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Abstract

Glaciers play an important role in both storage and generation of runoff within individual
watersheds. The Valdez Glacier catchment (342 km®), located in southern Alaska in the Chugach
mountains off of Prince William Sound, is characterized by large annual volumes of rain- and
snowfall. As Valdez Glacier and other glaciers within the catchment (comprising 58% of the
catchment area) continue to melt in a warming climate, it is unclear how the runoff will be
affected. Temperature-index modeling is one method used to estimate glacier mass balance and
runoff in highly glacierized catchments, and may be suitable for predicting future runoff regimes.
In this study, we used a combination of field measurements (air temperature, glacier mass
balance, streamflow, and ground-penctrating radar (GPR)-derived snow water equivalent (SWE)
from a parallel study) and modeled climate data (PRISM) to a) calibrate a temperature-index
model to glacier mass balance in 2012; b) validate the model to laser altimetry; and ¢) calibrate a
temperature-index model to runoff measurements in fall of 2012 and in spring, summer and fall
of 2013,

We calibrated the snow-radiation coefficient (75,,,,,), ice-radiation coefficient (r;.,), and
melt factor (MF) of the temperature-index model to glacier mass balance measurements from
2012. Using the calibrated- r5,0u» Tice, and MF (i.€. Tspow, Tice. and MF =0.20, 0.50 and 4.0,
respectively), we calculated 2012 annual glacier mass balance (B,) at 0.05 + 0.49 meters water
equivalent (m w.eq.) We next validated the model to 2012 laser altimetry annual glacier mass
balance estimates (B, = 0.20 + 0.6 m w.eq.). We then modeled glacier mass balance in 2013
using Tspows Tice» and MF from the 2012 calibration. The model underestimated summer glacier
mass balance in 2013, resulting in annual glacier mass balance (B, = 0.55 m w.¢q.) that did not
fall within the 2013 laser altimetry annual balance estimate (B, =-1.15 +0.29/-0.30 m w.eq.).

We therefore re-calibrated MF to 2013 laser altimetry measurements, resulting in an annual
glacier mass balance (B,) of -1.10 £ 0.49 m w. eq. We next calibrated the storage constants of the
runoff model to hydrographs from mid-September until mid-October 2012, and from May until
October 2013, with 75,51, Tice. and MF set to values from the 2012 glacier mass balance
calibration. Total modeled runoff in mid- September until mid-October 2012 was within 3% of
measured runoff (£- and /nf- were 0.54 and 0.76, respectively). Modeled runoffin 2013 was
calculated to within 5% of 2013 runoff measurements (£- and /nF-values of 0.79 and 0.70,

respectively). We next modeled runoff in 2013 using MF from the 2013 glacier mass balance



Vi

calibration to laser altimetry (i.e. MF = 7.0). The fit of 2013 modeled to measured runoff was
reduced (/- and /nF- values of 0.44 and 0.54, respectively), suggesting that additional glacier
mass balance measurements are necessary in 2013 in order to properly calibrate the model.
Results indicate that glacier melt parameters likely vary inter-annually. Therefore, the
temperature-index model is capable of modeling both glacier melt and runoff in a maritime
catchment, provided that ablation stake, air temperature, precipitation, and streamflow

measurements are available for the simulation period.
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Chapter 1

Introduction

Glaciers occupy and regulate runoff events in many alpine catchments throughout
Alaska, by acting as a storage unit for precipitation and meltwater, while providing stream flow
during dry periods (Fountain & Tangborn, 1985). Recent mass balance studies on Alaska
glaciers have shown that most have been decreasing in volume over the past 60 years in response
to climate change (Gardner et al., 2013). The focus of investigations of Alaska glaciers has
primarily been to determine sea level rise contributions. However, changing storage capacities of
glaciers also have an impact on catchment hydrology (O Neel et al., 2014), contributing to both
diurnal and seasonal variations of stage and discharge in glacially-fed streams, influencing
ecological and geomorphological characteristics of the entire downstream watershed (Dorava &
Milner, 2000; O’Neel et al., 2014). On short time scales, glaciers thin and retreat as climate
warms, resulting in elevated inputs of glacier melt to the hydrologic system and decreasing
storage of runoff from precipitation (Hock, 2005; Hock et al., 2005). Over time, however, melt
runoff volume decreases as the glacier loses area, which decreases melt inputs to the system while
simultancously decreasing response times to precipitation events of receiving rivers and streams
that transport glacier runoff (Stahl et al., 2008).

