000440. 

 
Rasmussen, L.A., H. Conway, and P.S. Hayes, 2000) The accumulation regime of Blue 

Glacier U.S.A. 1914-1996. Journal of Glaciology, 46, 326-334. 
 
Rasmussen, L. A. and H. Conway, 2001. Estimating South Cascade Glacier (Washington, 

U.S.A.) mass balance from a distant radiosonde and cmparison with Blue Glacier. 
Journal of Glaciology, 47, 579-588. 

 
Rasmussen, L. A. and H. Conway, 2003. Using upper-air conditions to estimate South 

Cascade Glacier (Washington, U.S.A.) summer balance. Journal of Glaciology, 49, 
456-462. 

 

 



 149

Rasmussen, L. A., and H. Conway, 2004. Climate and Glacier Variability in Western 
North America. Journal of Climate, 17, 1804-1815. 

 
Reichert, B.K., L. Bengtsson, and J. Oerlemans, 2002. Midlatitude Forcing Mechanisms 

for Glacier Mass Balance Investigated Using General Circulation Models. Journal of 
Climate, 14, 3767-3784. 

 
Rehman, S., T.O Halawani, ans T. Husain, 1994. Weibull Parameters for Wind Speed 

Distribution in Saudi Arabia. Solar Energy, 53, 473-479. 
 
Rind, D. and D. Peteet, 1985. Terrestrial Condition at the Last Glacial Maximum and 

CLIMAP Sea-Surface Temperature Estimates: Are They Consistent? Quaternary 
Research, 24, 1-22. 

 
Roe, G.H., and M.A. O’neal, 2007. The response of glacier to intrinsic climate 

variability: observations and models of late Holocene variations. 

Schneeberger, C., H. Blatter, A. Abe-Ouchi, and M. Wild, 2003. Modelling changes in 
the mass balance of glaciers of the northern hemisphere for a transient 2 x CO2 
scenario. Journal of Hydrology, 282, 145-163. 

 
Selling, O. H., 1948. “Studies in Hawaiian Pollen Statistics. Part III. On the 

Late Quaternary History of the Hawaiian Vegetation.” Bernice P. Bishop 
Museum Special Publication 39. 

Smeets, C.J.P.P., P.G. Duynkerke, and H.F. Vugts, 1999. Observed wind profiles and 
turbulenc fluxes over an ice surface with changing surface roughness. Boundary-
Layer Meteorology, 92, 101-123. 

 
Stocker, T.F., D.G. Wright, and W.S. Broecker, 1992. The influence of high-latitude 

surface forcing on the global thermohaline circulation. Paleoceanography, 7, 529-
541. 

 
Stott, L. A. Timmerman, And R. Thunell, 2007. Southern Hemisphere and Deep-Sea 

Warming Led Deglacial Atmospheric CO2 Rise and Tropical Warming. Science, 
318, 435-438. 

 
Tangborn, W., 1980. Two models for estimating climate-glacier relationships in the 

North cascades, Washington, U.S.A. Journal of Glaciology, 25, 3-21. 
 
Tangborn, W., 1999. A mass balance model that uses low-altitude meteorological 

observations and the area altitude distribution of a glacier. Geografiska Annaler, 81, 
753-765. 

 

 



 150

Timmerman, A., Y. Okumura, S.-I. An, A. Clement, B. Dong, E. Guilyardi, A. Hu, J.H. 
Jungclaus, M. Renold, T.F. Stocker, R.J. Stouffer, R. Sutton, S.-P. Xie, and J. Yin, 
2007. The Influence of a Weakening of the Atlantic Meridional Overturning 
Circulation on ENSO. Journal of Climate, 20, 4899-4919. 

 
Torinesi, O., A. Letréguilly, and F. Valla, 2002. A century reconstruction of the mass 

balance of Glacier de Sarennes, French Alps. Journal of Glaciology, 142-148. 

Tsvetsinkaya, E.A., C.B. Schaaf, F. Gao, A.H. Strahler, R.E. Dickinson, X. Zeng, and W. 
Lucht, 2002. Relating MODIS-derived surface albedo to soils and rock types over 
Northern Africa and the Arabian peninsula. Geophysical Research Letters, 29, 
doi:10.1029/2001/GL014096. 

Vincent, C. and M. Vallon, 1997. Meteorological controls on glacier mass balance: 
empirical relations suggested by measurements on glacier de Sarennes, France. 
Journal of Glaciology, 43, 131-137. 

 
Wallace J.M. and D.S. Gutzler, 1981. Teleconnections in the geopotential height field 

during the Northern hemisphere winter. Monthly Weather Review, 109, 784-812. 

Walraven R, 1978. Calculating the position of the sun. Solar Energy, 20, 393-397.  
 
