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Abstract

Mass loss from glaciers in Southeast Alaska is expected to alter dow nstream  environmental condi
tions such as streamflow patterns, riverine and coastal ecological systems, and ocean properties. To 
investigate these potential changes under future climate scenarios, accurate climate data are needed to 
drive glacier m ass balance models. However, assessing and modeling precipitation in m ountainous 
regions remains a  m ajor challenge in glacier m ass balance modeling. We have used a  linear theory 
of orographic precipitation m odel (LT m odel) to downscale precipitation from both the Weather Re
search and Forecasting (WRF) m odel and the European Centre for Medium-Range Weather Forecasts 
interim  reanalysis (ERA-Interim) to the Juneau Icefield, one of the largest icefields in N orth America 
(4149 km2), over the period 1979-2013. The LT m odel is physically-based, combining airflow dynam 
ics and simple cloud microphysics to simulate precipitation in complex terrain. Cloud microphysics 
is param eterized as a function of user-defined snow and rain fall speeds which are then used to calcu
late the cloud time delay, t ,  at every time step. We established a m odel reference run using literature 
values of snow fall speed and rain fall speed. The m odel w as run using a  1 km  digital elevation 
m odel and  6 hour timesteps. Due to a  lack of precipitation observations, we validated the m odel 
w ith point net accumulation observations along an 8.5 km transect on Taku glacier, one of the largest 
and best-studied outlet glaciers of the icefield. The observations occurred in late July of 1998, 2004, 
2005, 2010, and 2011. We extracted the snow portion from the modeled precipitation and accounted 
for m elt using a  tem perature-index m odel prior to comparing results to the observations. The latter 
was necessary since the observations were taken w hen substantial m elt of the w inter snow cover had 
occurred. The results of the reference run show reasonable agreement w ith the available glaciologi- 
cal observations (r2 = 0.89). We assessed the LT m odel results in terms of the icefield-wide average 
w inter (October-March) precipitation am ount and its spatial pattern for the 1979-2013 time period. 
To express the latter we calculated a  precipitation index m ap where each grid cell of average winter 
precipitation w as divided by the icefield-wide spatial mean. The downscaled precipitation pattern 
produced by the LT m odel is consistent w ith the expected orographic precipitation pattern w ith sub
stantially reduced precipitation on the eastern lee-side portion of the icefield, a  pattern that is absent 
in the coarse resolution WRF and ERA-Interim precipitation fields. To investigate the robustness of 
the LT m odel results, we perform ed a  series of sensitivity experiments varying the LT m odel param e
ters of snow fall speed and rain fall speed, as well as the horizontal resolution of the underlying grid, 
and the climate input data. The precipitation pattern produced by the LT m odel w as stable regard
less of the param eter combination, horizontal resolution, and climate input data, but the precipitation 
am ount varied strongly w ith these factors. For the range of snow fall speeds tested and holding all 
other param eters constant, the average w inter precipitation spatial m ean varied from 2.5 m  to 4.4 m. 
We were unable to constrain the precipitation am ount due to the scarcity of validation data. However,
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given the stability of the w inter precipitation pattern produced by the LT model, we suggest a  w inter 
precipitation index m ap calculated from the LT m odel reference run results be used in combination 
w ith a  distributed m ass balance m odel for future m ass balance m odeling studies of the Juneau Ice
field. More observations of total precipitation are needed to further validate the precipitation pattern 
of the LT m odel results, constrain the m odel param eters, and improve the estimation of total precipi
tation am ounts by the LT model. We suggest three locations for potential weather stations that w ould 
be most beneficial for validating LT m odel results. The LT m odel could be applied to other regions 
in Alaska and elsewhere w ith strong orographic effects for improved glacier m ass balance modeling 
a n d /o r  hydrological modeling.
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C hapter 1 
Introduction

1.1 M otivation
The Juneau Icefield in the northern Coast M ountains of southeast Alaska is one of the largest icefields 
in N orth America and is intimately connected to the ecosystems and communities of the area (O'Neel 
et al., 2015). Glaciers throughout southeast Alaska are losing mass at some of the highest rates on 
Earth and this mass loss is expected to continue in this century (Radic et al., 2014). Mass loss from the 
Juneau Icefield will not only alter the geography and landscape of the immediate area, bu t will also 
impact physical and biological processes of dow nstream  ecosystems as glacier runoff patterns change 
(Hood and Berner, 2009; O 'Neel et al., 2015).

The rugged and  complex terrain of the Juneau Icefield region poses challenges for m odeling the 
climate and glaciers in the region. Ziemen et al. (2016) was the first modeling study to make projec
tions for the Juneau Icefield region using physically-based flow m odeling rather than simple scaling 
for empirical methods employed by previous regional projections applied to all of Alaska (eg. Radic 
and Hock (2011); Huss and Hock (2015)). Results indicated a 58-68% volume loss of the icefield in 
2099 com pared to 2010. However, w hen attem pting to calibrate m odel param eters for the hindcast 
period (1979-2013), Ziemen et al. (2016) were unable to m atch modeled results to observations. This 
was attributed to the 20 km  grid size of the downscaled input climate data  being unable to resolve 
the steep precipitation gradient across the icefield caused by orographic effects. Using newly intro
duced tuning param eters to adjust the pattern and  am ount of the precipitation input, they were able 
to m atch their m odel results to the available mass balance observations. While this m ethod employed 
by Ziemen et al. (2016) is effective given the limitations of the climate data, it is not an ideal solution 
because it lacks physical basis. A better downscaling approach is needed to account for the spatial 
variability of precipitation over the Juneau Icefield.

1.2 Scaling Precipitation Data
Precipitation data is a  required input for m ost glacier m ass balance models. D istributed m ass balance 
m odels require precipitation input for every grid cell in the m odel dom ain at resolutions ranging from 
tens of m eters to tens of kilometers depending on the area and characteristics being investigated and 
the m odel type. Precipitation at the m ass balance m odel resolution m ust be derived from individual 
points or from a  spatially distributed global or regional climate m odel w ith a  coarse resolution (20 
km -100 km resolution). The mismatch between the spatial scale of the precipitation data and spatial 
resolution of a  given distributed m ass balance m odel m ust be addressed before the precipitation data 
can be used as input.

There are two m ain approaches for creating precipitation input at the appropriate scale for glacier
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m ass balance modeling. The first approach involves extrapolating point data, either one or m ultiple 
points, across an entire domain. Point data can be observations from a w eather station w ithin or near 
the glacier mass balance m odel dom ain or they can be a grid cell from a coarse (~100 km) global cli
m ate m odel where one cell encompasses the glacier m ass balance m odel domain. In either case, one 
or m ultiple point values of precipitation are related to other characteristics of the m odel domain, usu
ally elevation, so that distinct precipitation values are calculated for every cell in the m odel domain. 
The m ost simple approach uses a  vertical lapse rate that expresses precipitation as a  linear function of 
elevation (Hock and Holmgren, 2005). This is a common approach for glaciological applications that 
consider an individual glacier where regional scale variations in precipitation are unim portant.

A more sophisticated approach appropriate for regional scale precipitation fields from point ob
servations is the statistical downscaling, such as the m ethod used by the Parameter-elevation Rela
tionships on Independent Slopes Model (PRISM) (Daly et al., 1994). PRISM uses historic statistical 
relationships between large scale conditions and local effects to develop a  precipitation dataset that 
accounts for physiographic factors that influence climate patterns at a  scale of 1 km  or greater. How
ever, in the case of Alaska and other data sparse regions, applications of statistical downscaling are 
limited by the availability of high resolution and long term  observations needed to compute the nec
essary statistics (Bieniek et al., 2016).

The third approach for creating precipitation input at the appropriate scale for glacier m ass balance 
modeling uses coarsely gridded output from a global climate m odel (~100 km  resolution) to drive a 
dynamic, physically based regional climate m odel at a higher resolution (5 km - 50 km  resolution) al
lowing for m ore complex topography and atmospheric processes to be accounted for. This approach 
is called dynamic downscaling. While dynamic downscaling is m ore appropriate for data sparse 
regions, it is significantly m ore com putationally intensive than statistical downscaling. Recently, a  
regional climate data set (Bieniek et al., 2016) was produced for all of Alaska at ~20 km  spatial and 
hourly temporal resolution through dynamic downscaling of the ERA-Interim reanalysis, a  global cli
m ate data  product from the European Centre for Medium-Range Weather Forecasts (ECMWF) (Dee 
et al., 2011). The Weather Research and Forecasting (WRF) Model (Skamarock et al., 2008) w as the re
gional climate m odel used in the downscaling process. While this dataset is the best available climate 
data product for all of Alaska, the ~20 km resolution does not meet the needs of glacier mass balance 
modeling. Additionally, the ~20 km  resolution does not adequately represent complex, m ountainous 
terrain and this impacts meteorological variables that are sensitive to topography, often underestim at
ing precipitation am ount and  simplifying the spatial variability of precipitation. Further downscaling 
is needed to m eet the needs of glacier modeling.
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1.3 The LT M odel: An Interm ediate Approach
Rather than these two extremes, a  linear theory of orographic precipitation m odel (hereafter referred 
to as the LT model) is a  physically-based downscaling m ethod of intermediate complexity that cap
tures the orographic precipitation pattern necessary for improved performance of m ass balance m od
els (Jarosch et al., 2012; Ziemen et al., 2016). The LT m odel has been explored and applied as a precip
itation downscaling technique in num erous m ountainous regions, but has only been used for direct 
glaciological applications in Iceland (Crochet et al., 2007; Johannesson et al., 2007; Crochet, 2012), 
N orw ay (Schuler et al., 2008), and Western Canada (Jarosch et al., 2012). The LT m odel considers 
3D airflow dynamics w ith simple param eterizations of cloud microphysics. Complex non-linear at
m ospheric dynamics that contribute to the computational intensity of regional climate m odels are 
reduced using linear m ountain wave theory. Some observations are needed to calibrate the few LT 
m odel param eters, bu t the spatial resolution and historical record of observations required by statis
tical downscaling m ethods is not necessary.