In addition to altering watershed hydrology, thinning and retreating glaciers often result
in modification of the proglacial landscape, where lake development is common. In glacial and
proglacial settings, lakes will form wherever glacial ice or topography, for example, terminal
moraines associated with a previous glacial advance, impedes the local or regional drainage
(Clague and Evans, 1994; Clague and Evans, 2000). Increased meltwater generation associated
with climate changes can cause instability and even catastrophic failure of marginally moraine- or
ice-dammed lakes, resulting in outburst flooding (Clague and Evans, 2000). On the other hand,
in the absence of instability, moraine- and ice-dammed lakes that capture glacier meltwater act as
a damper to the hydrologic system by reducing the amplitude of high flow events and
supplementing low flow (Dorava & Milner, 2000).

In Alaska, there are numerous moraine- and ice-dammed lakes that have formed over the
past 50 years due to rapid changes in volume of alpine glaciers (Post & Mayo, 1971). In south
and southeast Alaska, where steep mountains with highly glaciated valleys are frequently exposed

to heavy precipitation events and to high rates of summer glacier melt, proglacial lakes may



become even more important as hydrologic buffering units. Even though glaciated hydrologic
systems containing lakes are prevalent in Alaska, few studies have explored how these systems
balance additional inputs of precipitation, snow, and glacier melt in a changing climate. The
Valdez Glacier catchment, in southern Alaska, is one such catchment that contains both a
proglacial, moraine-dammed lake as well as a rapidly retreating and thinning glacier. Due to its
close proximity to the Valdez community, roadways and infrastructure, there is a pressing need to
examinge the relationship between Valdez Glacier, the proglacial lake, and the proglacial stream
that transports water from the lake in order to mitigate damages that could result from increases in
runoff volume.

Modeling has proven effective for investigating changes in glacier volume and the
resulting impacts on runoff in many regions (Juen et al., 2007; Stahl et al., 2008; Zhang et al.,
2008; Bliss et al., 2014), using many different modeling approaches. One approach is the
temperature-index model, which uses air temperature from stations near the glacier of interest as
a proxy for the melt energetics at the glacier surface (Radic & Hock, 2006). Another approach is
with hydrologic models coupled to a glacier sub-model, which have been successfully employed
to estimate glacier melt rates and glacier runoff (Stahl et al., 2008). A third melt modeling
approach is the energy glacier mass balance approach, which requires a more extensive set of
meteorological observations to calculate surface energy fluxes (Oerlemans et al., 1998; Hock,
2003; Memnild et al., 2007). The type of model used often depends on availability of forcing data
within the catchment of interest.

Temperature-index models are computationally inexpensive, and therefore well suited to
large-scale, multiannual modeling studies (¢.g. Radic & Hock, 2006; Radic et. al ., 2014). A
recent global temperature-index modeling study suggests that runoff from 36.2% of glaciers in
Alaska will increase over the next two decades, while total runoff from all glaciated catchments
throughout Alaska will gradually decline by a total of 29% by the end of the 21* century (Bliss et
al., 2014). The model in this study is calibrated to the Alaska region based on data from two
glaciers only, and while errors in glacier mass balance and runoff estimates on individual glaciers
can be large, integrating the modeling results over several glaciers greatly reduces this error.
However, by coupling glacier mass balance modeling with streamflow measurements within an
individual catchment, more detailed, site-specific information regarding the sensitivity of an
individual catchment to changes in glacier volume can be obtained, which can reduce modeling

CITOr.



