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ABSTRACT

Due to their high sensitivity to changes in climate, alpine glaciers are one of the
best natural indicators of climate change. Despite this, some of the underlying processes
that control glacier response to climate change are not well understood. One potentially
important set of such processes are feedback mechanisms that amplify and dampen melt.
Though these feedbacks are widely recognized as important processes affecting glacier
mass balances, little has been done to quantify their effects in a systematic way. This
study develops a fully distributed surface energy and mass balance model to quantify the
contributions of three precipitation-induced melt feedbacks to glacier mass balance.
Specifically, we focus on feedbacks associated with sensible heat of liquid rain,
snowpack thickness, and frequency of snowfall events. The model follows well-known
energy balance methods, but includes “switches” that allow individual feedbacks to be
turned off. The model utilizes an idealized glacier and meteorological inputs from the
High Asia Refined analysis for two different climate regions in High Mountain Asia
(HMA). The results show that melt feedbacks can nearly triple melt due to a +1°C
temperature forcing scenario. System gains are highest near the equilibrium line altitude
(ELA). Furthermore, system gains due to melt feedbacks depend most on the frequency
of snowfall events that occur concurrently with the melt season. These results highlight

the potential significance of melt feedbacks on glacier mass balance, how this may vary



across differing climatic regions, and the need to further explore feedbacks associated

with other glacier surface processes.
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CHAPTER 1

INTRODUCTION

1.1 Background

Because of their high sensitivity to changes in climate, glaciers are one of the best
natural indicators of climate change [IPCC Report, 2001; Oerlemans, 1994; Roe et al.,
2016]. However, glaciers do not necessarily respond to changes in climate in a simple,
linear fashion. Rather, glaciers function as low-pass filters for climate, where the exact
frequency response of each filter (i.e. glacier) is governed by factors such as glacier size
and thickness. Glacier-climate interactions are further complicated by processes such as
feedbacks that act to both amplify and dampen melt and accumulation signals on glacier
surfaces. While these feedbacks are often recognized as important factors in determining
glacier mass balance [Arnold et al., 2006], their influence has yet to be quantified in a
systematic way.

For the purposes of this study, feedbacks are defined as processes whereby some
fraction of the system output is fed back into the same system as an input, resulting in
either an amplification (positive feedback) or dampening (negative feedback) of an initial
forcing mechanism [Roe, 2009]. Here we quantify the contribution of three precipitation-
induced melt feedbacks to glacier mass balance in High Mountain Asia (HMA) by

developing a surface energy and mass balance model with the unique capability to turn



melt feedbacks off. We use the model to evaluate the contribution of these feedbacks to
the mass balance of a single glacier that is artificially placed in different climate regimes,
providing an idealized, controlled estimate of mass balance/melt feedbacks. We use the
idealized modeling results to identify glaciated regions of HMA likely to be most

affected by feedback processes under future climate scenarios.

1.2 Melt Feedbacks

As average global temperature rises, the vast majority of glaciers around the
world thin and retreat in response. This occurs because of a number of direct processes.
First, as temperature increases, melt generally increases, which decreases glacier mass
balance. Additionally, as temperature increases, the fraction of precipitation that falls as
snow may decrease, which also decreases mass balance. Importantly, this increase in the
fraction of precipitation falling as rain gives rise to feedback loops. For instance, as the
fraction of precipitation that falls as rain increases, albedo decreases and the sensible heat
flux from rain increases, amplifying melt. Because of this effect, glaciers in some regions
may have an amplified response to changes in temperature. For a more detailed
description of feedbacks that arise from changes in the phase of precipitation, see section
2.4.1.

While feedbacks associated with other glacier surface process (e.g. valley wall
shading, melt/refreeze, etc.) may play important roles in glacier mass balance in many
regions, feedbacks associated with precipitation are likely to impact glaciers nearly
worldwide, as all glaciers depend directly on precipitation. Thus, quantifying melt

feedbacks and identifying the factors most likely to make regions sensitive to them will



be important for accurately predicting the global response of glaciers to climate change.

For this reason, this study focuses on melt feedbacks.

1.3 High Mountain Asia

HMA is an ideal location to study the effect of melt feedbacks on glacier mass
balance due, in part, to the wide range of precipitation conditions present. For example,
within HMA, the eastern monsoonal Himalayas receive most of their precipitation during
the summer and have high annual precipitation rates; meanwhile, the western Himalayas
are more arid, and receive the bulk of their precipitation during the winter [Curio and
Scherer, 2016]. The diversity of its climates thus makes HMA an excellent location to
study the variability of melt feedbacks. In addition to its scientific suitability, HMA is
also uniquely societally relevant. Meltwater runoff from the glaciers in HMA (Figure 1)
feed many of the largest rivers in Asia, which are an important source of water to an
estimated 1.4 billion people [Immerzeel et al., 2010]. They also play a significant role in
global sea level rise, regional water resources, ecosystem stability, energy production,
agriculture, and risk management [Barry, 2006; Immerzeel et al., 2010; Moors et al.,
2011]. Despite this, the number of these glaciers with direct mass balance measurements
remains pitifully small [NSIDC, 2012; Bolch et al., 2012]. In addition, many of the
glacier studies that do have mass balance measurements are mostly qualitative or local in
nature [Immerzeel et al., 2010]. As a result, the projected responses of glaciers in HMA
to climate change remain highly uncertain [Bolch et al., 2012; Immerzeel et al., 2010].
By focusing this study here, we will improve our physical understanding of the climate

sensitivity of these glaciers and how they will respond to future changes in climate.