1.4 Objectives
The purpose of this study is to evaluate the capacity of the LT m odel to provide accurate winter 
precipitation fields of the Juneau Icefield w ith the ultimate goal to improve m ass balance modeling 
efforts. The specific objectives are:

1. Summarize and review the m odel and previous applications of the LT m odel
2. Use the LT m odel to calculate w inter precipitation fields of the Juneau Icefield for the period 

1979-2013
3. Perform a  series of sensitivity experiments varying m odel param eters, horizontal grid resolu

tion, and the input dataset to assess the robustness of the LT m odel results
4. Create a  w inter precipitation index m ap of the Juneau Icefield that can be utilized in a  glacier 

m ass balance m odel
In contrast to the previous studies, observations to validate the results of the LT m odel and con

strain m odel param eters are scarce. Nevertheless, we determ ined that the precipitation pattern de
rived from the LT m odel is robust and an improvement from previous m ethods of precipitation dow n
scaling for the Juneau Icefield region. Based on the results, we also suggest locations for potential 
precipitation gauges on the icefield that w ould improve the validation of the LT m odel results.

1.5 A uthor C ontributions
This thesis will be developed into a m anuscript to be subm itted to the Journal of Geophysical Research 
for publication. I, A urora Roth, am  the first author of this publication w ith Dr. Regine Hock (advisor),
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Dr. Thomas Schuler, and Dr. Peter Bieniek as co-authors. Dr. Schuler provided the original code 
for the LT m odel and contributed comments and edits to the final m anuscript. Dr. Bieniek provided 
the climate data used to force the LT model, contributed to constructive discussion, and reviewed 
the m anuscript. Dr. Regine Hock assisted w ith interpretation of the results, provided significant com
m ents and  editing of the m anuscript, and provided extensive guidance and m entorship in every stage 
of the process. As first author, I configured the LT m odel for the Juneau Icefield region, m anipulated 
climate data as needed to use w ith the LT model, generated all results, conducted the data analysis, 
and created all figures. I wrote the full draft of m anuscript that was later edited by the co-authors.
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2.1 Study Site
The Juneau Icefield is located on the border between Alaska and Canada in the Coast M ountains 
(Figure 2.1 and covers an area of 4149 km2 (Kienholz et al., 2015). The icefield ranges in elevation 
from sea level in the southwest margin, where the tow n of Juneau is located, to 2400 m  a.s.l.. Due to 
topographic effects, the icefield is divided into a  m aritim e w estern portion that receives roughly three 
to four meters of precipitation per year (Pelto et al., 2013) and a significantly drier eastern portion.

The icefield is in the direct path  of easterly m oving storms that cross the Gulf of Alaska, trans
porting warm , m oist air to southeast Alaska from the Pacific. W hen these moisture-laden air masses 
encounter the steep terrain of the Coast M ountains, they are forced to uplift and the m oisture cools 
enough to condense into precipitation. While there are other processes that cause the uplift of air 
masses and precipitation events, the orographic lifting mechanism  is always present and defines the 
average precipitation pattern of the region. As air m asses continue over the m ountain divide and 
descend on the eastern side, they have relatively little m oisture available, thus creating the steep pre
cipitation gradient pattern apparent on the Juneau Icefield.

Based on the Randolph Glacier Inventory there are 162 individual glaciers making up the Juneau 
Icefield (Kienholz et al., 2015). Taku Glacier, M endenhall Glacier, and Lemon Creek Glacier, in the 
southwest corner of the icefield, are the m ost w idely studied glaciers of the icefield due to their prox
imity to Juneau (Figure 2.1). The largest outlet glacier is Taku Glacier, a former tidew ater glacier w ith 
an area of 735 km2 and a length of 60 km (Kienholz et al., 2015). Taku Glacier has displayed an inter
esting advance/retreat pattern in the last centuries, contrasting w ith regional glacier change trends, 
and is currently advancing. On the drier eastern side, Llewellyn Glacier is the second largest glacier 
(450 km2, 37.5 km long) of the icefield and is one of the largest glaciers in British Columbia. Llewellyn 
Glacier has been receding rapidly, especially in the past two decades, and has receded the most, in 
terms of surface area, of all the outlet glaciers in the icefield.

(Ziemen et al., 2016) provide a review of previously reported specific mass balance rates for differ
ent time periods ranging from 1948 to 2010 for the entire Juneau Icefield and of Taku Glacier derived 
by both the geodetic and glaciological m ethods. There is consensus that the icefield-wide specific 
m ass balance rate was negative during all investigated periods. However, the specific m ass balance 
rate of Taku Glacier was slightly positive during all periods of investigation consistent w ith its current 
advance.

1To be submitted as Roth, A., R. Hock, T. Schuler, and P. Bieniek (2016). Applying a model of orographic precipitation to
improve mass balance modeling of the Juneau Icefield, AK. Journal o f Geophysical Research

Chapter 2
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Figure 2.1. Location and topography of the Juneau Icefield. Major outlet glaciers are m arked (Lemon 
Creek, Medenhall, Taku, Gilkey, Llewellyn, Field, and Meade Glaciers), as well as the location of the 
tow n of Juneau. The black line on Taku Glacier shows the location of the transect of net accumulation 
observations taken in 1998, 2004, 2005, 2010, and 2011, (Pelto et al., 2013) used for m odel validation. 
Contour lines (grey) w ithin the icefield area show topography at 100 m  intervals. The glacier outlines 
are from Kienholz et al. (2015). The hillshaded topography is the SRTM DEM at 30 m  resolution. Inset: 
The location of the Juneau Icefield (red box) on the Alaska and Canada border and on the coast of the 
Gulf of Alaska.
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2.2 M odel D escription
2.2.1 The Linear Theory M odel
The LT m odel w as first introduced by Smith and  Barstad (2004). Variations of the original m odel have 
since been used (Table 2.1), bu t the core equations and concepts have persisted. The following is an 
overview of the core model, which is addressed in full in Smith and Barstad (2004) w ith an evaluation 
of m odel skill discussed in Barstad and Smith (2005). More recent m odel variations will be discussed 
in Section 2.2.2.

Air masses are assum ed to be saturated and are driven by w inds tow ard a  topographic barrier. 
An air m ass is forced to uplift as it passes over the barrier, which causes condensation of w ater vapor 
to cloud w ater over the w indw ard slope. Cloud w ater is advected dow nstream  and converted into 
falling hydrom eteors according to a timescale parameter, t c. The hydrom eteors fall to the surface 
on a time scale y . Hydrometeors and cloud w ater continue to be advected downstream  w ith the 
airflow. As cloud w ater and hydrom eteors descend over the lee side of the topographic barrier, they 
evaporate or precipitate depending on the atmospheric conditions. Thus, the spatial pattern and 
intensity of precipitation is determ ined by (1) the topography over which the air mass is uplifting, (2) 
microphysical processes that control the rate of condensation and hydrom eteor formation and fallout, 
(3) atmospheric conditions (including tem perature, w ind speed, w ater vapor, and stability of the air 
column), and (4) airflow dynamics (velocity of air masses vertically and horizontally over terrain).

The m odel treats core aspects of orographic precipitation generation as linear processes despite 
their well-known nonlinear characteristics. Linear m ountain wave theory is used to solve for varia
tions in vertical velocity of air m asses w ith altitude. It assumes that the topographic barrier altitude is 
relatively small com pared to vertical wavelength of m ountain waves created by crossing the barrier 
in a stably stratified atmosphere. The cloud time scales, t c and tf, are used to represent linear ap
proximations of cloud microphysics processes. These assum ptions allow for the investigation of the 
major processes governing orographic precipitation w ith relatively simple and compact equations. 
Furthermore, the LT m odel requires only a  limited num ber of m odel inputs and is relatively fast to 
run  depending on spatial resolution and time steps.

The LT m odel is limited to situations w here the atm osphere is stable and where air masses do not 
experience blocking. The LT m odel assumes that air masses are saturated, and  thus it is only applied 
w hen relative hum idity exceeds a defined threshold, typically 90% (Crochet et al., 2007; Schuler et al., 
2008).

The LT m odel is based on two steady-state advection equations that describe two groups of atm o
spheric water, cloud w ater and hydrometeors, in a  horizontal dom ain described by the coordinates x 

and y :
D  ^U-Vqc = S(x,y) -  , (2 .1)
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Table 2.1. A sum m ary of the previous glaciological applications of the LT model and this study for a comparison of LT model param eter 
values. Values for the cloud timescale, t , and the atmospheric stability (Brunt-Vaisala frequency), Nm, are listed if reported in the reference.

00

Crochet et al. 
(2007)

Johannesson et al. 
(2007)

Schuler et al. 
(2008)

Jarosch et al. 
(2012) Crochet (2012) This study

Region Iceland Iceland Svartisen Ice Cap, 
Norway Western Canada Iceland Juneau Icefield, 

Alaska
Domain size 521 km x 361 km 521 km x 361 km 120 km x 125 km 1000 km2 521 km x 361 km 156 km x 157 km
Input climate 

data and 
resolution

ERA-40, 1.125° ERA-40, 1.125° ERA-40, 1.125° NARR, 32 km ERA-40, 1.125°
WRF: - 2 0  km,
ERA-Interim:
-0 .7 °

LT model 
resolution 1 km 1 km 1 km 1 km 1 km 1 km

Cloud 
timescale, t

1200 s 1500s 1200 s

T =  Tf  — t c Fall 
speeds calculated 
at every time step 
using Heymsfield 
(2007). Exp 1: 
median r  = 1004 
± 578 s Exp 2: 
median r  = 1178 
±683  s

Tf  and t c 

calculated 
separately at 
every time step. 
Tf  parameterized 
in terms of 
temperature. t c 

calculated by 
Sinclair (1994)

T Tf  Tc

calculated at every 
time step. Fall 
speeds (vsnow and 
V m in ) as constant 
tuning parameters. 
R ef run: median t  

=  1864 ± 683 s

Atmospheric 
stability (Brunt- 

Vaisala 
frequency), Nm

0.004 s '1 0.003 s '1 0.004 s '1

Calculated at 
every time step 
following Durran 
and Klemp 
(1982) Eq. 3

Calculated at 
every time step 
following Durran 
and Klemp (1982) 
Eq. 21

Calculated at every 
time step 
following Durran 
and Klemp (1982) 
Eq. 3 Mean Nm =  

0.004 s '1

Calibration data

(1) 40 precipitation 
gauges (2) 
Observed winter 
mass balances 
across three ice 
caps (5-12 yrs 
temporal coverage)

Same as Crochet et 
al. (2007)

(1) 14 precipitation 
gauges (2) Mean 
specific winter 
mass balances of 
four glaciers for 
1970-2002

154 precipitation 
gauges

Same as Crochet 
et al. (2007)

Net accumulation 
along an 8.5 km 
transect on upper 
Taku Glacier for 
five years



Dt; ~U-Vqh = 2 ^  -  q‘|>y) , (2.2)

where qc(x,y) and q;(x,y) are the vertically integrated cloud w ater density and hydrom eteor density 
respectively, U = Vx + Uy is the advecting w ind vector w ith northw ard and eastw ard components U 

and V respectively, t c is the time required to convert cloud w ater into hydrometeors, and t f  is the time 
required for hydrom eteors to reach the ground. These time constants generally range from 200 s to 
2000 s (Smith and Barstad, 2004) and  their determ ination will be discussed in Section 2.2.2.2.