While temperature-index modeling has been applied to individual glacier catchments
globally (Braithwaite & Zhang, 2000; Pellicciotti, et al., 2005; Huss et al., 2008; Carenzo et al .,
2009), few such studies have been conducted in the Alaska region. Young (2013) applied a
temperature-index model to a large glacier in the Alaska Range, where detailed meteorological
data were previously unavailable. The study, which included a relatively detailed network of
local temperature observations, saw significant differences between simulated glacier mass
balances and those observed using independent airborne altimetry data over long timescales,
while over short timescales, simulated glacier mass balance agreed with altimetry studies. The
study had no way to validate runoff estimates due to a lack of streamflow observations. With
ablation data from 2012 and streamflow data from 2012 and 2013, we aimed to use a
temperature-index model to assess glacier mass balance and runoff in the Valdez Glacier
catchment in 2012 and 2013. We calibrated modeled-melt and runoff using data collected during
our field investigations, thereby contributing to on-going modeling efforts that focus on

individual glaciated catchments in Alaska.

1.1 Research Objectives

The objective of this study was to calibrate a temperature-index model to measured
glacier ablation during the 2012 field season, and streamflow during the 2012 and 2013 field
scasons. Results provided information on the relationship between meltwater runoff, rainfall
runoff and streamflow. The calibration exercise sets the foundation for modeling glacier mass
balance and runoff in the Valdez Glacier catchment using future climate scenarios. Results will
be used to refine assessments regarding the potential for glacier-related hazards in Valdez,
Alaska. The project will contribute to on-going glacier hazard assessments being conducted
through the Climate & Cryosphere Hazards Program at the Alaska Division of Geological &
Geophysical Surveys.

Specific components of the overall project include:
e collection of field measurements to characterize the present-day hydrological regime of
the watershed, including glacier mass balance and streamflow;
e calibration of a physically-based glacier melt model; and,

e comparison of simulated runoff to measured streamflow.



1.2 Site Description

This project focuses on the Valdez Glacier and nearby glaciers within the Valdez Glacier
catchment, which is approximately 10 miles outside of Valdez, in southern maritime Alaska. The
Valdez Glacier catchment drains a total area of 342 km®. The glaciated portion of the catchment
includes Valdez Glacier and several smaller glaciers, which together comprise a total arca of 199
km® (58% of the land cover within the catchment). As of 2012, Valdez Glacier covers a total arca

of 147 km* (Figure 1.1).
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Figure 1.1: Location map. A&B) The Valdez Glacier watershed is located in southern Alaska, in the
Chugach Mountains on the shores of Prince William Sound. C) The City of Valdez is located within 10
miles of the glacier and its catchment (outlined in red), which is comprised of Valdez Glacier (in green;
labeled with red point) and several smaller unnamed glaciers (in orange). The catchment contains an ice-
dammed lake at the margin of the main trunk of Valdez Glacier.

With the exception of one small advance from 1905 to 1908, Valdez Glacier has been
retreating since it was first observed in 1898 by thousands of geologists and gold prospectors who

used the glacier as a highway to the Copper River and Yukon basins (Grant and Higgins, 1910;



Martin, 1913;). Valdez Glacier retreated an estimated total length of 642 m (an average of 18 m
per year) and the ablation area thinned by 5 to 6 m per year, from 1901 to 1935 (Field, 1937).
The rapid changes in the glacier resulted in the abandonment of a mining camp that, at one time,
was situated just above the ice surface (Field, 1932). Increased meltwater runoff caused the
stream to shift, resulting in flooding and overthrowing of many cabins at the old Valdez townsite,
in 1905 (Martin, 1913). Airborne altimetry observations show that the glacier decreased in
volume at an average rate of 1.37 km’ yr'', from 1950 to 2004 (Arendt et al., 2006). The retreat
and thinning of Valdez Glacier resulted in the formation of Valdez Glacier Lake in the 1950s
(Keinholz, 2010). The lake captures all glacier melt before the water is transferred to Valdez
Glacier Stream, and ultimately to Prince William Sound (PWS). The thinning of the glacier also
resulted in separation of a glacier tributary from the main branch of the Valdez Glacier. Runoff
from the tributary’s sub-basin is therefore dammed by the main trunk of the glacier, creating an
ice-dammed lake (Figure 1.1). The marginal ice-dammed lake has been observed to drain
seasonally to Valdez Glacier Lake (Keinholz, 2010). Therefore, the ice-dammed lake presents
potential for outburst floods in the area.