Walters, R. A., and M. F. Meier, 1989. Variability of glacier mass balances in western 

North America. In Peterson, D.H. (ed.) Aspects of CLiamte Variability in the Pacific 
and Western Americas. Geophysical Monograph 55. Washington D.C. American 
Geophysical Union, 365-374. 

 
Wang, Y.J., H. Cheng, R.L. Edwards, Z.S. An, J.Y. Wu, C.-C. Shen, and J.A. Dorale, 

2001. A High-Resolution Absolute-Dates Late Pleistocene Monsoon Record from 
Hulu Cave, China. Science, 294, 2345-2348.  

 
Wang, X., A.S. Auler, R.L. Edwards, H. Cheng, P.S. Cristall, P.L. Smart, D.A. Richards, 

and C.-C. Shen, 2004. Wet periods in northeastern Brazil over the past 210 kyr linked 
to distant climate anomalies. Nature, 432, 740-743. 

 
Watson, E. amd B. H. Luckman, 2004. Tree-ring-based mass-balance estimates for the 

past 300 years at Peyto Glacier, Alberta, Canada. Quaternary Research, 62, 9-18. 

Willis, I.C., N.S. Arnold, and B.W. Brock, 2002. Effect of snowpack removal on energy 
balance, melt and runoff in a small supraglacial catchment. Hydrological Processes, 
16, 2721-2749 

Wiscomb, W.J. and S.G. Warren, 1980. A Model for the Spectral Albedo of Snow. I: 
Pure Snow. Journal of Atmospheric Science, 37, 2712-2733. 

 



 151

Wolfe, E.W., W.S. Wise, and G.B. Dalrymple, 1997. The Geology and Petrology of 
Mauna Kea Volcano, Hawaii: a Study of Postshield Volcanism. U.S. Geological 
Survey Professional Paper 1557, 129 pp. 

 
Yokochi, B.M., R. Pik, and P. Burnard, 2005. High 3He/4He ratios in peridotite xenoliths 

from SW Japan revisited: Evidence for cosmogenic 3He released by vacuum crushing. 
Geochemisry, geophysics, Geosystems, 6, Q01004, doi:10.1029/2004GC000836. 

 
Zhang, J., U. S. Bhatt, W. V. Tangborn, and C. S. Lingle, 2007. Climate downscaling for 

estimating glacier mass balances in northwestern North America: Validation with a 
benchmark glacier. Geophysical Research Letters, 34, L21505, 
doi:10.1029/2007GL031139. 

 
Zhang, R. and T.L. Delworth, 2005. Simulated Tropical Response to a Substantial 

Weakening of the Atlantic Thermohaline Circulation. 18, 1853-1860. 
 
Zhang, Y., J.M. Wallace, D.S. Battisti,, 1997. ENSO-like interdecadal variability: 1900-

93. Journal of Climate, 10, 1004-1020.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 152

 

 

 

 

 

 

 

 

 
APPENDIX 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



 153

Appendix 1 Downscaling gridded data to South Cascade Glacier 

 
Both the CRU and RegCM data are gridded time series (0.5° and 43 km respective 

spacing) requiring further downscaling to the location of the glacier itself.  Figure 3.1 

shows the locations of the grid centers considered in this study.  To do this, we rely on 

correlations between measured and the gridded data for temperature and precipitation to 

select the grid-node that best represents the glacier.  Once a grid node is chosen, the only 

adjustments made are to match the means of measured and gridded variables.  For 

temperature, 12 years of daily measurements are available for SCG.  Precipitation 

measurements are not routinely made at the glacier, so we turn to a nearby Natural 

Resources Conservation Service Snow Telemetry (SNOTEL; Miner’s Ridge) site whose 

winter accumulation record is best correlated with SCG winter mass balance (r = 0.88, N 

= 47, p<0.01).  The monthly correlations between nearby measurement stations as well 

as the best correlated nodes from the gridded data sets are shown in tables 2 and 3 for 

temperature and precipitation respectively.  Additionally, the correlations for the gridded 

temperature and precipitation from the PRISM downscaling method (Daly et al 1994) are 

shown for reference . This latter data set is not used in this study for its lack of several 

variables important for mass balance modeling.  The PRISM data do not perform as well 

as our other gridded data with respect to temperature, but performance with respect to 

monthly precipitation at the Miner’s Ridge SNOTEL site is very good.  Future work 

could apply a hybrid approach using PRISM to describe precipitation and other sources 

for remaining variables. 

 

Correlations between temperature measured at the glacier and that measured elsewhere is 

best for the SNOTEL stations, which are situated in alpine settings near SCG especially 

the Miner’s Ridge and Lyman Lake sites. The valley CoOp stations with continuous 

temperature records (Stehekin and Concrete) are overall less well correlated with the 

glacier record.  The station at Concrete yields the best correlations while Stehekin, which 

is east of the Cascade crest, shows the least correlation of this group of stations. Between 

the glacier and the gridded data sets, the CRU data is best correlated with measurements 
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at the glacier.  RegCM and PRISM demonstrate lower correlations with the glacier. 