S(x,y) is the vertically integrated condensation rate to cloud w ater as a response to uplift over 
terrain, referred to as the source term. S(x, y) is a function of the thickness of the ambient moist layer, 
an uplift sensitivity factor as a  function of surface hum idity and lapse rate, and the terrain-forced 
vertical air velocity which is solved for using linear m ountain  wave theory. These terms are calculated 
using physical constants and meteorological input data.

Stepping through these foundational steady-state equations we see the am ount of cloud w ater at 
a  given time is determ ined by the balance of the creation of cloud w ater through condensation as a  
response to uplift, S(x, y), and the transformation rate of cloud w ater to hydrometeors, qc(*,y). Similarly, 
the am ount of hydrom eteors at a  given time is determ ined by the balance of the transformation rate

qc(x,y) and the loss of hydromefeorc due to fallout q;(x,V)

term  in Equation (2.2) is then precipitation, P(x, y), where
of cloud w ater to hydrometeors, q % ,y) , and the loss of hydrom eteors due to fallout, q;y y) . The final

P(x, y) = ^ . (2.3)

To obtain the general solution for orographic precipitation, Equations (2.1) and (2.2) are first trans
form ed into Fourier space in the horizontal plane (x- and y-directions) for com putational efficiency. 
Following some algebraic m anipulation, the Fourier transform  of the distributed precipitation rate
P(k, l) is

P(k,? ) = „  . ' , (2.4)(1 + l<5Tf )(1 + ia t c)

where S(k, l) is the Fourier transform  of the source term, k and l are the horizontal components of the 
wavenumber, i = y J—\, and a  = Uk + Vl is referred to as the intrinsic frequency.

In this formulation S(k, l), is evaluated as

s<k- o = C - a m M ,  (2.5)

where Cw is an uplift sensitivity factor as a function of surface hum idity and lapse rate, h(k, l) is the 
Fourier transform  of the terrain, Hw is the thickness of the moist layer, and m is the vertical w avenum 
ber. The expression for S(k, l) was derived by combining the vertical integral of the condensation rate
w ith linear Boussinesq m ountain wave theory. We refer the reader to Equations 10-16 in Smith and
Barstad (2004) for a detailed derivation of S(k, l).
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Variable m controls the depth and tilt of the forced air uplift and is a  function of the m oist Brunt- 
Vaisala frequency, Nm, a quantity describing atmospheric stability, such that

(2.6)

The combination of Equations (2.4) and (2.5) results in a  single expression representing the LT 
model:

sensitivity factor (Cw), moist layer thickness (Hw), stability of the atmosphere (Nm), w ind (a), and the

precipitation, P„, that accounts for large-scale frontal and convective precipitation separate from oro
graphic precipitation:

P„ is calculated by applying Equation (2.7) to the coarse resolution terrain that the input climate 
data assumes. The solution to this is then subtracted from the coarse climate data precipitation fields,

Equation (2.7) is form ulated such that the solution can be negative. If the sum of the orographic 
precipitation and background precipitation is negative then the value is set to 0 as shown in Equation 
(2.8). This represents leeside evaporation in the m odel as airflow descends.

2.2.2 Tuning Param eters
While the LT m odel is physically-based, there are several free param eters that m ust be adjusted and 
tuned for the m odel results to m atch available observations. Early applications of the LT m odel re
quired the optimization of the param eters Nm, t c and t f  that were assum ed constant in time and 
space (Smith and Barstad, 2004; Barstad and Smith, 2005; Crochet et al., 2007; Johannesson et al., 2007; 
Schuler et al., 2008). Table 2.1 shows how  previous studies using the LT m odel for glaciological ap
plications differed in their values or param eterizations of these variables. Following Jarosch et al. 
(2012) and Crochet (2012), we implement param eterizations of these variables which utilize physical 
constants, tuning param eters, and the input climate variables at every time step so that Nm, t c, and t f  

vary in time.

(2.7)

Equation (2.7) shows that precipitation pattern and am ount depend on terrain (h(k, l)), the uplift

cloud w ater and hydrom eteor formation timescales (tc and t f ). Terrain is the only gridded variable 
used in this calculation.

P(k, l) is transform ed back into the x-y space dom ain and is added to the large scale background

P(x,y )= m ax  J^P(k,l)el(kx+yl)dkdl + P „ ,0 (2.8)

leaving a  coarse precipitation field that excludes any orographic effects. Bilinear interpolation is used 
to distribute P„ to the increased resolution grid of P(k, l).
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2.2.2.1 A tm ospheric Stability, Nm

The param eterization and calculation of Nm, the moist Brunt-Vaisala frequency, is not trivial and can 
be approxim ated w ith a  variety of m ethods. The m ethod employed in this m odel version follows 
Durran and Klemp (1982), who pu t forth a new  expression of Nm that is both a good approxim ation 
com pared w ith previous expressions in the literature and a  m ore simple formulation for practicality 
in m odeling applications. Nm is calculated as a  function of tem perature and the m oist adiabatic lapse 
rate, r m, where

Nm = g  < f + rm), (2.<0
and g  is gravitational acceleration, T is tem perature of the atmosphere which varies w ith altitude,z, 
and the gradient dz is the environm ental lapse rate. Gm describes how tem perature varies w ith alti
tude under saturated conditions and is calculated using physical constants in a  standard form (Stone 
and Carlson, 1979)). In summary, Nm is not a tuning param eter as in previous studies, but is instead 
calculated from the coarse input climate data fields and physical constants allowing the m ost ap
propriate value to be used at every time step based on atmospheric conditions. Nm is calculated for 
every grid cell in the coarse input climate data  grid and then the dom ain averaged value is used in 
the calculation of orographic precipitation. Barstad and Smith (2005) report that typical values of Nm 

range betw een 0 s-1, representing an atmosphere w ith no stratification, and 0.01 s-1 representing a 
stable stratified atmosphere. The assum ptions of the LT m odel are violated w hen there is an unstable 
atmosphere, represented by Nm <  0.

2.2.2.2 Cloud Timescale, t
As in most previous studies (see Table 2.1), we set t c and tf  to the same value where t  = t c = t f . While 
tf  can be easily approxim ated by considering the height at which the hydrom eteors are falling, a  
simple relation for t c is more difficult to formulate. There is no direct relationship between t c and t f , 
bu t according to previous authors, the m odel behavior is m ost sensitive to the total timescale of both 
processes, and the difference between these values is less important. For convenience, we will adopt
this approach and the timescales will subsequently be referred to as a  singular t.

t  is calculated following the concept of t f , the hydrom eteor fallout time scale, which is dependent 
on the height of fallout from the atmospheric moist layer, Hw, and  the fall speed of the hydrometeors, 
v, such that _______

x ^ = H- a . p-10'
Hw and v are both gridded quantities at the resolution of the course input climate data. The thickness 
of the atmospheric moist layer, Hw, is calculated directly from input climate data grids. At each grid 
cell, the hydrom eteor speed, v is a  function of tem perature w ith bounding values such that hydrom 
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eteors fall m ore slowly at colder temperatures. The lower bound of hydrom eteor fall speed is snow 
fall speed, vs n o w , and the upper bound is rain fall speed, vr a j n . In contrast to other implementations of 
the LT model, these two values necessary for calculating t  are used as tuning param eters rather than 
the value of t  itself.

At each time step, the dom ain average of t  values at each grid cell is calculated. This average value 
is the quantity of t  used in the calculation of precipitation across the dom ain in Equation 2.7. Thus, 
precipitation is calculated w ith a t  value that is consistent across the dom ain bu t varies in time. This is 
different from previous studies where t  w as used as a  tuning param eter and w as fixed both spatially 
and in time. Typical values of t  in previous studies are between 200 s and 2000 s (Barstad and Smith, 
2005; Crochet et al., 2007; Schuler et al., 2008). Table 2.1 provides a sum m ary and comparison of t  
values and m ethods for calculating t  used here and in previous studies.

2.2.2.3 H ydrom eteor Fall Speeds, vsnow and vrajn
The calculation of the hydrom eteor fall speed, v, at each grid cell is a function of the vertically (pres
sure levels) averaged tem perature, T, at each grid cell where the average is w eighted by moisture 
content at each pressure level. v also relies on vs n o w , vr a i n , a transition tem perature, Tmid , and a transi
tion w indow  s T such that

'  _
’̂sn c^  T < Tmid 2 ,

' = < s T  — Tmid — ^ ) (vr a i n  — vs n o w ) + vr a i n  Tmid — Cf  < T < Tmid + ^ , (2.11)
vr a i n , T > Tmid + S f .