1.4 Objectives

This study has three primary objectives, as follows:
1. Quantify the contribution of melt feedbacks to glacier mass balance in
HMA
2. Identify which melt feedbacks most impact glacier mass balance in HMA
3. Determine the climatic characteristics that will maximize system gains due

to melt feedbacks in HMA
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CHAPTER 2

METHODS

2.1 Overview

In order to test the variability in how glaciers respond to melt feedbacks, this
study develops a fully distributed surface energy and mass balance model with the unique
capability to turn individual feedback mechanisms on and off (hereafter referred to as
feedback switches). A surface energy and mass balance model is a two-component model
that accounts for 1) all major energy fluxes to and from the glacier surface, and 2) the
associated mass gains and losses due to snow accumulation and surface melt. Surface
energy and mass balance models inherently include feedbacks. The addition of switches
in the model allow individual feedback mechanisms to be turned off either individually or
in conjunction with other feedbacks. Because feedbacks tend to have complex
interactions and so do not compound each other simply [Roe, 2009], the capability to turn
multiple feedbacks off simultaneously is crucial for analyzing their effects. Melt
estimates between scenarios in which feedbacks are turned off, both individually and
simultaneously, are then compared to one another to evaluate what the net change in melt
is as a result of the inherent feedbacks.

To ensure that results are comparable between regions, the same glacier (see

Figure 2) is evaluated using meteorological data from different regions within HMA (i.e.



glacier outline remains constant, but meteorological inputs are varied). The elevation of
the glacier is adjusted for each region to ensure a similar accumulation area ratio for each
model. This is done to ensure that there is a similar distribution of ice in the ablation and
accumulation zones for each climate region. The model is run on a daily resolution over a
13-year time period to ensure a representative sampling of climate variability in each

climate region.

2.2 Data

As in situ meteorological data (e.g. from weather stations) overlapping for a long
enough time scale are not available for the desired regions within HMA, meteorological
inputs needed for the surface energy and mass balance model are obtained from the High
Asia Refined analysis (HAR) [Maussion et al., 2014], a gridded (10 km resolution)
dataset generated using the Weather Research and Forecast model. The primary HAR
outputs used in this study include 2-m air temperature, daily precipitation, relative
humidity, incident solar radiation, and 10-m wind speed. There are numerous other HAR
outputs useful for energy balance modeling. However, here we minimize the required
meteorological inputs in order to ensure the model is more readily transferable and
comparable between different regions (including those outside of the domain covered by
HAR). The meteorological variables were downscaled to the resolution of a digital
elevation model (DEM) covering the glacier area (downscaling details in section 2.4.4).
The particular DEM used in this study is from the SRTM 90m dataset [Jarvis et al.,
2008]. The combination of specific HAR outputs listed above and the DEM are the only

required model inputs.



2.3 Energy Balance Model

The basic surface energy balance equation for the surface of a glacier is

Qm = Snet T Lpet + Qs + Q1 + Qp + Q¢ (1)

where Qm, the net surface energy, is equal to the sum of Spet, the net shortwave radiative
flux, Lnet, the net longwave radiative flux, Qs, the sensible heat flux, Q., the latent heat
flux, Qp, the heat flux supplied by precipitation, and Qg, the subsurface heat flux due to
conduction through the snow or ice. All incoming energy fluxes are positive, all outgoing
fluxes are negative, and all positive net surface energy (when the temperature of the
surface, Ts, is zero) is used to melt the surface. We assume melt run-off in all scenarios
here. See Tables 1 and 2 for a list of all variables, parameters, and constants used in the

model.

2.3.1 Radiative Energy Fluxes
The radiative energy budget consists of all shortwave and longwave radiative
fluxes to the surface of the glacier, Snet and Lnet, respectively. The net shortwave radiative
flux is equal to the difference between the incoming solar radiation and the reflected

shortwave radiation,

Snet = Sin(1 — ) (2)

where Sin is the incoming shortwave radiation and a is the surface albedo. Surface albedo



on a given day (i) is calculated following Oerlemans and Knap [1998], but uses adjusted

values for the parameters following Molg and Hardy [2004]:

. ; : d
a® = o+ (aiee = o) exp () (3)

where aice 1S an albedo for bare ice, d is snow depth (in cm), d* is an e-folding time
constant that accounts for the effect of snow depth on albedo, and as, the albedo of snow

at day (i), is a function of the time since the last snowfall:

oc_gi) = a5 + (aps— 0g)exp (St_* i) (4)
where asi is an albedo for firn, oss is an albedo for fresh snow, s is the day number of the
last snow fall event, i the actual day number, and t* is an e-folding time constant that
accounts for the decreasing albedo of snow over time. Thus, net shortwave radiation is a
function of solar radiation incident at the surface, whether the surface is snow or ice
covered, as well as age and depth of the snow.

Net longwave radiative flux is equal to the sum of incoming longwave radiation,

Lin, and outgoing longwave radiation, Loyt:
Lyet = Lin + Lout (5)

Lin = 08, TV + o0&, TH1 =V) (6)
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Loyt = _085T54 (7)

where o is the Stefan-Boltzman constant, &, is the effective emissivity of the atmosphere,
Ta is the absolute temperature of the air, V is the sky view factor, s is the emissivity of
the glacier surface, and Ts is the temperature of the glacier surface. Here, the sky view
factor follows the widely used [Hock, 2005] simplification from Kondratyev [1969],

wherein:

V = cos? (E) (8)
2
where B is the slope of the surface. While this simplification ignores surrounding
obstructions, it has been found to perform relatively well compared with a more complex
numerical integration of the sky [Hock, 2005].
The effective emissivity of the air, &,, follows a modified form of the empirical
parameterization originally developed by Konzelmann et al. [1994] for the Greenland ice

sheet whereby:

Eq = ec(l - C) + &pcC (9)

ool

P,
g, = 0.23 +0.20 (%) (10)

a
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where & is clear sky emissivity, ¢ is cloudiness (given as a fraction), eqc is Overcast
emissivity, Pva is vapor pressure of the air, and Tx is air temperature. Though originally
developed for a location on the Greenland ice sheet, this parameterization has been
successfully applied to mountain glaciers by modifying the coefficients for local
conditions [e.g. Greuell et al., 1997; Oerlemans, 2000]. Here, the coefficients have been
modified to improve agreement between modeled incoming longwave radiation and
incoming longwave radiation measured at three automated weather stations (AWSSs)
located in HMA (Figure 1). Additionally, the parameterization for cloudiness, ¢, was
derived empirically using in situ data from the same AWSs. Cloudiness was adjusted
(using fractional relative humidity, fm, and air pressure, Pa) until good agreement was

reached between modeled and measured values.