Seasonally, the alpine stations show a fairly consistent level of correlation with the 

glacier. The station at Concrete is also fairly uniformly correlated with the glacier, while 

the Stehekin station shows a much stronger summertime relationship with the glacier.  

Stehekin is situated in a long valley that is connected with the Columbia River basin, 

which receives modified arctic air masses during winter, while the stations west of the 

Cascade crest receive far less arctic influence.  Since SCG temperature is better 

correlated with stations to the west, the influence of modified arctic air at SCG is 

probably comparable to that at the western stations.   

 

Further information on the seasonal differences between the glacier, measurement 

stations, and the gridded data appears in the computed mean difference in temperature 

between the various stations and the glacier (Figure A1).  Stehekin shows a dramatic (~8° 

C) seasonal cycle in temperature difference indicating that some combination of hotter 

summers and colder winters (for the elevation) than at the glacier.  The RegCM grid node 

shows a similar tendency (~6° C amplitude) that appears to be a bias toward warmer 

summers.  The smoothed topography in RegCM may be permitting the incursion of a 

more continental temperature influence to the grid node used here.  The other stations 

show more subdued annual cycles of temperature bias with a range of ~4° C.  Rasmussen 

and Conway (2001) point out a similar temperature bias structure with a ~4° C range 

between atmospheric soundings and the glacier.       

 

Correlations between precipitations stations and Miners Ridge (the SCG proxy station) 

are overall lower than those for temperature as can to be expected given the large spatial 

variability of precipitation in steep terrain.  Correlations are lowest in the springtime for 

all data sources.  The station at Concrete is most highly correlated with Miner’s Ridge of 

the CoOp stations.  Correlations between the SNOTEL sites are high in the winter and 

lowest in spring.  In addition to low spring-time correlations, July also shows low 

correlations for the gridded data sets suggesting that summer precipitation is poorly 

represented. Of these, the PRISM data is best correlated.  Overall the CRU data are well 
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correlated in winter.  RegCM shows fairly poor correlations in the months of December 

and January.  Performance that peaks in the wintertime for both the RegCM and CRU 

data sources is encouraging since winter accumulation is very important for South 