Tmid is generally between -1°C and 1°C. For values of T inside the bounds of Tmid ±  Cr, a linear tran
sition between the bounding values of vs n o w  and vr a j n  is calculated and  fitted to the w idth  of the 
transition window, C t . Ct is generally accepted to range from ± 2 °C to ±6°C centered about Tmid. In 
this study, we used Tmid = 0°C and  Ct = 4°C.

While the expression and general concept of tf  is the same for all studies which calculate, rather 
than tune, t ,  recent studies have used different param eterizations of the fall speeds, v, in their cal
culation of t  (Table 2.1. Jarosch et al. (2012) fully param eterized the hydrom eteor fall speed in terms 
of physical constants and input climate data based on Heymsfield (2007). Crochet (2012) calculated 
hydrom eteor fall speeds as a  function of atmospheric mixing ratios derived from the input climate 
data and a free param eter whose value w as determ ined from Sinclair (1994). However, Crochet (2012) 
showed that further param eterization and increased m odel complexity did not significantly improve 
or alter LT m odel results.

We tune the param eters vs n o w  and vr a i n  and perform  a  sensitivity analysis to evaluate the impact 
of the choice of vs n o w  and vr a i n  on the calculated t  values and the results of the LT model. Average
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snow fall speed is generally accepted to be 1.0 m  s-1 for dry snow and  2.0 m  s-1 for w et snow based on 
empirical evidence (Yuter et al., 2006; Locatelli and  Hobbs, 1974). Rain fall speeds can range from less 
than 2.0 m  s-1 to 9.0 m  s-1, but Yuter et al. (2006) show that during a specific rain event hydrom eteors 
exhibited a fall speed of 4.0 m  s-1 m ost often.

2.3 D ata and M ethods
2.3.1 D igital Elevation M odels (DEMs)
The LT m odel is applied to a digital elevation m odel (DEM) of 1 km resolution (Figure 2.2). This DEM 
was bilinearly interpolated from a 30 m  resolution DEM from the Shuttle Radar Topography Mission 
(SRTM) flown over the region in 2000. The 1 km  resolution captures the complex features relevant 
to the physics of the LT model, but it does smooth the terrain. The m axim um  elevation of the 1 km 
resolution DEM is 2300 m  a.s.l. and the highest peak in the Juneau Icefield region is 2500 m  a.s.l..

In this study, we use global scale climate data from ERA-Interim Reanalysis and regional scale 
climate data from the Weather Research and Forecasting (WRF) model. The assum ed topographies 
associated w ith both datasets are drastically smoothed due to the coarse resolution. The ERA-Interim 
topography for the m odel domain, w ith ~100 km resolution for global climate applications, is de
picted as a smooth ram p w ith m axim um  elevation of 1150 m  a.s.l.. The m odel dom ain is represented 
by only eight grid points in the ERA-Interim dataset. The WRF topography for the m odel domain, 
w ith ~20 km resolution, depicts a smooth increase and decrease in elevation w ith a m axim um  eleva
tion of 1600 m  a.s.l and is represented by 70 grid points. Figure 2.2 d-f shows the comparison between 
the ERA-Interim and WRF topographies and the SRTM DEM.

2.3.2 M eteorological Variables
The meteorological variables used as input in the LT m odel are air tem perature, relative humidity, 
and w ind speed vectors. These data  were derived from vertical profiles of ERA-Interim Reanalysis 
variables dynamically downscaled using the regional atmospheric m odel of Weather Research and 
Forecasting (WRF; Skamarock et al., 2008). ERA-Interim Reanalysis climate data are the latest global 
gridded climate data from ECMWF and extend from 1979 to the present at a spatial resolution of ap
proximately 80 km (Dee et al., 2011). The dataset includes the characterization of the vertical structure 
of the atm osphere by discretizing the atmosphere into 60 layers that follow constant pressure (pres
sure levels). WRF was used to downscale the ERA-Interim dataset to a ~20 km grid for Alaska and 
is currently the best available climate data for Alaska for the recent past (Bieniek et al., 2016). This 
downscaled dataset will be referred to as the WRF data. Note that this is different from the climate 
input used by Ziemen et al. (2016) who used WRF to downscale output from a free-running global 
climate m odel rather than a reanalysis.
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ERA-Interim Alaska WRF LT model

Figure 2.2. Average w inter precipitation (1979-2013) and digital elevation m odels (DEMs) for ERA-Interim, WRF, and LT model. The 
top row shows average w inter precipitation (1979-2013) for (a) ERA-Interim (Dee et al., 2011), (b) WRF (Bieniek et al., 2016), (c) and the 
reference run  results of the LT model. For comparison to the LT m odel results, the average w inter precipitation grids for ERA-Interim (a) 
and WRF (b) have been interpolated to 1 km resolution from their original resolutions. The bottom  row (d-f) shows the DEM used for 
each dataset w ith the original resolutions. The resolution of the ERA-Interim DEM (d) is ~100 km and WRF DEM (e) resolution is ~20 
km. The DEM used for the LT m odel (f) is the SRTM DEM w ith 1 km resolution. The arrows indicate the increasing resolution of the 
downscaling by WRF and then the LT model. In each grid, the outline of the Juneau Icefield is shown in black (Kienholz et al., 2015).



The meteorological variables were obtained on hourly time steps, bu t the LT m odel w as run on 
6-hour time steps. The instantaneous values of each variable at 0:00, 6:00, 12:00, and 18:00 hours 
for each day were used. Variables were obtained for four different pressure levels (1000, 900, 800, 750 
hPa) that span an altitude range from sea level to roughly 3000 m  a.s.l.. At each pressure level, specific 
hum idity w as converted to relative hum idity following standard calculations. For every 6-hour time 
step, the gridded fields were vertically integrated and horizontally averaged over the dom ain and 
used to calculate the quantities needed in Equation 2.7.

2.3.3 Background Precipitation, P„

Hourly precipitation data from WRF were sum m ed resulting in precipitation fields for every 6-hour 
time step. These data were used to calculate the background precipitation that is unrelated to oro
graphic effects, P« , in Equation 2.8. The WRF precipitation data includes some m inor orographic 
enhancement from the assum ed WRF topography that has to be rem oved prior to applying the LT 
m odel to the finer resolution DEM to avoid double-counting of the orographic effect.

To do so the LT m odel is applied to the coarse WRF topography using the WRF meteorological 
variables. The resulting orographic precipitation is then subtracted from the WRF precipitation data, 
resulting in the so-called background precipitation field, P« . The background precipitation field, in
terpolated to the finer resolution grid, is then added to the orographic precipitation calculated on the 
finer resolution grid (Equation 2.8).

2.3.4 Glacier M ass Balance Data
Previous studies have calibrated the free param eters of the LT m odel by matching m odel results w ith 
precipitation gauge m easurements and glaciological measurements. While precipitation gauges have 
uncertainties and errors associated w ith them, this is the preferred first order m ethod because there is 
a direct comparison of the same variable between the m odel and observations. However, there are no 
precipitation gauge data available for the Juneau Icefield.

Glaciological data m ust then be used to calibrate the LT m odel parameters. Winter season mass 
balance m easurements have been used in previous studies because these data capture snow accumu
lation and the effect of melt tends to be small. Com pared to the data available to previous studies, 
there is a lack of strictly w inter season mass balance data for the Juneau Icefield.

The Juneau Icefield Research Program (JIRP) has created an extensive annual specific mass balance 
data set for Taku and Lemon Creek Glaciers. These records are the longest continuous glacier annual 
mass balance data sets in N orth  America. However, these data are reported as area-averaged specific 
mass balances so the spatial pattern of the LT m odel results cannot be validated. The raw  point m ea
surements from the 22 snow pits used to calculate these area-averaged annual specific mass balances
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are not publicly available.
For five years, JIRP conducted probing transects in the accumulation area to better determine the 

distribution of net accumulation. We com pared the LT m odel results to these net accumulation m ea
surements as these data are reported as point m easurements w ith their specific location and elevation 
by Pelto et al. (2013). These data were collected along a transect of 60 points on Taku Glacier in late 
July of 1998, 2004, 2005, 2010, and 2011 by probing to the last sum m er surface at horizontal intervals 
of 200 m. The transect was positioned just above the transient snow line and ranged from 900 m  a.s.l. 
to 1150 m  a.s.l. (Figure 2.1). Three point m easurem ents m ade w ithin 25 m  were averaged to determine 
the snowpack depth at each probing location. These data were converted to w ater equivalent using 
m ean snow density observed in snow pits along the transect in three locations (Pelto et al., 2013).

These net snow accumulation observations cannot be directly com pared to the output of the LT 
model, total precipitation. First, some of the precipitation falls as rain. Second, the observations 
include mass loss due to melt, sublimation or redistribution of snow by wind. In particular, we expect 
that significant melt has occurred by the time the snow accumulation m easurem ents were perform ed 
in sum m er well after the start of the melt season (Figure 2.3).

To allow direct comparison between m odel results and observations, we compute net snow ac
cum ulation from the modeled precipitation by first extracting the snow portion of precipitation and 
then applying a standard tem perature-index m odel to account for melt. Other ablation processes are 
considered to be negligible. The snow portion of precipitation is calculated using the m odel scheme 
that differentiates between the fall speeds of snow and rain (Equation 2.11). The vertically average 
tem perature, T, calculated as a weighted average based on the moisture content at each grid cell in 
the m odel dom ain is used to determine whether hydrom eteors in a grid cell fall w ith a speed of vsnow 
or vrain. The precipitation is recorded as only snow or only rain in these grid cells. If T is w ithin the 
transition w indow  around Tmid so that the fall speed is between vsnow and vrain, then a similar linear 
transition scheme as in Equation 2.11 is used to calculate the fraction of snow of the total precipitation 
in the grid cell.