= 05+ (f + )+(L‘06> o
¢ =05«(frn+ frn) + (51325 ~ &

Cloudiness is considered the fraction of the sky covered by clouds. As such, values for

cloudiness greater than one were set equal to one.

2.3.2 Turbulent Heat Fluxes
The turbulent heat fluxes are calculated following a well-established method [e.g.
Anderson et al., 2010; Molg and Hardy, 2004; Oerlemans, 1992; Wagnon et al., 2003],

whereby the sensible heat flux, Qs, and the latent heat flux, Q., are defined as:

Qs = pacpkHU(Ta = Ts) (12)
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0.622p,k UL, (4
0, = pa; v(4q) (13)
a

where pa IS the density of the air, c; is the specific heat capacity of the air, U is the wind
speed, Ta iIs the temperature of the atmosphere, Ts is the surface temperature, Ly is the
latent heat of vaporization for water, Aq is the difference between the vapor pressure of
ambient air and air at the glacier surface, p is the air pressure, and ke and ky are the
exchange coefficients for latent and sensible heat (respectively), defined [following

Webb, 1970] as:

ky = Csc kg (14)
In (ZZO—mm) In (%)

k. = Csc kg (15)
y In (ZZO—’;) In (ZZO—};)

where Cs is a stability correction term, ko is the von Karman constant, zn is the wind
speed measurement height above the surface (10 m), zom is the roughness length for wind
(1.7E-4), zy is the measurement height for water vapor pressure (2 m), zov is the
roughness length of water vapor (1.7E-4), zn is the measurement height for temperature
(2 m), and zon is the roughness length of temperature. Note that in the absence of in situ
measurements, this study uses zom = Zov = Zon [following Morris and Harding, 1991], with

these values each equal to 1.7E-4 [following Braithwaite, 1995].



13

The effectiveness of turbulent heat transfer depends on wind speed, surface
roughness, and atmospheric stability [Hock, 2005], measurements which are rarely
available for glacier surfaces. Unfortunately, these variables can vary by several orders of
magnitude, which makes turbulent heat flux estimates highly sensitive to the chosen
parameterization. Therefore, a stability correction term, cs, is included within the
exchange coefficients for latent/sensible heat to prevent the turbulent heat fluxes from

becoming unrealistically high [Webb, 1970].

cse = (1— SRb)Z (16)

where Ry is the bulk Richardson number [e.g. Oke, 1987; Wagnon et al., 2003]:

_G(T, —T5)(z — zp)
b T,U?

(17)

where G is the gravity constant, Ta the temperature of the air at height z above the surface,
Ts the temperature of the surface, zo the roughness length for wind, and U the wind speed
at height z. This stability correction term (Equation 13) is only applied when R, > 0 and U
> 1 to prevent the bulk Richardson number from getting too high at low wind speeds

[Anderson et al., 2010].

2.3.3 Precipitation and Conductive Heat Fluxes
The advected heat flux due to liquid precipitation, Qp, follows the commonly used

method [e.g. Singh et al., 2011]
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Qp = cwP(Ty —Ty) (18)

where cw is the specific heat of water, P is amount of precipitation, T, is the air
temperature, and Ts is the temperature of the surface. This assumes all precipitation falls
at air temperature.

Conductive heat flux is given by:

Ki(TS - Tz)

Q¢ = S Pa— (19)

where Ki; is the thermal conductivity of ice, Az is the depth in the ice (here Az = 10m)
where the temperature of the ice at 10 meters depth, T, is assumed to be constant and
unaffected by fluctuations in air temperature (here T, = -1.2°C) [Paterson et al., 1994].
Note that the equations used in this model have inherent assumptions and
limitations. As such, we test the sensitivity of the results to the chosen parameter suite

(see section 3.4).

2.3.4 Downscaling
The meteorological inputs from the HAR were downscaled from a 10 km to a 30
m resolution. Temperature downscaling was applied using a 6.5°C/km lapse rate. While it
is well known that temperature lapse rates vary significantly by region, time of day,
season, and even over glacier surfaces [Petersen & Pellicciotti, 2011], temperature lapse

rate measurements across HMA are not widely available. While a constant temperature
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lapse rate may be unrealistic across such a large spatial and temporal scale, in the absence
of any in situ measurements, this study forgoes the use of a more complex approach to
estimating lapse rates. The sensitivity of the results to this assumption is tested further in
section 3.4.

Air pressure was scaled using a constant 10 Pa/m lapse rate [e.g. Arnold et al.,
2006; Banwell et al., 2012; Brock and Arnold, 2000; Rye et al., 2010]. All other
meteorological inputs were not downscaled.

While the model used here has limitations and simplifying assumptions, the goal
of this study is not to accurately reproduce the mass balance of any given glacier, but
rather to systematically test the role of feedbacks for a given set of meteorological
conditions. Thus, as long as the assumptions are within reasonable bounds, the results
will likely be robust. We test the robustness of the results using a suite of sensitivity tests

(section 3.4).