The Valdez townsite was relocated out of the proglacial valley after the major earthquake
and tsunami in 1964, but infrastructure still exists within this glacial valley. At present, the Haul
Road embankment separates several housing and business units, recreational areas, the Valdez

landfill, and the Pioneer Field Airport from the Valdez Glacier Stream floodplain (Figure 1.2).
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Figure 1.2: Map of proglacial area showing locations of infrastructure that may be susceptible to future
flooding.

Perhaps most importantly, Valdez Glacier Stream flows immediately under a bridge at the
Richardson Highway, the only road into and out of downtown Valdez, before connecting to
Prince William Sound. From 2001 to 2006, four storm events resulted in a flooding of Valdez
Glacier Stream, causing erosion, shifting of the stream channel, and in at least two cases,
breaching of the Haul Road, flooding of nearby gravel pits located west of the stream channel,
and floodwater encroaching on the city landfill (U.S. Army Corps of Engineers, 2007). Flooding
hazards associated with ice jams, outbursts due to lake margin instability, and heavy rainfall
events coupled with glacial meltwater runoff will be continued cause for concern as Valdez

Glacier continues to change. It is because of these concemns that monitoring volume changes of



Valdez Glacier and the associated runoff is so important. Understanding the relationship between
changes in Valdez Glacier mass balance and total runoff in the watershed can aid in predicting
future flow regimes in Valdez Glacier Stream.

Located in a maritime climate, Valdez is known for receiving heavy precipitation
throughout the year (Shulski and Wendler, 2007). The heaviest rainfall events occur in
September and October, while the heaviest snowfall events typically occur in December and
January, based on 30-year average weather station data from the National Oceanic and
Atmospheric Administration (NOAA). Valdez receives an average annual total precipitation of
829 cm water equivalent (w. €q.) of snow and 178 cm of rain per year, based on NOAA weather
station data (1950 to 2010). The added volume of runoff from non-glacier derived snow melt and
rainfall contributes to the many flooding events reported by the community (U.S. Army Corps of
Engineers, 2007).

1.3 Modeling and Field Study Design

We designed our modeling and field observation strategies for the Valdez Glacier
catchment based on availability of pre-existing datasets. Previous glaciological investigations
include laser altimetry mass balance measurements of Valdez Glacier, which provide a measure
of annual balance on the glacier, but not detailed information on seasonal variations that are
necessary for model calibration. Meteorological data include daily air temperature and
precipitation observations from two National Oceanic and Atmospheric Administration (NOAA)
Weather Service Offices (WSOs) located at the town of Valdez and Pioneer Field Airport. These
data are located at low elevation sites (11 m and 29 m asl, respectively) and therefore do not
provide information on the spatial distribution of air temperature and precipitation across the
catchment.

Given the lack of detailed meteorological observations throughout the Valdez Glacier
catchment, we chose a temperature-index model for our simulations. We utilized the Distributed
Enhanced Temperature Index Model (DETIM) (Hock and Tijm-Reijmer, 2012) due to its
application in several recent and ongoing studies throughout Alaska (the model is described in
detail in Chapter 3). We designed a field program that was optimized for our temperature-index
modeling. Our ficld efforts focused on instrumenting the glacier with temperature and
precipitation sensors, which allowed us to calculate a more representative basin-wide temperature

and precipitation lapse rate to force model simulations. In addition, we installed an ablation stake



network to provide data necessary for calibration of glacier melt. Finally, we initiated stage and
discharge observations at the previously un-gauged Valdez Glacier Stream. Streamflow
measurements are essential for calibration and validation of the DETIM runoff model. We
investigated the stability of the Valdez Glacier Lake outlet to Valdez Glacier Stream, because
morphological changes at the lake outlet could cause a change in the established rating curve.
We then calculated mean daily discharge using the established rating curve and continuous stage
data.