We apply a standard tem perature-index melt m odel to account for melt during the time period of 
each observation. Near surface air tem perature is downscaled from the native climate data resolution 
to the LT m odel resolution following M achguth et al. (2009) using the international standard atm o
sphere lapse rate r  = -0.0065 K m -1. Melt, M, is calculated at every 6 hour time step by m ultiplying 
the downscaled near surface air temperature,T, by a melt factor, fm, as follows:

The melt threshold tem perature, T0, was set at 0°C and a range of melt factors for snow were 
applied whose values were based on Braithwaite (2008). He summarizes and  reports m ean snow
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Figure 2.3. M onthly m ean tem peratures over the Juneau Icefield from WRF (blue) and ERA-Interim (red) from 1979-2013. For both 
datasets, the tem perature grids at every time step were vertically and horizontally averaged. Vertical averaging w as done over the four 
pressure levels used. Horizontal averaging was applied over the entire domain. The m ean tem perature of each m onth in the 1979-2013 
m odel period was calculated. The error bars represent the standard deviation about the m ean m onthly temperature.



degree-day factors used in previous studies w ith 95% confidence intervals that range between 3.2 
m m  d-1 K-1 and  6.2 m m  d-1 K-1 for all studies and suggests that 4.1 ±  1.5 m m  d-1 K-1 be used as a 
first-assumption degree-day factor for snow melt around the equilibrium line altitude (ELA) for an 
unknow n glacier. This closely matches the degree-day factor of 4.0 m m  d-1 K-1 for snow used in 
Ziemen et al. (2016).

Net accumulation w as calculated from the LT m odel results in the grid cells of the m odel dom ain 
that corresponded to the location of the available observations. Initially, we use melt factor of fm 
= 4.1 m m  d-1 K-1, w ith the units converted to match the 6 hour time steps used in this study. It 
should be noted that applying the tem perature-index m odel using 6 hour time steps and four different 
tem perature values per day will result in a greater am ount of melt calculated per day com pared to 
using daily time steps and daily m ean tem peratures, as is standard. We used 6 hour time steps in this 
study to capture precipitation events generated at sub-daily time scales.

Since the glaciological data refer to an unknow n start date (stratigraphic time system) we extract 
net accumulation from the m odel for the period between 1 October of the previous year and the 
observation date of each year. Additionally, we assume that all melt w ater and rain w ater exits the 
snow or firn pack and is not retained.

2.4 M odel A pplication and Validation
2.4.1 LT M odel A pplication
The m odel is set up on an UTM Zone 8 grid at an initial resolution of 1 km w ith a dom ain of 156 
km x 157 km. The dom ain was chosen to m atch the dom ain used by Ziemen et al. (2016). Bilinear 
interpolation was used to interpolate the WRF climate grids in Polar Stereographic projection and 
the SRTM DEM in Alaska Albers Equal Area Projection to the m odel grid for input. The m odel was 
run  using 6 hour time steps starting in January 1979 and  ending in December 2013. Initial tuning 
param eters w ith the following values were used: vsnow = 1.0 m  s-1, vrain = 4.0 m  s-1, Tmid = 0°C, and 
Ct = ±4°C. This param eter set is considered the reference run. We start w ith vsnow = 1.0 m  s-1, the 
average fall speed of dry snow (Yuter et al., 2006). We start w ith a rain fall speed value of vrain = 4.0 m  
s-1 as this w as the most observed rain fall speed by Yuter et al. (2006) (see Section 2.2.2.3).

The LT m odel is only applied at a time step if the relative hum idity criteria are met. Forcing the 
m odel w ith meteorological variables from the WRF dataset results in 86% of the time steps applying 
the LT model. Within the time steps where the LT m odel is run, the atm osphere m ust be stable for the 
LT m odel equations to be valid. If a negative atmospheric lapse rate is calculated from the tem perature 
data at the pressure levels, then the stability, Nm is bounded at 0 so that it cannot be negative, but the 
LT m odel is still run. Nm = 0 for 15% of the time steps w hen the m odel is forced by WRF.
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2.4.2 M odel Validation
We com pared net accumulation calculated from the results of the LT m odel reference run to the avail
able glaciological point measurements. Figure 2.4 shows that net accumulation is overestimated by 
the m odel for the years 1998 and  2010 and underestim ated by the m odel for 2004, 2005, and 2011. 
The m odel best matches observations from 2011. The m agnitude of positive and negative bias of 
the m odel results is similar w ith the m ean absolute error (MAE) for all years being 0.45 m  w.e. (water 
equivalent). For some values of modeled net accumulation there are m ultiple corresponding values of 
observed net accumulation for each year because a  subset of locations are contained w ithin individual 
1 km grid cells of the m odel domain.

We calculated the average net accumulation of the observations and m odel results for the 20 points 
that had m easurem ents available for all five years. While the m odel results and observations are 
weakly correlated w hen considering all data points (r2 = 0.35 and MAE = 0.45 m  w.e.), there is a m uch 
stronger correlation and a substantially smaller MAE for the averaged values (r2 = 0.89 and and MAE 
= 0.05 m  w.e.). This shows that net accumulation calculated from the LT m odel results simulates the 
average pattern of observed net accumulation along the transect, bu t the am ount of net accumulation 
along the transect for each individual year is over or underestim ated by the model.

Figure 2.5 shows that the tem perature-index m odel generates substantial melt during the obser
vation period. Total snow accumulation is reduced by approxim ately 3.5 m  w.e w hen applying a melt 
factor of f m = 4.1 m m  d-1 K-1 to calculate net accumulation. This indicates that melt is a dom inant 
process in this location before the time observations were m ade in late July, and hence the choice of 
m elt factor can significantly change the m odeled net accumulation. To address this uncertainty we 
also calculated net accumulation from the LT m odel results using f m = 3.2 m m  d-1 K-1 and f m = 6.2 
m m  d-1 K-1 based on the range suggested by Braithwaite (2008). Resulting modeled net accumulation 
along the transect varies by approxim ately 2 m  w.e (Figure 2.5) suggesting that agreement between 
the m odel and observations could be im proved by varying the m elt factor w ithin reasonable limits.

However, we cannot differentiate w hether the disagreement betw een the m odel results and obser
vations is due to errors in the m elt estimation or errors in the am ount of precipitation m odeled by the 
LT m odel and derived snow accumulation. Hence, we refrain from optimizing the melt factor, bu t the 
overall good agreement between m odel results and observations using Braithwaite's (2008) suggested 
snow melt factor f m = 4.1 m m  d-1 K-1 is encouraging (Figure 2.4). To evaluate the robustness of results 
to the choice of LT m odel param eters we perform  a detailed sensitivity analysis (Section 2.6).

2.5 LT M odel Results
The precipitation results of the LT m odel w ith reference run param eters are shown in Figure 2.2. WRF 
and ERA-Interim precipitation data are shown for comparison. We assess the am ount and pattern of
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Figure 2.4. M odeled versus observed net accumulation for the individual years 1998,2004,2005,2010, 
2011 (colored crosses) and the arithmetic average of these five years (black diamonds). For all data 
points shown (excluding the average values), r2 = 0.35 and MAE = 0.45 m  w.e.. Considering only aver
age values r2 = 0.89 and MAE = 0.05 m  w.e.. All observations were m ade along the same transect, but 
each year has a different num ber of observations. Averages were calculated for observation locations 
w ith m easurem ents for all five years (20 points). M odeled net accumulation was calculated assuming 
a start date of 1 October from the previous year of the observation year and the exact date the obser
vations were taken in late July was matched by the m odel for each year. The m odel resolution is 1 km 
so some m odel grid cells m atch the location of multiple observation locations. The dashed grey line 
represents perfect agreement between the observations and  m odel results.
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Figure 2.5. Average m odeled net accumulation for different melt factors and total accumulation versus elevation. Average modeled net 
accumulation (i.e. the balance betw een total snow accumulation and ablation) is expressed in meters w ater equivalent (m w.e.) for the five 
observation years versus elevation (m a.s.l.) for grid cells in the m odel dom ain that m atch observation locations. Net accumulation was 
calculated from 1 October of the previous year to the exact date the observations were m ade in late July using a tem perature-index model 
to account for melt. The error bars show the standard deviation of the average m odeled net accumulation at each location. We calculated 
net accumulation w ith three different melt factors. The range of melt factors used here are the m inim um  and m axim um  95% confidence 
interval of the m ean snow degree-day factors used in previous studies investigated by Braithwaite (2008). We used Braithwaite's (2008) 
suggested snow melt factor of f m = 4.1 m m  d-1 K-1 for the LT m odel reference run (red dots). Additionally, average modeled total snow 
accumulation (blue crosses) is shown to dem onstrate the significance of m elting for the time period of the observations.



the average total w inter precipitation for the entire m odel period (1979-2013) w ith the w inter season 
being defined as October-March. The w inter season w as considered because accurate representation 
of w inter precipitation and resulting accumulation is necessary for mass balance modeling investiga
tions.

The results of the LT m odel are encouraging and clearly show the expected orographic precipi
tation pattern lacking in the coarse precipitation fields of the ERA-Interim and WRF datasets. The 
pattern is more complex than the m anually adjusted precipitation field used Ziemen et al. (2016) 
where precipitation am ount increased linearly from West to East on the w indw ard side of the icefield 
divide and then decreased linearly on the leeward side of the icefield divide. The LT m odel results 
show two areas of m axim um  precipitation corresponding to topographic maxima that surround a 
local precipitation m inim um  in the upper area of Taku Glacier on the w indw ard side of the icefield. 
While a large scale orographic precipitation pattern across the icefield divide is shown, the LT m odel 
solution reveals smaller scale effects and heterogeneity of precipitation am ounts in response to local 
topographic maxima. The icefield-wide spatial m ean (excluding non-glaciated areas of the domain) of 
average w inter precipitation for the reference run was 3.7 ±  1.1m  and the maxim um  value of average 
w inter precipitation is 6.3 m  located in the southwestern branch of upper Taku Glacier.

The m edian t  value for the 1979-2013 time period w as 1864 ±  683 s. Figure 2.6 shows that the 
value t  has a seasonal pattern. t  values for every 6 hour time step where the LT m odel was applied 
for January 2012 - December 2013 are shown alongside the distribution of t  values for the entire m odel 
period (1979-2013) in Figure 2.6. In winter, the lower bound of fall speeds, vsnow, is used to calculate 
t  more often resulting in larger t  values for all w inter m onths (October - March). Conversely, in 
summer, the upper bound of fall speeds is used to calculate t  more often resulting in smaller t  values. 
The t  value used in the LT m odel is a spatial m ean over the m odel dom ain and Figure 2.6a shows 
the standard deviation of this spatial mean. Summer t  values have m uch smaller standard deviations 
and the m ean values show less variability in time com pared to w inter t  values. This is due to more 
homogenous fall speeds across the m odel dom ain in summer.