2.4 Feedbacks

Here we present a description of the feedbacks targeted in this study (see Figure 3
for a schematic diagram of each), as well as an explanation of how the model “turns off”
each feedback (i.e. the switches). Note that all three feedbacks described here are related
to albedo, and are therefore albedo feedbacks. However, we give each feedback a unique
name (e.g. “accumulation feedback) to distinguish between the mechanism that leads to a
change in the albedo of the surface. In reality, because albedo and surface melt are
dependent on one another, any mechanism that affects albedo should result in a feedback

loop. Note also that all three feedbacks are a result of changes in precipitation phase, but
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are measured by their net effect on glacier melt. Thus, they are described here as
“precipitation-induced” melt feedbacks. In addition, all three feedbacks studied here are

positive feedbacks.

2.4.1 Feedback Descriptions

Feedback 1: Accumulation Feedback — An increase in air temperature increases
the fraction of precipitation that falls as rain. This results in less snowfall, which leads to
a thinner snow cover, which decreases the albedo of the surface, which causes the surface
to absorb more energy, which further thins the snow cover, etc.

Feedback 2: Sensible Heat Feedback — An increase in air temperature increases
the fraction of precipitation that falls as rain. This results in an increase in sensible heat
supplied to the surface, which causes increased melt, which decreases the albedo of the
surface, which causes the surface to absorb more energy, which further increases melt,
etc.

Feedback 3: Albedo Reset Feedback — An increase in air temperature increases
the fraction of precipitation that falls as rain. This results in fewer snow events on the
glacier, which “resets” the albedo of the surface less frequently (i.e. because each
snowfall event “resets” the surface albedo to that of fresh snow), which decreases the
albedo of the surface, which causes the surface to absorb more energy, which causes

increased melt, which further decreases the albedo of the surface, etc.
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2.4.2 Feedback Switches

Feedback Switch 1: Turning off feedback switch 1 forces precipitation to fall as
snow anywhere where it would have fallen as snow if the +AT temperature forcing had
not been applied. For example, if the temperature at some location on the glacier were -
0.5°C (so precipitation would naturally fall as snow) without applying a temperature
forcing, then a +1°C temperature forcing would increase the temperature at that location
to 0.5°C (causing precipitation at that point to now fall as rain). In such a case, turning
feedback switch 1 off would force the precipitation at that location to fall as snow despite
the fact that the temperature forcing raised the air temperature above 0°C. In this case,
sensible heat would still be supplied to the surface (as if the precipitation had actually
fallen as rain) and the surface albedo is not reset (also as if the precipitation had actually
fallen as rain). Thus, the shift in the state of the precipitation (e.g. solid to liquid) at this
location is only permitted to alter the sensible heat (from precipitation) and the surface
albedo, without changing the thickness of the snowpack.

Feedback Switch 2: Turning off feedback switch 2 removes the sensible heat
supplied by precipitation anywhere where it falls as rain only as a direct result of the +AT
temperature forcing. As in the above example, if the temperature at some location on the
glacier were -0.5°C (so precipitation would naturally fall as snow) without applying a
temperature forcing, then a +1°C temperature forcing would increase the temperature at
that location to 0.5°C (causing precipitation at that point to now fall as rain). In this case,
however, turning feedback switch 2 off would prevent the precipitation (which would
now fall as rain) from supplying any sensible heat to the surface (Qr = 0 even though Ta

= 0.5; see Equation 18). In this scenario, the snowpack does not thicken and the surface
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albedo is not reset. Thus, the shift in the state of the precipitation (e.g. solid to liquid) at
this location is only permitted to alter the thickness of the snowpack and the surface
albedo, without changing the sensible heat supplied to the surface from precipitation.
Feedback Switch 3: Turning off feedback switch 3 forces the albedo to reset
anywhere where precipitation falls as rain instead of snow as a direct result of the +AT
temperature forcing. For example, if the temperature at some location on the glacier were
-0.5°C (so precipitation would naturally fall as snow) without applying a temperature
forcing, then a +1°C temperature forcing would increase the temperature at that location
to 0.5°C (causing precipitation at that point to now fall as rain). In this case, turning
feedback switch 3 off would cause the surface albedo to reset, even though precipitation
would actually fall as rain at 0.5°C. In this scenario, the snowpack does not thicken and
sensible heat (from precipitation) is still supplied to the surface. Thus, the shift in the
state of the precipitation (e.g. solid to liquid) at this location is only permitted to alter
thickness of the snowpack and the sensible heat (from precipitation), without affecting

the albedo of the surface.

2.4.3 Gains Due to Feedbacks
System gains are a measure of how strongly feedbacks impact glacier mass
balance in a given region, and are well defined in physical and systems, including Earth
systems [e.g. Roe, 2009]. The system gain due to feedbacks, G, is “the factor by which
the system response has gained due to the inclusion of the feedback(s), compared with

the reference-system response” [Roe, 2009], here defined as:
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Am (mpo —mypq)

G = =
Amper (Mmryp —mrq)

(20)

where Am is the change in melt (including feedbacks) resulting from a perturbation to the
system (i.e. a +1°C temperature forcing), Amge is the change in melt (with feedbacks
turned off) resulting from a +1°C temperature forcing, mr, is glacier melt with no
temperature forcing, mr; is glacier melt with a +1°C temperature forcing, and mq, is

glacier melt with a +1°C temperature forcing with all feedbacks turned off.