DETIM is primarily used here to determine summer glacier mass balance on Valdez
Glacier, which, coupled with winter glacier balance, can provide a measure of annual glacier
mass balance in 2012 and 2013. A parallel study on Valdez Glacier, conducted by McGrath et al.
(in preparation), used GPR to measure snow depth on Valdez Glacier. The study is important to
our project as it allowed us to formulate an initialization snow grid for the model, and also to
estimate winter balance of Valdez Glacier. We determined annual balance of the glacier in 2012
and 2013 using our winter glacier balance estimate from the GPR data, along with modeled
summer glacier balance. Finally, we validated the simulations by comparing our modeled annual
glacier mass balance to laser altimetry measurements. Field methods used to obtain glacier mass
balance information, meteorology, and streamflow are described in Chapter 2, while our glacier
melt and runoff modeling techniques are described in Chapter 3. In Chapter 4, we present
potential error associated with our field and modeling methods by exploring model sensitivity to
various input parameters.

We investigated how well the temperature-index model is able to depict runoff from a
large glacier in maritime Alaska by coupling glacier mass balance and runoff measurements with
temperature-index modeling over two consecutive years. We also investigated the limitations
associated with calibrating the melt model to a single year of ablation data, which represent a
relatively small network of ablation stakes and air temperature sensors on Valdez Glacier.
Finally, we investigate the main drivers of glacier melt and runoff on Valdez Glacier and discuss

what this means for the future glacier melt and runoff regime.



Chapter 2

Meteorology, Glacier Mass Balance, & Discharge Observations

Introduction

A field program was initiated in spring 2012 to measure mass balance on Valdez Glacier,
collect meteorological data describing conditions on and off the ice surface, and measure
discharge from the Valdez Glacier watershed. The observations provided input and calibration

data for the temperature-index simulations described in Chapter 3.

2.1 Meteorology

We installed a total of thirteen ablation stakes on Valdez Glacier and equipped four of the
thirteen with air temperature and relative humidity (T/RH) sensors (HOBO Pro v2 U23-001;
Table 2.1; labelled S-GO1 through S-G04 in Figure 2.1). The air temperature sensors were
launched at a 15-minute sampling interval in order to determine variability of near surface air

temperatures as a function of elevation along the length of the glacier (Figure 2.1).

Table 2.1: Air temperature sensors throughout Valdez Glacier catchment in
2012. [Column 1: air temperature sensor ID; Column 2: air temperature sensor
elevation; Column 3: start date of measurement period; Column 4: end date for
the 2012 measurement period. |

Sensor ID Elevation Start Date End Date
(m asl)

S-G02 4/19/2012 9/16/2012

S-G04 1494 4/19/2012
4212012 | /82012

*Air temperature sensor, S-G04, was buried by snow by the end of the
measurement period.
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Figure 2.1: Ablation stake network placed on Valdez Glacier during the 2012 melt season. Of the 12
stakes, 4 were equipped with floating air temperature sensors (S-GO1 — S-G04). Air temperature and
precipitation data from the NOAA Weather Service Office (WSO) were also evaluated for the 2012 and
2013 seasons. Elevations of on-ice air temperature sensors are labeled on map. The marginal ice-
dammed lake was equipped with a camera in attempt to capture seasonal draining.

The air temperature sensors were installed using a floating air temperature stand designed to
maintain the height of the sensor at 2 m above the glacier surface throughout the melt season
(Young, 2013). One on-glacier tetrahedron (Hulth, 2010) was installed on Valdez Glacier at 586
m asl. The tetrahedron was equipped with an air temperature and relative humidity sensor
(HOBO Pro v2 U23-001 T/RH). By the end of the melt season, the tetrahedron had fallen
partway into a crevasse, allowing for salvage of air temperature data only; the floating air
temperature stand at S-GO1 was bent 90° down-glacier with the air temperature sensor located
approximately 0.40 m above the glacier surface; the floating air temperature stand at S-G06 was

stuck on the ablation stake at an angle of 40° to the glacier surface, placing the air temperature
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sensor approximately 1.5 m above the ice; and, the ablation stake at S-G04 had been buried by
snow and could not be found.