2.6 Sensitivity Analysis
We evaluated the robustness of the LT m odel results by conducting a series of sensitivity experiments. 
We varied the LT m odel param eters of snow fall speed (vsnow) and rain fall speed (vrain), as well as 
the horizontal resolution of the underlying DEM, and the climate input data. For each param eter 
combination, we calculated the icefield-wide spatial m ean of the average w inter precipitation over 
the 1979-2013 time period to assess the sensitivity of the am ount of average w inter precipitation. 
To assess the sensitivity of the precipitation pattern, we com puted the average w inter precipitation 
index defined as the percentage of the local average w inter precipitation value at each grid cell to the
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2012 2013 Cloud timescale, i (?)

Figure 2.6. Time series of t  values for January 2012 - December 2013 and a distribution of t  values for 1979-2013. (a) A time series of t  
values for every 6 hour time step the LT m odel was applied for January 2012 - December 2013 (black line). These t  values are from the 
reference run  of the LT model. t  values used in the calculation of precipitation represent a  spatial m ean of variable t  values in every grid 
cell of the m odel domain. The grey area represents the standard deviation of this spatial m ean at every time step. (b) The distribution of t  
values at every 6 hour time step for the entire m odel period (1979-2013) for the LT m odel reference run.



icefield-wide spatial m ean of average w inter precipitation. Values larger than 100% indicate average 
w inter precipitation larger than the spatial m ean and vice versa. vsnow and vrain are used to calculate 
hydrometeor fall speed which is used to calculate transient t  values. As t  is a common param eter 
among all studies that have employed the LT model, we calculated the m edian t  value for the m odel 
time period w ith the associated m edian absolute deviation for each param eter combination. We ran 
the LT m odel for each param eter combination using a 1 km and  5 km resolution DEM to assess the 
sensitivity of the LT m odel to the horizontal resolution of the underlying DEM . Finally, we forced 
LT m odel w ith global scale ERA-Interim meteorological variables directly to explore the necessity of 
using the com putationally expensive regional scale WRF dataset.

It should be noted that other LT m odel param eters exist which are held constant and not explored 
in this sensitivity analysis. For all sensitivity experiments Tmid = 0°C and Ct = 4°C. Additionally, the 
choice of dom ain size and the regions included in the dom ain influence the LT m odel results because 
the dom ain averaged meteorological input variables and dom ain averaged t  value are ultimately used 
to calculate precipitation.

2.6.1 vsnow, vrain, and t
We focused on these param eters because they are unique to the param eterization of the LT m odel used 
in this study. Holding all other m odel param eters constant, we ran the LT m odel for all param eter 
combinations from a range of values of vsnow and vrain. Reasonable ranges of vsnow and vrain were 
determ ined from Yuter et al. (2006) where vsnow values ranged from 0.2-2.0 m  s-1 and vrain values 
ranged from 3.0-5.0 m  s-1, using a step size of 0.2 m  s-1 to traverse each param eter range.

In general, higher fall speeds lead to greater am ounts of precipitation w ith a stronger precipita
tion gradient because the hydrometeors fall to the ground faster than they are advected across the 
icefield. With lower fall speeds, the hydrometeors are advected across the icefield more as they fall 
from the moist layer causing a decrease in precipitation am ount and a weaker precipitation gradient 
across the icefield. Figure 2.7 shows the relationship between vsnow and icefield-wide spatial m ean 
of average w inter precipitation. For all param eter combinations, the spatial m ean of average winter 
precipitation ranges from 2.5 m  to 6.5 m  and is positively related to both vsnow and vrain. For ranges of 
the param eters tested here, the precipitation am ount is more sensitive to vsnow than vrain. A 2.0 m  s-1 
increase of vrain from 3.0 m  s-1 to 5.0 m  s-1 causes approxim ately 0.25 m  increase to the spatial m ean of 
average w inter precipitation. A similarly sized increase of vsnow from 0.2 m  s-1 to 2.0 m  s-1 causes an 
approxim ately 2.0 m  increase to the area averaged m ean w inter precipitation.

Figure 2.8 shows the average w inter precipitation pattern expressed by com puting the precipita
tion index across the icefield for a representative sample of param eter combinations. With increasing 
vsnow and vrain values, the precipitation index increases m eaning that the average w inter precipitation
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values become increasingly larger than the spatial mean, bu t the areas of high precipitation index oc
cur in the same location for each param eter combination. This indicates that the precipitation pattern 
is relatively insensitive to the choice of vsnow and vrajn com pared to the sensitivity of the am ount of 
precipitation.

The m edian t  value calculated for the 1979-2013 time period as a function of vsnow is shown in 
Figure 2.7. t  decreases exponentially as the value of vsnow increases and the average w inter precip
itation increases. This agrees w ith previous LT m odel sensitivity experiments of Smith and Barstad 
(2004) and Barstad and Smith (2005) where longer values of t  resulted in decreased orographic en
hancement.
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Figure 2.7. Winter precipitation (m) and cloud timescale, t  (s) as a function of snow fall speed, vsnow 
(m s-1). Winter precipitation is the icefield-wide spatial m ean of average w inter precipitation for the 
1979-2013 time period. The results of the two DEM resolutions used in the sensitivity experiments are 
shown: the 5 km DEM (blue) and the 1 km  DEM (red). The m edian t  value of every time step where 
the LT m odel w as applied for the 1979-2013 period as a function of vsnow is shown by the green curve. 
Note that t  does not vary w ith LT m odel resolution as it is calculated from the meteorological input 
data and parameters. A rain fall speed of vrain = 4.0 m  s-1 was used for the data points of each winter 
precipitation curve (crosses) and the m edian t  values curve (green squares). For all three curves, the 
error bars represent the variation of results due to m inim um  and maxim um  vrain used. The lower 
error bars correspond to vrain = 3.0 m  s-1 and the upper bars correspond to vrain = 5.0 m  s-1.
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Figure 2.8. Average w inter precipitation and precipitation pattern for three vsnow values. M odeled average w inter (October-March) 
precipitation (a-c) and precipitation index (d-f) averaged over the time period 1979-2013 for three different values of vsnow: vsnow = 0.4 m  
s-1, vsnow = 1.0 m  s-1, and  vsnow = 1.6 m  s-1. The precipitation index values indicate local deviations from the spatial m ean and are com puted 
as the ratio of each grid cell's w inter precipitation to the icefield-wide spatial m ean of w inter precipitation, expressed as a percentage. The 
means noted in (a-c) refer to the icefield-wide spatial mean.



2.6.2 H orizontal R esolution
The precipitation am ount and pattern are also sensitive to the spatial resolution of the DEM used for 
downscaling w ith the LT model. This has been explored extensively by previous authors, a sum m ary 
of which is provided by Crochet et al. (2007). Depending on the m odel used and the observations 
available to tune the model, previous studies have chosen DEMs w ith spatial resolutions between 1 
km and 5 km  (Crochet et al., 2007). As the resolution decreases, the topography is smoothed and 
m axim um  elevations for the region are decreased. As a result, the m odel calculates less precipitation 
because air masses experience less uplift w ithin the model.

We com pared the variation in m odel results introduced by the spatial resolution to the variation 
introduced by the vsnow and  vrain param eter choices by applying the LT m odel to a 1 km and 5 km 
resolution DEM for each param eter combination. Both DEMs were bilinearly interpolated from a 30 
m  resolution DEM from the Shuttle Radar Topography Mission (SRTM) flown over the region in 2000.

The icefield-wide spatial m ean of average w inter precipitation for each vsnow value is shown for 
two different DEM resolutions in Figure 2.7. As described previously, the decreased resolution leads 
to a decrease in precipitation amount. The difference between the spatial m ean of the average winter 
precipitation am ount of the two resolutions is at most 0.3 m  for vsnow = 0.4 m  s-1. Similar m ean winter 
precipitation values over the icefield can be calculated w ith different combinations of DEM resolution 
and vsnow value. Figure 2.9 shows the precipitation pattern expressed w ith precipitation index values 
for the LT m odel reference param eter set applied to each resolution. The pattern of precipitation is 
similar between the two resolutions despite the slight difference in the icefield-wide spatial m ean 
precipitation amount.

2.6.3 A pplying the LT M odel to ERA-I Reanalysis
While the downscaled regional WRF dataset is the best available climate dataset for Alaska, it is com
putationally expensive to produce. For possible future mass balance modeling efforts in Alaska, it 
m ay be more effective to directly force the LT m odel w ith a readily available global climate data prod
uct. We com pared the results of the LT m odel forced by the WRF data (~20 km  resolution) and by 
global scale ERA-Interim climate data (~100 km resolution) to address the necessity of the com pu
tationally expensive WRF data in the capability of the LT m odel to improve mass balance modeling. 
With this forcing, the DEM used to derive the ERA-Interim data was used to calculate background 
precipitation and the same meteorological variables previously described were used as input. The 
fine resolution SRTM DEM was used at 1 km resolution. The reference run param eters of the LT 
m odel were used in both instances.

Our results show the ERA-Interim input to the LT m odel produces an LT m odel solution w ith a 
decreased am ount of average w inter precipitation com pared to the solution produced by the WRF
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1 km resolution 5 km resolution

Figure 2.9. M odeled w inter precipitation using different DEM resolutions. M odeled w inter (October- 
March) precipitation (a, b) and precipitation index (d, e) averaged over 1979-2013 time period ap
plying the LT m odel to the 1 km (a) and the 5 km (b) DEM. The precipitation index values indicate 
local deviations from the spatial m ean and are com puted as the ratio of each grid cell's time-averaged 
w inter precipitation to the icefield-wide spatial w inter precipitation mean, expressed as a  percentage. 
The means noted in (a) and (b) refer to spatial means over all grid cells whose center lies inside the 
icefield outline. Thus the total area over which the spatial average is taken varies betw een the two 
cases.
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input (Figure 2.10) . The icefield-wide spatial m ean of average w inter precipitation is 3.7 ±  1.1 m  w.e 
and 2.4 ±  0.7 m  w.e for the WRF and ERA-Interim forcings respectively. The precipitation index m aps 
calculated using these m ean values show that the precipitation pattern is similar between the two 
results (Figure 2.10).