Cascade Glacier.  
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Table A1 

Month Steh Conc Park Lym Mine Thun PRISM RegCM CRU 

Jan 0.61 0.82 0.73 0.86 0.98 0.69 0.71 0.83 0.79 

 0.02, 15 0.00, 15 0.00, 12 0.00, 13 0.00, 11 0.01, 12 0.00, 15 0.00, 15 0.00, 13 

Feb 0.23 0.86 0.86 0.95 0.98 0.64 0.44 0.69 0.85 

 0.39, 16 0.00, 16 0.00, 12 0.00, 12 0.00, 11 0.03, 12 0.07, 18 0.00, 17 0.00, 15 

Mar 0.75 0.97 0.85 0.97 0.98 0.82 0.77 0.83 0.91 

 0.00, 13 0.00, 15 0.00, 12 0.00, 12 0.00, 11 0.00, 11 0.00, 16 0.00, 15 0.00, 13 

Apr 0.84 0.85 0.66 0.90 0.98 0.73 0.74 0.65 0.72 

 0.00, 15 0.00, 13 0.01, 13 0.00, 12 0.00, 12 0.01, 11 0.00, 16 0.01, 15 0.01, 13 

May 0.94 0.92 0.85 0.97 0.99 0.83 0.92 0.80 0.93 

 0.00, 15 0.00, 15 0.00, 13 0.00, 12 0.00, 12 0.00, 12 0.00, 17 0.00, 16 0.00, 14 

Jun 0.81 0.91 0.87 0.92 0.91 0.45 0.68 0.76 0.90 

 0.00, 17 0.00, 17 0.00, 13 0.00, 11 0.00, 12 0.17, 11 0.00, 20 0.00, 19 0.00, 18 

Jul 0.82 0.87 0.98 0.98 0.99 0.65 0.84 0.65 0.87 

 0.00, 16 0.00, 15 0.00, 12 0.00, 11 0.00, 12 0.04, 10 0.00, 18 0.01, 17 0.00, 16 

Aug 0.77 0.72 0.94 0.84 0.94 0.67 0.82 0.55 0.90 

 0.00, 19 0.00, 16 0.00, 13 0.00, 12 0.00, 11 0.02, 12 0.00, 20 0.01, 19 0.00, 17 

Sep 0.73 0.87 0.96 0.98 0.99 0.65 0.74 0.75 0.90 

 0.00, 15 0.00, 15 0.00, 12 0.00, 11 0.00, 11 0.03, 11 0.00, 17 0.00, 16 0.00, 14 

Oct 0.49 0.91 0.97 0.95 0.97 0.69 0.38 0.72 0.59 

 0.03, 19 0.00, 17 0.00, 11 0.00, 12 0.00, 12 0.02, 11 0.10, 20 0.00, 19 0.01, 18 

Nov 0.53 0.72 0.90 0.97 0.98 0.76 0.74 0.72 0.51 

 0.02, 18 0.00, 16 0.00, 11 0.00, 12 0.00, 12 0.01, 11 0.00, 19 0.00, 18 0.04, 17 

Dec 0.63 0.78 0.77 0.89 0.95 0.56 0.64 0.81 0.71 

 0.01, 16 0.00, 16 0.00, 11 0.00, 12 0.00, 11 0.06, 12 0.01, 16 0.00, 16 0.00, 14 
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Table A2 

Month Arl Steh Conc Park Lym Thun PRISM RegCM CRU 

Jan 0.70 0.87 0.83 0.85 0.88 0.87 0.87 0.45 0.64 
P,N 0.00,17 0.00,18 0.00,18 0.00,18 0.00,17 0.00,18 0.00,18 0.06,18 0.00,14 

Feb 0.67 0.86 0.90 0.93 0.79 0.87 0.83 0.81 0.71 
P,N 0.00,18 0.00,17 0.00,18 0.00,18 0.00,16 0.00,18 0.00,18 0.00,18 0.01,14 

Mar 0.63 0.81 0.85 0.90 0.93 0.87 0.83 0.73 0.83 
P,N 0.01,18 0.00,16 0.00,18 0.00,18 0.00,16 0.00,18 0.00,18 0.00,18 0.00,14 

Apr 0.17 0.21 0.52 0.47 0.96 0.46 0.47 0.36 0.17 

P,N 0.50,18 0.42,18 0.03,17 0.05,18 0.00,16 0.06,18 0.05,18 0.14,18 0.57,14 

May 0.55 0.54 0.63 0.59 0.52 0.47 0.66 0.56 0.70 
P,N 0.02,18 0.02,17 0.01,18 0.01,18 0.04,16 0.05,18 0.00,18 0.02,18 0.01,14 

Jun 0.41 0.86 0.78 0.69 0.56 0.82 0.92 0.67 0.51 

P,N 0.09,18 0.00,16 0.00,18 0.00,18 0.02,16 0.00,18 0.00,18 0.00,18 0.06,14 

Jul 0.79 0.81 0.62 0.53 0.83 0.75 0.32 0.26 0.17 

P,N 0.00,18 0.00,17 0.01,17 0.03,18 0.00,17 0.00,18 0.20,18 0.29,18 0.56,14 

Aug 0.65 0.56 0.86 0.78 0.91 0.78 0.65 0.57 0.52 

P,N 0.00,18 0.04,14 0.00,16 0.00,17 0.00,16 0.00,18 0.00,18 0.01,18 0.06,14 

Sep 0.70 0.87 0.90 0.59 0.96 0.86 0.85 0.72 0.86 
P,N 0.00,17 0.00,16 0.00,17 0.02,16 0.00,16 0.00,17 0.00,17 0.00,17 0.00,13 

Oct 0.82 0.88 0.89 0.87 0.91 0.79 0.86 0.88 0.76 
P,N 0.00,18 0.00,18 0.00,17 0.00,18 0.00,16 0.00,18 0.00,18 0.00,18 0.00,15 

Nov 0.71 0.84 0.83 0.82 0.94 0.92 0.96 0.74 0.89 
P,N 0.01,18 0.00,18 0.00,17 0.00,18 0.00,17 0.00,18 0.00,18 0.00,18 0.00,15 

Dec 0.82 0.82 0.85 0.83 0.83 0.76 0.89 0.46 0.74 
P,N 0.00,17 0.00,17 0.00,17 0.00,17 0.00,14 0.00,17 0.00,17 0.06,17 0.00,14 
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Figure A1 
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Figure A1: Seasonal, monthly temperature differences between South Cascade 
Glacier and CoOp stations; SNOTEL sites; and selected gridded data sources.  Part of the 
bias is due to the elevation difference between South Cascade and the locations of data 
sources.  
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Figure A2 

 
Figure A2: A comparison between measured and simulated meteorological conditions 
using RegCM and CRU the solid black lines are measurements, short dashed lines are 
from RegCM and long dashed lines are from CRU. The panels are a) Temperature, b) 
Relative Humidity, c) Solar radiation (heavy black lines are the computed envelopes for 
cloud free and overcast skies, d) Incoming lonwave, e) precipitation, and f) Water vapor.  
 