2.5 Regions

Two summer-time accumulation regions with significantly different annual
average precipitation were selected from within the HAR dataset, as described below.
The meteorological data from these regions were used as input to test the dependence of
feedbacks on precipitation amount. The precipitation data for both regions were then
offset by 180 days (changing both regions from summer-accumulation dominated to
winter-accumulation dominated), leaving all other inputs unchanged, and the model was
then run again using the same data with offset precipitation. This was done to test the
effect of the timing of precipitation on the strength of melt feedbacks. Regions with
shifted precipitation will hereafter be distinguished with a “-shift” (i.e. Region 1-shift
refers to the use of Region 1 data, but with precipitation data offset by 180 days).

Region 1: This region is located near the boundary between the monsoonal
Himalayas and the Tibetan Plateau. Its precipitation regime is predominantly
summertime (Figure 4), but mean annual precipitation amounts to only ~380 mm w.e. a™.

Mean annual air temperature averaged over the glacier surface is -7.7 °C, with a mean
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annual summertime temperature (1 June— 31 August) of 1.0 °C.

Region 2: This region is located within the monsoonal eastern Himalayas. It
receives an average of ~1240 mm w.e. of precipitation per year, predominantly during the
summer. Mean annual air temperature averaged over the glacier surface is -5.9 °C, with a

mean annual summertime temperature of 1.6 °C.

2.6 Model Validation

Model validation for glacier surface energy and mass balance models typically
consists of evaluating the model with local meteorological data against ablation stake
measurements [Anderson et al., 2010; Kayastha et al., 1999; Molg & Hardy, 2004]. This
study, however, foregoes such measures for several reasons. First, the majority of the
methods utilized here are well recognized and accepted, and thus, these methods are
already well validated and are reasonable for a theoretical study. Additionally, while
many studies aim to replicate melt patterns as accurately as possible, doing so here is
unlikely to have a strong effect on the findings of this particular study due to its idealized
nature. Finally, the unique feature to this model is that it contains feedbacks switches, a
feature that would be difficult to validate using traditional field data and methods.

This study utilizes a point-based version of the fully distributed model presented
above and assesses it with Monte Carlo simulations to evaluate both mass balance and
system gain sensitivities to selected parameters at discrete points along the glacier. See
section 3.4 for a description of these simulations. The distribution of the mass balances

and system gains provides an estimate of how uncertainty in multiple input parameter



21

values impacts the results presented here. Additionally, sensitivity to individual

parameter values for selected parameters is tested and presented in Appendix A.
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Figure 2. Example of melt across the modeled glacier. The glacier is south facing and is
~10 km?, with 90 m spatial resolution.
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Figure 4. Precipitation regimes by region. Precipitation frequency (black line) and mean
precipitation (blue dashed line) are averaged for each day (e.g. each 1 March is averaged)
across all 13 years for each region. Precipitation frequency as presented here is the

number times a given day exhibited precipitation divided by the total number of years of

data (13). For example, if it rained every year on 1 March, then the precipitation

frequency for that day would be 1.



Table 1. Variables used and calculated in the model, presented in the order that they

appear in the text.

Variable Units
Qm  Energy available to melt Wm?
Snet  Net shortwave radiation W m?
Lnet  Net longwave radiation W m?
Qs  Sensible heat flux W m?
Qu  Latent heat flux W m?
Qp  Heat flux from precipitation Wm?
Q¢ Heat flux conducted from the ice W m?
Sin Incoming shortwave radiation W m?
o Surface albedo -
os  Albedo of snow on day (i) -
i Actual day number for albedo days
d  Snow depth cm
S Day number of last snowfall days
Lin  Incoming longwave radiation Wm?
Lout  Qutgoing longwave radiation Wm?
. Effective emissivity of the )
atmosphere
Ta  Temperature of the atmosphere K
V' Sky view factor -
Ts  Temperature of the surface K
B Slope of the surface °
€  Clear sky emissivity -
¢ Cloudiness (fractional) -
Pva  Vapor pressure of the air hPa
fin  Relative humidity (fractional) -
Pa  Air pressure hPa
K Exchange coefficient for sensible )
heat
U  Wind speed (at 2) ms*
Ke Exchange coefficient for latent )
heat
Surface-air vapor pressure
Aq differential Pere hPa
Csc  Stability correction term -
Rb  Bulk Richardson number ms?
P Precipitation rate kgs*m?
AT  Temperature forcing K
Sr Feedback strength %
bro  Mass balance with AT=0 mw.e.a*
bri  Mass balance with AT =1 mw.e.a?t
b Mass balance with AT =1 and all mw.e. al

feedback switches turned off

24



Table 2. Parameters, constants, and their values, used in the model, presented in the
order that they appear in the text.

Parameters and Constants Value Units
ttice  Albedo of ice 0.45 -
a* e-folding time constant for 39 om

snow depth
as  Albedo of firn 0.53 -
airs  Albedo of fresh snow 0.9 -
* e-folding time constant for 719 davs

the effect of aging on snow
¢ Stefan-Boltzmann constant 567x10% Wm?2ZK*
Emissivity of the glacier

& surface 1 )
goc  Overcast sky emissivity 1 -
pa  Density of the air 1.29 kg m3
ific h ity of
o Zli::ea ¢ heat capacity of the 1010 kgt K
L Latent heat of vaporization
Y for water 2.514 MJ kg?
ke  vonKarman constant 0.4 -
Measurement height above
z 2 m
the surface
zZo  Roughness length for wind 1.7x10% m
Roughness length for 4
Zox latent/sensible heat 1.7x10 m
G Gravity constant 9.808 ms?
cw  Specific heat of water 4181.3 JkgtK?
Ki  Thermal conductivity of ice 2.10 WmiK?
T:  Temperature of the ice at Az -1.2 °C
Az Ice depth where 10 m