Two off-glacier weather stations (Prospector and Schrader) were constructed near the
Prospector and Schrader ridge tops adjacent to Valdez Glacier, at elevations of 486 m and 1465 m
asl respectively (Figure 2.1; Table 2.1). Each weather station was equipped with an air
temperature sensor (Campbell Scientific 107-L), a radiation shield (41303-5A 6-gill radiation
shield), and a tipping bucket rain gauge (Campbell Scientific TES25WS-L). These instruments
recorded at 15-minute intervals to match the sampling rate of the on-glacier sensors. An
additional air temperature sensor (HOBO Pro v2 U23-001) was installed on the southeast side of
Valdez Glacier Lake (VGL; Figure 2.1; Table 2.1) at a 15-minute sampling interval. Equipment
failures, wildlife disturbance, and offsets in sensor deployment resulted in data gaps amongst

sensors installed throughout the catchment (Table 2.1).

2.1.1 On-Glacier & Ridgetop Air Temperatures & Lapse Rates

We calculated daily temperature at all sensors using 15-minute air temperature data

(Figure 2.2).
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Figure 2.2: Mean daily air temperatures measured at weather stations located throughout Valdez
Glacier catchment in 2012. [Prospector (486 m asl; blue line), Schrader (1465 m asl; red line),
VGL (77 m asl; pink line), S-GO1 (278 m asl; green line), S-GO02 (821 m asl; black line), and S-
GO3 (1248 m asl; gray line)]
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The air temperature data from stakes located at elevations 278 m (S-G01), 821 m (S-G02), and
1248 m (S-G03) were used to calculate average daily and monthly lapse rates across the glacier
surface. Air temperature data for the months of April and September covered only part of each
month, and thus average lapse rates for these months were based on only the portion of the month
for which temperature data were available. For the month of April, lapse rates were based on
data from April 19 to April 30, 2012, while lapse rates for September were based on data from
September 1 through September 16, 2012, In addition, since ablation stakes were measured on
October 11, 2012, we also lack air temperature lapse rate for the month of October. We corrected
for data gaps by supplementing our air temperature observations with gridded temperature data
(section 2.1.2). We calculated monthly lapse rates from 278 m asl (S-G01) to 821 m asl (S-G02),
from 821 m asl (S-G02) to 1248 m asl (S-G03), and from 278 m asl (S-GO1) to 1248 m asl (S-
GO03) (Table 2.2).

Table 2.2: Average monthly air temperature lapse rates calculated from air temperature sensors on the
Valdez Glacier during summer 2012. [Column 1: month; Column 2: lapse rate from S-GO1(278 m asl)
to S-G02 (821 m asl); Column 3: lapse rate from S-GO1 (278 m asl) to S-GO3 (1248 m asl); Column 4:
lapse rate from S-GO02 (821 m asl) to S-G03 (1248 m asl); Column 4: lapse rates derived from PRISM
temperature data (64 to 2154 m asl).]

On-Glacier On-Glacier On-Glacier
‘ PRISM
Month Lapse Rate, Lapse Rate, Lapse Rate, Lo et
278 to 821 m asl 278 to 1248 m asl | 821 to 1248 m asl (°C/100m)
(°C/100m) (°C/100m) (°C/100m)

