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Mountain glacier responses to climate

• what happened here? 
• how fast?  
• how is the story alike/different for other glaciers? 
• what are some simple tools we can apply to these questions?
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Mass-balance: comparing inputs to outputs

Length changes: 
response to imbalance



Traditionally done with boots on the ground 
• Mass balance over some time period is measured in a few places and 

extrapolated to whole glacier  
• Assume surface processes dominate (snowfall, surface melt) 

-5

0

5 Winter
Summer
Net

-5

0

5

m
w

e 
/ y

ea
r

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Balance Year

-5

0

5 South
Cascade

Wolverine

Gulkana

Measuring mountain glacier mass balance
• Traditionally done with boots on the ground

• Mass balance over some time period is measured in a few places and 
extrapolated to whole glacier 
• Assume surface processes dominate 

Typically, a single glacier-wide value is reported 
• Units: meters water equivalent / year  

Measuring mass balance
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Furthermore, SST and SLP variability are closely re-
lated via dynamical coupling between the ocean and
atmosphere. For example, Deser and Phillips (2009)
showed that SST variability is related to recent decadal
trends in North Pacific atmospheric circulation. At the
same time, SST also responds to higher frequency at-
mospheric pressure variations, as demonstrated by
Johnstone and Mantua (2014), who found that the
leadingmode ofmonthly variability in North Pacific SST
resembles a lagged response to the 11-month running
mean of SLP variability. The coupling of atmospheric
pressure and ocean temperature on time scales from
months to decades motivates our investigation of both
SLP and SST datasets as predictors for glacier mass-
balance variability.

2. Study area and datasets

a. Target glaciers

We focus our study on the mass-balance records of
three U.S. Geological Survey (USGS) benchmark gla-
ciers: Wolverine Glacier in Alaska’s Kenai Range,
Gulkana Glacier in the Alaska Range, and South Cas-
cade Glacier in Washington State’s Cascade Range
(Fig. 1). These glaciers have the longest continuous
mass-balance records in North America, with winter
balance Bw, summer balance Bs, and annual balance Ba

data available from 1959 to 2011 for South Cascade
Glacier (World Glacier Monitoring Service 2012, 2013)
and from 1966 to 2015 for Wolverine and Gulkana
Glaciers (Fig. 1) (O’Neel et al. 2016). Monitoring is
ongoing, but more recent measurements for South
Cascade were not released at the time of our analysis.
In addition to having long-term, high-quality mass-

balance records, the glaciers exist in distinct climate

settings. Accordingly, their balance records show some
characteristic differences: Wolverine Glacier receives
ample moisture from the Gulf of Alaska (approxi-
mately 50 km away) and has a large mean-winter bal-
ance rate [Bw 5 2.2 meter water equivalent per year
(mwe yr21)] and also large variability (standard de-
viation: s 5 0.9mwe yr21); Gulkana Glacier is
;300 km inland and blocked from much of this pre-
cipitation by high coastal mountains (e.g., Rasmussen
and Conway 2004) and thus experiences a continental
climate with less precipitation and less variability
(Bw 5 1.3mwe yr21, s 5 0.3mwe yr21). Meanwhile at
lower latitudes, South CascadeGlacier is 250 km inland
from the Pacific but is only partially blocked from on-
shore moisture flow by the Olympic Mountains and
still resides in a maritime climate as evidenced by its
high winter accumulation and variability (Bw 5
2.8mwe yr21, s 5 0.6mwe yr21).
The long-term mean mass-balance values are 20.4,

20.5, and 20.6mweyr21 for Wolverine, Gulkana, and
South Cascade, respectively, indicating that all three gla-
ciers have beenout of equilibriumwith the average climate
over the study period. However, as stated previously,
Wolverine and South Cascade show significant variability
in annual balance (s 5 1.2 and 1.0mweyr21), such that
years of positive annual balance are not uncommon. For
Gulkana, the mean annual balance is comparable in
magnitude to the standard deviation (s 5 0.6mweyr21),
and indeed there are only 7 years of positive balance in the
50-yr record, with the most recent in 2003.

b. Mass-balance data

The glacier-averaged balance values reported by the
USGS are calculated from point measurements of ac-
cumulation and ablation, which are converted tometers-
water-equivalent based on density measurements and

FIG. 1. (left) Locations of three target glaciers. (right) Mass-balance records for each glacier, each with winter
(yellow), summer (red), and annual (blue) data.
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Longest mass balance record in North 
America (Thanks USGS!)
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Annual balance = Winter balance - Summer balance



USGS photos: https://pubs.usgs.gov/fs/2009/3046/
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https://pubs.usgs.gov/fs/2009/3046/
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Why do these records look so different?