temperature is constant




CHAPTER 3

RESULTS

3.1 Energy Budgets

Glaciers in different climate settings exhibit largely different energy budgets
(Figure 5). In this study, the glacier in Region 1 has high incoming shortwave radiation
during the melt season, but only moderate net shortwave radiation due to its high summer
precipitation frequency (i.e. high albedo). It also exhibits relatively low incoming
longwave radiation due to less humid/cloudy conditions. Conversely, the energy budget
during the melt season for the glacier in Region 2 is more representative of a monsoonal
climate. The net shortwave radiation is extremely low because of a combination of low
incoming shortwave radiation (high cloudiness) and high albedo (frequent precipitation
events). Incoming longwave radiation, however, is high due to this humid, cloudy
climate. Shifting the precipitation in both regions also shifts the energy fluxes. Regions 1-
shift and 2-shift both exhibit higher net shortwave radiation during the summer,
especially Region 1-shift. This is a result of lower summer albedo due to decreased
summer snowfall. In both regions, incoming longwave radiation remains nearly
unchanged from Regions 1 and 2, while the remaining energy fluxes shift slightly to
achieve a balance.

Overall, the nearly insignificant roles of the precipitation and conductive heat
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fluxes in all regions suggest that feedbacks related to these (e.g. feedback 2, the sensible
heat from precipitation feedback) also play an insignificant role in glacier mass balance.
Conversely, as incoming longwave radiation and net shortwave radiation tend to
dominate the positive energy balance, feedbacks affecting these energy fluxes (e.g.

feedback 3, the albedo reset feedback) should be expected to be more significant.

3.2 Mass Balance

Local mass balance for both regions under both summer- and winter-dominated
precipitation regimes are presented below (Figure 6). Mass balance values in each
scenario are within reasonable ranges, as compared to in situ mass balance data (e.qg.
Arnold et al., 2010; Klok et al., 2005; Machguth et al., 2008). However, as each value is
calculated using an idealized glacier, many of the calculated values suggest that these
glaciers would in reality be out of equilibrium with their local climate. As such, they
would retreat from their idealized locations.

As expected, an increase in temperature decreases the mass balance of the glacier
within all four climate settings, but the amount of change is not uniform. In particular,
mean mass balance changes are largest in Region 2-shift, followed by Region 1. Region
1-shift and Region 2 mean mass balance changes are roughly similar, and approximately
half of the change of the other two regions. Thus, while all scenarios are forced with the
same change in temperature, the mass balance response is dependent upon the climate
setting at the time of the change. Interestingly, shifting the precipitation regime from
summer- to winter-dominated can result in either an increase or decrease in glacier mass

balance and ELAs. This phenomenon is due to the fraction of precipitation that falls as
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rain, and is discussed further in section 4.1.

3.3 System Gains

System gains are a measure of how strongly feedbacks impact glacier mass
balance in a given region (Equation 20). The system gains are highly variable across the
four modeled regions (Figure 7), with higher system gains indicating conditions under
which glaciers are more sensitive to a forcing mechanism (i.e. increasing fraction of
precipitation falling as rain) than in regions with lower system gains.

Here we find that summer-dominated precipitation regimes (Regions 1 and 2)
exhibit higher system gains than winter-dominated precipitation regimes. In addition,
system gains are the highest for the glacier in Region 1 where summer snow events are
frequent and incident solar radiation is high. While the glacier in Region 2 has the highest
frequency and total summer accumulation, incident solar radiation is low, thus the albedo
feedbacks are not as strong. Spatially on the glacier, the system gain is maximized
between the ELAs with 0 °C and +1 °C forcings (see Figure 8).

Of the three feedbacks tested, the albedo reset feedback is consistently the
strongest, producing a gain of up to 1.87 (Region 1) on its own. The sensible heat
feedback proved to be negligible in all scenarios. The accumulation feedback produced a
maximum gain of 1.25 (Region 2), in the region with the highest total summer
accumulation. Together, the three feedbacks combined to produce gains ranging from

1.27 (Region 1-shift) to 2.98 (Region 1).
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3.4 Sensitivity Testing

This study estimates error in mass balance and system gain as a function of the
uncertainties in the selected input parameters using point-based Monte Carlo simulations,
as follows. Ten input parameters with constant values were selected and their values
allowed to vary within a range of physically plausible values [e.g. Huintjes et al., 2015;
Machguth et al., 2008], where each possible value for each parameter had equal
likelihood of being selected. The model was run at a point-scale for four evenly
distributed elevations along the glacier surface for each of the four climate scenarios,
with 20,000 iterations per model (for a total of 16 point-scale model runs, each run
having 20,000 iterations). The results for each model run were used to produce a
probability density function for both mass balance and system gain, which are presented
in Appendices B and C in the Supplemental Materials. These show a range of possible
values representing a quantification of how uncertainties in input parameters affect the
results presented here. See Table 3 in the Supplemental Materials for individual
sensitivity analyses for endmembers of each varied parameter. This sensitivity testing
shows that, while the exact choice of values for parameters can shift the magnitude of
both the mass balance and system gains due to feedbacks, these changes do not change
the overall findings presented here. In particular, regardless of input parameters chosen,
the albedo reset feedback dominates over the others, feedbacks are largest centered on the

ELAs, and Region 1 is consistently more sensitive to the feedbacks.
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Figure 5. Energy budgets by region. Energy fluxes are averaged over the entire glacier in
each region, for each day over the 13 years covered by this study. Panels E and F show
the difference between each region with summer- and winter-time precipitation regimes
(i.e. panel E shows the difference between panels A and C). Note the different scale on
the y-axes for panels E and F (for clarity).
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CHAPTER 4

DISCUSSION

4.1 Implications and Relevance

These results represent the first attempt to systematically quantify the contribution
of feedbacks to glacier mass balance. They were performed on a single glacier that was
artificially shifted between multiple climate regimes using somewhat idealized scenarios.
The results have been shown to be relatively robust to variations in input parameters,
which suggests that they are reliable insomuch as they are interpreted within the context
of their theoretical framework. Actual feedback contributions are expected to vary
significantly from these estimates both spatially and temporally. However, these results
highlight the potential importance of feedbacks on glacier mass balance and its modeling,
as well as the conditions under which feedbacks are most important to glacier mass
balance. They also provide a first order estimate of the magnitude of feedback
contributions for four very different climate settings.