Average -0.338 -0.459 -0.548 -0.324

In general, the average monthly air temperature lapse rates from S-G01 to S-G02 were
less negative than the lapse rates from S-G02 to S-GO03, while lapse rates from S-GO1 to S-G03
fell between those calculated in the other lapse rate datasets. As a result, we focused on the lapse
rate dataset from S-GO1 to S-G03. Monthly averages ranged from -0.263 °C/100 m in June, to -
0.781 °C/100 m in April. Daily lapse rates ranged from -0.859, on April 23, 2012, to +0.185
°C/100 m, on September 15, 2012 (Figure 2.3). The average lapse rate for Valdez Glacier
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throughout the 2012 study period was calculated at -0.441°C/100 m. We used daily lapse rates

for model simulations.
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Figure 2.3: Daily air temperature lapse rates between air temperature sensors placed at 278 and 1248
m asl (S-GO1 and S-G03) on Valdez Glacier during summer 2012. Red line shows the average daily
lapse rate (-0.441°C/100 m) during summer 2012,

The difference between air temperature observations at similar elevations at on- and off-
glacier surfaces varied according to elevation (Figure 2.2). Recorded air temperatures at 486 m
asl (Prospector) were, on average, 2.5°C above those recorded at 278 m asl on Valdez Glacier (S-
GO01). Similarly, air temperatures at 1465 m asl (Schrader) were, on average, 1.4°C above those
recorded at 1248 m asl on the glacier (S-G03). Air temperatures observed at Schrader were
comparable to those observed at 1248 m asl (S-G03), but indicate higher maximum daily air
temperatures at Schrader and lower daily minimum air temperatures at S-G03. Our observations
indicate that air temperature and lapse rates vary throughout the catchment according to elevation
and surface conditions (i.¢. glacier or non-glacier). We expect the glacier to be the largest
contributor to runoff in the catchment; therefore, we use on-glacier air temperature lapse rates
calculated from 278 m asl (S-GO1) to 1278 m asl (5-G03) to drive glacier melt model

simulations.
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2.1.2 PRISM Air Temperature Lapse Rates

PRISM (Precipitation-elevation Regressions on Independent Slopes Model) is a
statistical and climatological model that uses digital elevation models (DEMs) to group grid cells
in a given region into topographic facets, and predicts air temperature and precipitation within
cach grid cell based on linear regression analysis of air temperature or precipitation in each facet
with elevation (Daly, 1994). Because our model simulations for 2012 spanned from March 29 to
October 11, whereas air temperature data collection started in April and ended in September
2012, PRISM climatological normals from 1971-2000 (800-m” resolution) were used to calculate
lapse rates. We used the PRISM lapse rates to fill gaps in air temperature sensor data. This
includes the period extending from March 29 to April 19, as well as from September 16 to
October 11. We first compare our calculated lapse rates from on-glacier sensors to PRISM lapse
rates.

For the period spanning from March to October, monthly normals were extracted from
the PRISM dataset for the entire Valdez Glacier catchment. Monthly temperature lapse rates
were then calculated using the extracted normals in order to establish a point of comparison to
lapse rates calculated from on-glacier temperature sensors. The seasonally averaged lapse rate
from PRISM was -0.324 °C/100 m, which was 27% greater than those measured on the glacier
(-0.441°C/100 m). Although relatively close in comparison, because the PRISM average lapse
rate is derived from temperatures throughout the entire watershed, whereas the on-glacier lapse
rate describes lapse rate within the glacier extent only. The differences between the two lapse
rates suggest the possibility of error associated with using only on-glacier lapse rates in runoff
model simulations (section 4.1.1), which incorporate snow melt and rainfall from un-glaciated
portions of the catchment. Even so, we utilized our daily temperature lapse rates determined
from on-glacier air temperature sensors S-G01 and S-GO3, filling in data gaps with monthly
normal temperature lapse rates derived from PRISM. For 2013, with no daily air temperature
lapse rate information from the glacier, we used lapse rates derived from PRISM monthly

normals.

2.1.3 Precipitation & Precipitation Gradient

Weather stations on the ridgetops at 486 m asl (Prospector) and 1465 m asl (Schrader),
(Table 2.1; Figure 2.1) were instrumented with rain gauges to capture rainfall at different

clevations. Capturing variations of rainfall with elevation is important given the drastic




































































































































































































