The discrepancy between the am ounts of average w inter precipitation produced by the LT m odel 
w hen forced by different input climate datasets can be explained as follows. The LT m odel form u
lation vertically and horizontally averages the climate variable grids to solve for the precipitation 
solution. While the initial climate input is spatially variable in both the vertical (pressure level) and 
horizontal directions, the LT m odel equations are solved using the spatial m ean of each grid at every 
time step. At every time step, these averaged quantities are slightly different for the two different cli
mate datasets due to the difference in resolution and assum ed topography of each dataset. In general, 
the higher resolution of the WRF grids and assum ed topography means that more extreme values 
are represented in a given grid for any variable. This results in larger spatially averaged quantities 
com pared to the average quantities calculated from the lower resolution ERA-Interim grids.

The WRF dataset leads to the application of the LT m odel in 86% of time steps com pared to 79% 
for the ERA-Interim dataset. W hen the LT m odel is not applied, the precipitation field from input 
climate data set is used for that time step. Due to the coarse resolution of both climate datasets, the 
precipitation fields of the climate datasets underestim ate precipitation com pared to the LT model. The 
LT m odel is applied less often in the ERA-Interim case, indicating that the average w inter precipitation 
more often includes time steps that are unaltered and underestim ated precipitation fields from the 
original ERA-Interim dataset.

Despite the differences, the results from the WRF and  ERA-Interim forcings both create im proved 
precipitation fields that show the expected orographic precipitation pattern. In both cases, the LT 
m odel downscales the precipitation fields w ith a similar precipitation pattern that was previously 
unresolved in available climate data for the region. We cannot say w hether forcing the LT m odel w ith 
the WRF or ERA-Interim dataset leads to more "realistic" precipitation fields due to the scarcity of 
total precipitation observations. However, the am ount of average w inter precipitation as calculated 
by the LT m odel is sensitive to the input climate dataset, in addition to DEM resolution and  choice of 
vsnow and vrajn values. This indicates that similar LT m odel results can be achieved w ith either climate 
input dataset in conjunction w ith different combinations of DEM resolution, vsnow, and vrain values.

2.7 D iscussion
2.7.1 Precipitation Pattern and A m ount
The LT m odel produces precipitation fields at a scale relevant for glacier mass balance modeling 
w ith a persistent precipitation pattern regardless of param eter combination, horizontal resolution,
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Difference
Alaska WRF ERA-Interim m WRF -  ERA-Interim m

Figure 2.10. Average w inter precipitation(1979-2013) from the LT m odel reference param eter set forced w ith WRF (a) and ERA-Interim (b) 
climate datasets. We show the difference between these two sets of results (c) where ERA-Interim results were subtracted from the WRF 
results. The precipitation pattern relative to the icefield-wide spatial m ean for the WRF results (d) and ERA-Interim results (e) are shown. 
The precipitation pattern is expressed w ith precipitation index values defined as the ratio of the local average w inter precipitation at each 
grid cell to the icefield-wide spatial m ean of average w inter precipitation, calculated as a  percentage. The icefield-wide spatial m ean for 
each set of results is noted. The difference between the precipitation patterns of the two sets of results is shown where the ERA-Interim 
precipitation index m ap w as subtracted from the WRF precipitation index map.



and input data. The pattern reflects the increase in spatial resolution of the topograhy used in the 
LT m odel downscaling in comparison to the coarse resolution topography used by WRF and ERA- 
Interim. However, validating the precipitation pattern produced by the LT m odel over the Juneau 
Icefield is lim ited by the spatial extent of available observations. The net accumulation transect on 
Taku Glacier is perpendicular to the large scale orographic precipitation gradient over the icefield. 
Ideally, we could compare the LT m odel results w ith observations that parallel the orographic precip
itation gradient.

While the precipitation pattern produced by the LT m odel is robust, the am ount of precipitation is 
sensitive to m odel param eters, horizontal resolution, and input data. The icefield-wide spatial m ean 
of average w inter precipitation can be between 2.5 m  w.e and 4.4 m  w.e depending on choice of snow 
fall speed. The same param eter combination run at 1 km and 5 km resolution results in m ean icefield 
w inter precipitation values that can vary by more than 1.0 m  The sensitivity of the results to these 
factors means that different combinations of m odel param eters, horizontal resolution, and input data 
can yield similar precipitation fields that show the same agreement w ith the available data.

The am ount of total precipitation from the LT m odel results cannot be validated by the available 
observations which were taken in late July after significant melt had occurred. We accounted for 
this by deriving m odeled net accumulation from the LT m odel results using a tem perature-index 
m odel to calculate melt, which introduced a melt factor as a param eter that can vary the m odeled 
net accumulation. LT m odel results that under or over estimate total precipitation can be m ade to 
m atch the available net accumulation observations by finding the "best choice" melt factor w ithin a 
reasonable range. Thus, the m odel can show good agreement to the observations for the incorrect 
reasons. It is possible that a more sophisticated melt m odel could better constrain the am ount of melt, 
bu t the total precipitation from the LT m odel results w ould still need to be validated.

Furthermore, the gradient of the modeled net accumulation is a function of the lapse rate used 
to downscale the tem perature fields used in the melt calculation in addition to the gradient from 
m odeled total accumulation. We assum ed an invariant standard atmospheric lapse rate of r=0.0065 K 
m -1, bu t a better agreement between m odel results and observations could be achieved w ith a lower 
value constant lapse rate as the average gradient of observed net accumulation is more shallow than 
the average m odeled gradient. Additionally, other methods to calculate the lapse rate for tem perature 
downscaling could have been used such as direct calculation of the lapse rate from the input climate 
data or a seasonally varying lapse rate.

The m easurem ents capture local processes that are not considered by the LT m odel and thus some 
error is expected between the m odel results and measurements. We do not consider the process of 
refreezing of melt w ater or rain w ater w ithin the snow or firn pack, as we assume that all melt and 
rain are not retained. Refreezing has been noted as significant processes in the upper firn zone of Taku
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Glacier beginning at roughly 1350 m  a.s.l. w ith most melt w ater being retained (Pelto et al., 2013). The 
observations that we used to validate the m odel results occur between 920 m  a.s.l. and 1100 m  a.s.l 
in the lower firn zone which experiences significant ablation and less refreezing, but ice lenses are 
often observed in the snow pits dug by JIRP, indicating that refreezing is present (Pelto et al., 2013). A 
more detailed analysis of snow density profiles w ould aid in estimating the error in the m odel results 
from not considering refreezing. Increased error in the m odel results from the exclusion of refreezing 
should be expected if additional observations from the upper firn zone are used in future studies.

2.7.2 Suggested Precipitation G auge Locations
Previous studies have used relatively dense networks of precipitation gauge m easurem ents from u p 
per elevations of the study area to validate the LT m odel results of total precipitation am ount and 
pattern directly before comparing the results to glaciological data. These types of observations do not 
exist for the Juneau Icefield. However, the results of the LT m odel can inform w here precipitation 
gauge m easurements should occur in order to capture the large scale heterogeniety of precipitation 
on the icefield, constrain precipitation am ounts to realistic values, and to more thoroughly validate 
the LT m odel results.

Figure 2.11 shows four locations of suggested precipitation gauges that w ould be ideal for LT 
m odel validation. These locations are at the local maxima and m inim a average w inter precipitation 
locations from the results of the LT m odel reference run. A precipitation gauge at the divide between 
M endenhall Glacier and Taku Glacier could be used in conjunction w ith precipitation gauges close 
to sea level in Juneau to validate the precipitation gradient in the southwestern corner of the icefield 
and validate the local precipitation maxim um  at this location. The LT m odel shows a precipitation 
m inim um  on the upper m ain branch of Taku Glacier. A precipitation gauge at this location w ould 
allow this precipitation m inim um  to be confirmed and improve the comparison of m odel results to 
the net accumulation transect. Additionally, JIRP Camp 10 is at this location, allowing for access and 
maintenance of a precipitation gauge in this location. A precipitation gauge at the divide between 
Gilkey Glacier and Llewellyn Glacier w ould confirm the second local precipitation maxim um  on the 
icefield. A precipitation gauge at this location used in combination w ith the fourth suggested location 
at the term inus or lower elevations of Llewellyn Glacier, w ould allow for the leeside precipitation 
gradient to be confirmed.

There are small scale patterns in the m odeled average w inter precipitation field in the northwest 
(Meade Glacier) and southeast (East Twin Glacier) corners that w ould be ideal to validate w ith pre
cipitation gauge m easurem ents as well. However, these areas are of less consequence to the overall 
icefield mass balance than the other precipitation gauge locations suggested. Additionally, there are 
fewer, if any at all, glaciological observations in these areas that could be used to further validate and
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Figure 2.11. Winter precipitation index m ap for the Juneau Icefield and suggested precipitation gauge 
locations.The index m ap is calculated from the LT m odel reference run results. The precipitation index 
values represent the ratio of the local average w inter precipitation at each grid cell to the icefield-wide 
spatial m ean of average w inter precipitation expressed as a  percentage. The icefield-wide spatial 
m ean of average w inter precipitation for the reference run is 3.7 m. The precipitation index map 
is also illustrated w ith the white contours (at intervals of 10%). The black contour lines illustrate 
the topography (at intervals of 100 m). Note that the precipitation index patten deviates from the 
distribution of terrain elevation, especially on the w estern side of the icefield. The white triangles 
show suggested locations for precipitation gauges that w ould better validate the LT m odel results. 
The locations of the gauges are based on the local minim a and maxima of average w inter precipitation. 
Existing precipitation gauges close to sea level in Juneau are shown (black triangles).
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analyze the LT m odel results.