Most importantly, these results demonstrate that the potential impact of melt
feedbacks on glacier mass balance can be significant. Furthermore, the impacts of these
feedbacks are maximized when 1) the accumulation season and the ablation season are
synchronous (i.e. summertime accumulation), 2) the frequency of precipitation is high

during the ablation season, and 3) the incoming solar radiation is high during the
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ablation season. This highlights the importance of the timing and frequency of
precipitation in relation to the ablation season. It may also help explain findings
suggesting that melt-dominated regions are significantly more sensitive to interannual
variability in summer temperature than in precipitation, such as in the monsoonal
Himalayas [Kayastha et al., 1999; Rupper and Roe, 2008; Shea et al., 2015].

Because of the complex ways in which feedbacks interact with one another, even
feedbacks that contribute minimally on their own can have significant impacts when
other feedbacks are present. In other words, feedbacks are not simply additive [Roe,
2009]. For example, in Region 1, turning feedback 1 and feedback 3 off independently
produces a system gain of 1.18 and 1.87, respectively. However, turning feedbacks 1 and
3 off together produces a system gain of 2.98. Despite this, the contribution of the
sensible heat feedback to glacier mass balance is essentially negligible, even in
combination with the other two feedbacks tested.

Of the three feedback mechanisms tested, the most significant in terms of glacier
mass balance is consistently the albedo feedback. This highlights the need to improve
both albedo and shortwave radiation parameterizations in future energy balance models,
as small inaccuracies in either can be amplified significantly by feedbacks.

Another note of interest is that shifting the precipitation regime from summer to
winter can result in either a decrease or an increase in overall glacier mass balance, as
with Regions 1 and 2, respectively (Figure 6). In Region 1, mass balance decreases when
the precipitation regime shifts to winter because of the increased absorption of shortwave
radiation during summer. In Region 2, however, this effect is offset by the fact that much

of the precipitation that falls during the summer falls as rain rather than snow. In this



35

case, shifting the precipitation to winter allows most of the precipitation to accumulate as
snow, which increases glacier mass balance directly and shifts the beginning of the melt
season to later in the year. Thus, shifts in seasonality in precipitation do not impart a
straightforward change in glacier mass balance.

Spatially, system gains vary substantially across the modeled glacier. In
particular, system gains are highest near the ELA, with a maximum local gain of almost
30 (see Figure 8, Region 1). In contrast, locations near the toe of the same glacier exhibit
gains of just barely more than 1. Regardless of magnitude, system gains are consistently
the highest near the ELA. This is likely because the ELA has a maximizing balance.
Locations where bare ice is exposed for much of the season (i.e. glacier toe) are likely
warm enough that summer precipitation events predominantly occur as rain rather than
snow. Meanwhile, locations well above the ELA are likely cold enough that a small
increase in temperature is unlikely to change the frequency of snowfall events by a
significant amount. The ELA, however, is both cold enough to snow relatively
frequently, but warm enough that a small change in temperature can have a significant

effect on the fraction of precipitation that falls as snow.

4.2 Assumptions and Simplifications

The results and discussion presented above must necessarily be interpreted within
the context of the theoretical framework. As such, the following discussion examines the
capabilities and limitations of the model and its findings.

Turbulent heat fluxes are a significant source of uncertainty in most energy

balance models, as they are dependent on air temperature, surface temperature, wind
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speed, surface roughness, atmospheric stability, etc. [e.g. Hock, 2005]. While these can
be measured directly, doing so is prohibitively difficult for most glacier studies [Hock,
2005]. As such, turbulent heat fluxes are most often parameterized, which can lead to
uncertainties spanning several orders of magnitude. For many studies, this uncertainty is
minimized due to the fact that sensible and latent heat are frequently of opposite signs but
similar in magnitude, thereby effectively cancelling each other out. However, because
sublimation is linked directly to turbulent heat, regions where glacier mass balance is
dominated by sublimation rather than by melt require much higher precision
parameterizations for the turbulent heat fluxes than those applied in this study [e.g.
Rupper and Roe, 2008; Sagredo et al., 2014]. Consequently, the findings presented here
likely only apply to glaciers whose mass balances are dominated by melt rather than
sublimation.

Though this study utilizes somewhat idealized meteorological conditions, some
aspects of this idealization may not be completely realistic. In particular, in order to
examine the effects of the timing of precipitation events, this study offset precipitation by
180 days. While this method provides a useful means of isolating the desired effect, in
reality, other meteorological variables (e.g. relative humidity, cloudiness, incoming
shortwave radiation, etc.) would be affected by shifting the precipitation regime. Despite
this, this method clearly demonstrates the impact that precipitation timing can play in
glacier mass balance, though the exact magnitudes of change should be interpreted with
some caution.

One process that is widely recognized but poorly represented in current glacier

models is that, in reality, surface albedo is expected to be highly sensitive to processes
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such as melt and rain-on-snow [Aoki et al., 2003]. As such, there are likely unexplored
feedbacks that result from such processes. It is unclear, however, how including such
processes would affect the spatial contribution of feedbacks presented here, but warrants
further study.

Along these same lines, this study focused on the spatial distribution of only three
melt feedbacks, but neglected feedbacks stemming from other glacier surface processes.
Additional opportunities exist to examine the effects of feedbacks associated with valley
wall shading, aspect, and melt/refreeze, among others. While these were outside the focus
of this study, future studies should examine the interaction and contributions of such
feedbacks.