2.7.3 Precipitation Index M ap
Snow accumulation on glaciers often exhibits a persistent pattern from year-to-year and accumula
tion index m aps have been used to describe this pattern for input in distributed mass balance and 
hydrological modeling (Schuler et al., 2008). The accumulation at each time step can be calculated by 
adding an anomaly to the m ean pattern described by the accumulation index m ap or by using the 
accumulation index m ap as a map of weighting factors to distribute a point value. The consistent 
pattern produced by the LT m odel and the uncertainty of the precipitation am ount suggests that an 
accumulation index m ap m ay be a practical approach for further mass balance m odeling of the Juneau 
Icefield. The accumulation index m ap approach also decreases com putational cost for interfacing the 
LT m odel w ith a mass balance model.

Following the approach of Schuler et al. (2008) we derive a w inter precipitation index m ap for 
the Juneau Icefield using the LT m odel (Figure 2.11). We consider total precipitation, not just snow 
accumulation, as the fraction of snow and rain w ould be dealt w ith in a more sophisticated mass 
balance modeling scheme. The average w inter (October-March) precipitation for the m odel period 
(1979-2013) is calculated using the reference run param eters at 1 km resolution downscaled from the 
WRF climate data. The precipitation index values represent the ratio of the local average w inter pre
cipitation at each grid cell to the icefield-wide spatial m ean of average w inter precipitation expressed 
as a percentage. Values larger than 100% indicate average w inter precipitation is larger than the m ean 
and vice versa. While there is a general trend that precipitation index increases w ith elevation, there 
are specific areas of deviation, which w ould not be resolved if the common lapse rate approach was 
used to downscale precipitation.

Functionally, this precipitation index m ap could be used in conjunction w ith a param eter con
tained w ithin the mass balance m odel scheme that w ould increase or decrease precipitation am ount 
across the dom ain while m aintaining the pattern specified by the index map. This param eter w ould be 
a tuning param eter in addition to degree-day factors, bu t it has potential to be constrained more than 
the LT m odel param eters as it w ould be included in a more sophisticated distributed mass balance 
modeling scheme.
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C hapter 3 
Conclusions and Future Directions

3.1 Conclusions
Global and regional climate models perform  at a resolution that is too coarse to capture local oro
graphic precipitation patterns in complex terrain. For any distributed glacier mass balance modeling, 
developing precipitation input at the appropriate scale is a necessary step. This has commonly been 
done by applying an elevation-dependent lapse rate to the study dom ain for both point data and 
coarse scale gridded global or regional climate m odel output. For areas w ith complex terrain and 
significant orographic precipitation, such as the Juneau Icefield, this m ethod cannot appropriately 
capture the precipitation pattern as precipitation does not linearly scale w ith elevation everywhere. 
Instead, a rain shadow pattern exists where the w indw ard side of a m ountain range receives signif
icantly more precipitation than the leeward side at the same elevation. We assessed the ability of a 
linear theory of orographic precipitation m odel (LT model) as a physically-based, intermediate com
plexity tool that can be used to downscale coarse gridded global or regional climate data for the p u r
poses of glacier mass balance modeling. The Juneau Icefield was used as a study site to address previ
ous challenges of mass balance m odeling related to the representation of orographic precipitation in 
the precipitation input data. Accurate mass balance modeling of the Juneau Icefield is necessary for 
future studies aim ed at assessing runoff and regional impacts of glacier mass loss.

We com pared five years of net accumulation observations to modeled net accumulation derived 
from the established LT m odel reference run results, combined w ith a tem perature-index m odel to ac
count for melt over the observation time period. The m odeled net accumulation showed an agreement 
of r2 = 0.89 to the observations w hen the average net accumulation of the five years w as calculated. 
The LT m odel produced w inter precipitation fields w ith the expected orographic precipitation pattern 
previously unresolved in precipitation fields for the area. Due to the scarcity of observations, we were 
unable to directly validate the total precipitation results of the LT model. We instead perform ed a 
series of sensitivity experiments to assess the robustness of the LT m odel results. We varied the LT 
m odel param eters of snow fall speed and rain fall speed, the horizontal resolution of the underlying 
DEM, and the climate input data. The pattern of w inter precipitation persisted in the results of the 
sensitivity experiments while the am ount of w inter precipitation varied w ith these factors and  was 
most influenced by the choice of snow fall speed. We showed that different combinations of LT m odel 
param eters, DEM resolution, and climate input data can produce similar LT m odel results.

Based on the persistence of the precipitation pattern produced by the LT m odel results and the u n 
certainty in precipitation am ount, we calculated a w inter precipitation index m ap that could be used 
to improve mass balance m odeling efforts of the Juneau Icefield. While this m ap shows the expected 
orographic precipitation pattern for the area, it has not been fully validated due to the lack of obser

37



vations. From the LT m odel reference run results, we suggested locations for potential precipitation 
gauges that w ould improve param eter identification and validation of the LT m odel results.

3.2 Using a D ifferent LT M odel Param eterization
There are several different implementations of the LT m odel that have been used for glaciological 
applications. The original m odel proposed by Smith and Barstad (2004) w as forced by user-specified 
meteorological constants that described the climate and atmospheric state. More recent versions of 
the LT m odel compute dom ain-averaged values of meteorological variables that vary w ith each time 
step from gridded global or regional climate m odel data to force the LT model. However, the cloud 
microphysics timescale, t ,  describing the formation and fall out of hydrometeors, and the atmospheric 
stability parameter, Nm, often rem ained user-specified constants the values of which were determ ined 
by calibrating the LT m odel results to observations.

The implementation of the LT m odel used in this study param eterized Nm so that it was calculated 
directly from the climate data and varied w ith each time step. t  w as derived from the climate data 
and hydrom eteor fall speed, which was calculated using two param eters, snow fall speed and rain 
fall speed. This is a unique param eterization of t  not used in previous glaciological applications of the 
LT model. Crochet (2012) eliminated the need for any tuning param eters by calculating hydrom eteor 
fall speed as a  function of tem perature in the m oist layer. It was shown that this did not significantly 
improve the agreement between the LT m odel results and observations com pared w ith using a  con
stant value of t. The param eterization implem ented here, w ith snow fall speed and rain fall speed, 
lies between these two approaches. The ability of the param eters to adjust the modeled precipitation 
am ount m ay be a  desirable trait to obtain the best m odel agreement w ith observations. However, 
in areas w ith few or no observations, it m ay be better to im plem ent the param eterization in Crochet 
(2012). It w ould be w orth  investigating whether the Crochet (2012) param eterization improves or 
diminishes the LT m odel results for the Juneau Icefield.

3.3 Precipitation Analysis
We assessed the results of the LT m odel in terms of average w inter precipitation pattern and the 
icefield-wide spatial m ean of w inter precipitation. These are two characteristics of precipitation that 
were appropriate to consider for our study based on our available glaciological observations. Previous 
studies also evaluated the ability of the LT m odel to simulate individual storms, extreme precipitation 
events, and frequency of precipitation events. This evaluation is only possible if there are precipita
tion gauge measurements. If precipitation gauge m easurem ents were m ade available in the future, 
evaluating the LT m odel in this m anner w ould be a  natural next step.
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3.4 An A djoint M odel for Sensitivity Analysis
We suggested four potential locations of precipitation gauges across the icefield that w ould allow for 
improved calibration and validation of LT m odel results. These locations represent the local maxima 
and minim a of the average w inter precipitation pattern across the icefield. The precipitation observa
tions at the suggested stations as well as the precipitation gradients between the suggested stations, 
w ould allow for a thorough validation of the LT m odel results. While these are im portant locations 
for describing the precipitation pattern and amount, these locations m ay not be the most sensitive 
to changes in m odel parameters. For improved m odel validation and param eter determination, it 
w ould be ideal to have observations from the locations of the precipitation pattern most sensitive to 
the m odel parameters.

These locations could be determ ined by an adjoint model, a powerful approach used in m ete
orology and oceanography for sensitivity analysis and param eter identification (Errico, 1997). The 
sensitivity analysis in this study evaluated the impact of changes to the input param eters on the LT 
m odel output. The LT m odel was run forward in time to do this. In contrast, the adjoint equations 
of the LT m odel w ould describe the evolution of sensitivity backward in time and can be used to 
compute the sensitivity of the output of a m odel to all input param eters (Errico, 1997; Talagrand and 
Courtier, 1987; Courtier and Rabier, 1997). One result of an adjoint m odel is a spatial pattern of sen
sitivity and  this could be used to indicate the optimal locations of precipitation gauges for efficient 
param eter determ ination and m odel validation of the LT model.

Adjoint models for sensitivity analysis have been used for decades w ith complex, nonlinear re
gional w eather forecasting and  global climate models w ith hundreds of parameters. More recently, 
the cryosphere com munity has used adjoint models for investigating the sensitivity of ice sheet m od
els (Heimbach and  Bugnion, 2009). In comparison to climate models and ice sheet models, the LT 
m odel is simple w ith linear equations and several parameters. It w ould seem that developing an 
adjoint m odel for the LT m odel should be possible and this w ould be a fruitful future direction of 
study.

3.5 LT M odel Applications in A laska
The LT m odel could be used in other regions of Alaska w here orographic precipitation is dom inant 
and WRF downscaling is insufficient due to complex topography, mainly Southeast and  Southcentral 
Alaska. All of Southeast Alaska could be considered as a m odel domain, though modifications may 
have to be m ade to the m odel implementation and subdomains w ould have to be delineated. Lack 
of precipitation gauges at high elevations for validation w ould again pose challenges so glaciological 
data w ould need to be used. If the LT m odel were used in conjunction w ith a glacier runoff m odel or a 
hydrology model, hydrograph datasets could potentially be used to calibrate the LT m odel in addition
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to glaciological m easurem ents and precipitation gauge measurements. There is significant potential 
for the LT m odel to improve glacier mass balance, runoff, and hydrology modeling for regions w ith 
complex topography and orographic lifting in Alaska and elsewhere, and it should become a widely 
used tool for downscaling precipitation input for these purposes.
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