The sensitivity tests performed in this study demonstrate that the magnitudes of
both glacier mass balance and system gains are sensitive to input parameter selection. Of
the parameters tested, model results were most sensitive to values selected for
temperature lapse rate, roughness lengths, precipitation threshold, and the albedo of ice
(Appendix A). However, while the exact selection of these values affects the magnitude

of the results, they do not change the major conclusions of this study.



CHAPTER 5

FUTURE WORK

While this study shows the potential significance of melt feedbacks for glaciers in
HMA, it does not show which glacierized regions of HMA are likely most impacted by
them. Thus, the most obvious next step in this research will be to examine the large-scale
patterns of glacier sensitivity to melt feedbacks across HMA. Eventually, other
glacierized regions outside of HMA should also be examined for sensitivity to melt
feedbacks. Additionally, while this study quantified the effects of three positive melt
feedbacks, numerous other glacier feedbacks remain untested. Among others, feedbacks
related to melt/refreeze, shading, and glacier advance may also have significant impacts
on glacier mass balance. Finally, this study did not test how glacier slope and aspect
affect glacier sensitivity to melt feedbacks. Future work should evaluate these in

determining glacier sensitivity to melt feedbacks.



CHAPTER 6

CONCLUSIONS

This study develops a surface energy and mass balance model to quantify the
contribution of three feedbacks to glacier mass balances under different climate
scenarios. The model includes “feedback switches” that can be toggled on and off to
evaluate individual and combined feedback contributions to glacier mass balance. The
model applies meteorological data from the High Asia Refined analysis to a single
glacier, and artificially moves this glacier into two different summer-accumulation based
climate settings. The precipitation for each region is then offset by 180 days, thereby
creating two new idealized regions, where precipitation falls predominantly during winter
and all other variables are held constant. This provides a self-consistent means of testing
feedback and glacier mass balance sensitivity to precipitation timing while keeping the
precipitation amount the same.

The results show that melt feedbacks can nearly triple the melt on a glacier due to
a +1 °C temperature forcing. The strength of these feedbacks is most strongly dependent
on the timing and frequency of snowfall events, and on the availability of shortwave
radiation. Specifically, system gains are maximized when the maximum frequency of

snowfall events occurs concurrently with the melt season in a region where incoming
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shortwave radiation is high. Furthermore, system gains in each region are maximized
near the ELA.

Exact magnitudes of system gains vary significantly from feedback to feedback.
The sensible heat feedback tested here is found to be essentially negligible, even in the
presence of other positive feedbacks that might serve to amplify its effects. The albedo
reset feedback is consistently the strongest of the feedbacks tested here, which suggests
that physical processes that affect albedo (e.g. melt, metamorphism, rain-on-snow, etc.)
can have a significant effect on the net system gain due to feedbacks, and therefore on
glacier mass balance. As a result, glacier modeling studies examining regions whose
glacier mass balances are dominated by melt will benefit from improved
parameterizations for processes such as the temporal evolution of albedo and
direct/diffuse shortwave radiation.

We have shown that the uncertainty in parameters and inputs in this study should
not change the main conclusions presented here, and that the model should be sufficiently
robust to provide a reasonable estimate of the potential contribution of surficial feedbacks
to glacier mass balance. The results presented here highlight the potentially significant
contribution of feedbacks to glacier mass balance, and may help explain previous
findings that showed that glaciers in the monsoonal Himalayas are more sensitive to

changes in air temperature than to changes in total precipitation.



APPENDIX A

Monte Carlo Simulation Endmembers

Table 3. Monte Carlo simulation endmembers. These are the ten parameters
varied in the point-scale Monte Carlo simulations, along with the minimum and
maximum endmembers used within these simulations. Green (red) boxes indicate
increases (decreases) in mass balance in comparison with the default values used in the
distributed model.

Parameter Min Used Max
Initial snow depth (m) 0 1 2
Ab (m w.e.) -0.05 0.12
Snow density (kg m~-3) 150 250 350
Ab (m w.e.) 0.04 -0.02
Lapse rate (K km~-1) 5.5 6.5 7.5
Ab (m w.e.) -0.47 0.60
Z_0(m) 0.000001 0.00017 0.01
Ab (mw.e.) 0.22 -1.38
Precipitation threshold (m) 0.0001 0.001 0.01
Ab (mw.e.) 0.32 -0.78
Albedo of fresh snow 0.8 0.9 1
Ab (m w.e.) -0.21 0.17
Albedo of firn 0.43 0.53 0.63
Ab (mw.e.) -0.23 0.52
Albedo of ice 0.35 0.45 0.55
Ab (mw.e.) -1.03 0.89
e-folding time since last snow (days) 16.9 21.9 26.9
Ab (mw.e.) -0.12 0.12
e-folding depth for snow depth (m) 0.016 0.032 0.048
Ab (m w.e.) 0.07 -0.08




APPENDIX B

Monte Carlo Simulation System Gains
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Figure 9. Monte Carlo simulation system gains. Probability density functions of the
overall system gains due to the inclusion of the melt feedbacks for four point locations at
different elevations (rows) along the glacier in each region (columns). Red lines indicate
the actual value obtained using the default parameter values used in the fully distributed

model. See Appendix A for a list of the varied parameters used in these Monte Carlo
simulations.




APPENDIX C

Monte Carlo Simulation Mass Balances
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Figure 10. Monte Carlo simulation mass balances. Probability density functions of glacier
mass balance for four point locations at different elevations (rows) along the glacier in
each region (columns). Red lines indicate the actual value obtained using the default
parameter values used in the fully distributed model. See Appendix A for a list of the
varied parameters used in these Monte Carlo simulations.
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