(data from Leclercq et al., 2014)
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+ ∆b

Positive change in mass balance 
- now we’re out of balance (gaining mass)

Basic glacier length response

NOTE we’re defining this to be a persistent change; not seasonal or yearly anomaly 
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Positive change in mass balance 
- Glacier advances, adding to ablation area

Basic glacier length response
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Balance is restored when ∆b x L = —∆L x bterminus
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Negative change in mass balance 
- glacier retreats, reducing ablation zone

Basic glacier length response
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glacier’s equilibrium sensitivity: ∆L /∆b

That is, how much must ablation area grow or shrink to restore mass balance?
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glacier’s equilibrium sensitivity: ∆L /∆b

this depends on: 
- mass balance gradient

That is, how much must ablation area grow or shrink to restore mass balance?
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1.3 The mass balance field 

The balance rate 

€ 

˙ b  is defined as the net annual gain or loss of mass at the glacier surface (Østrem 
and Brugman, 1991). It should be noted that the specific balance rate is always defined with respect 
to the vertical (i.e. not perpendicular to the glacier surface).  
On glaciers the balance rate is first of all depending on altitude (Figure 1.1). The accumulation zone 
of a glacier is the zone where 

€ 

˙ b > 0. Here none or only part of the accumulated snow melts and runs 
off in summer. The accumulation zone is normally the highest part of a glacier. When going 
downglacier sooner or later the ablation zone is found where 

€ 

˙ b < 0. Here the winter snowpack is 
melted in late spring and early summer, and then the underlying ice is exposed to high air 
temperatures and a positive radiation balance throughout the summer.  
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Figure 1.1. Vertical profiles 
of the balance rate for some 
glaciers (data from the 
WGMS, Zürich) and the 
major ice sheets. The 
balance profiles for the 
Greenland and Antarctic ice 
sheet are schematic. 
 
 
 
 
 
 

 
 
There are mainly two reasons why 

€ 

˙ b  increases with altitude. The most obvious reason is the 
decrease of air temperature with altitude, about 6 to 7 degrees K per km. Lower air temperatures 
imply a smaller turbulent heat flux to the surface as well as a reduced amount of downwelling 
longwave radiation from the atmosphere (e.g. Kuhn, 1979; Greuell et al., 1997) . Then precipitation 
generally increases with altitude. In mountain regions the annual precipitation on the higher parts 
can easily be twice as large as in the valleys. 
Altogether it is not surprising that the balance rate increases strongly with altitude. Formally the 
balance gradient β is defined as 
 

€ 

β =
d ˙ b 
dz

 , (1.3.1) 

 
where z is altitude. Typical values of β range from 0.003 mwe a-1 m-1 on glaciers in a dry 
(sub)arctic climate to 0.01 mwe a-1 m-1 on glaciers in an extreme maritime climate [mwe = meters 
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Parameter Symbol Value 
Max. Elevation  {o|i 2500 m 
Melt season temperature at sea level   EjrJ 20 °C 
Accumulation  F 4 m a-1 (ice equiv.) 
Melt factor  G 0.5 m a-1 °C-1 
Lapse rate  Γ 6.5 °C km-1 
Deformation parameter  a 1.9e-24 Pa-3 s-1 
Sliding parameter  Kq 5.7e-20 Pa-3 s-1 m2 

Table 1. Glacier and climate parameters for the idealized glaciers. 249	
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3. RESULTS 251	

3.1. Model Complexity 252	

 
Fig. 2. Idealized glacier geometries and response to climate variability. (a) Equilibrium configuration for the two 
geometries used throughout this study. (b) Equilibrium ice thickness profiles generated with the full-Stokes 
(blue) and shallow-ice (red) models. The mean ice thickness for these profiles is used to determine	2 in the 1- 
and 3-stage models. (c) Length response of all four models to white-noise interannual variability (ZH =
0.7	°C	and	ZS = 0.7	aÄM), for the smaller glacier geometry. 2.5 ka of a 10 ka model run is shown. The mass-
balance anomaly is shown in the lower panel. d) Power spectral density for the length responses to variability. 
Both c) and d) show that the 1-stage response has more variance at high frequencies, but the other three models 
agree closely.  
 

this depends on: 
- mass balance gradient 

- glacier geometry (especially slope)
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and Brugman, 1991). It should be noted that the specific balance rate is always defined with respect 
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Figure 1.1. Vertical profiles 
of the balance rate for some 
glaciers (data from the 
WGMS, Zürich) and the 
major ice sheets. The 
balance profiles for the 
Greenland and Antarctic ice 
sheet are schematic. 
 
 
 
 
 
 

 
 
There are mainly two reasons why 

€ 

˙ b  increases with altitude. The most obvious reason is the 
decrease of air temperature with altitude, about 6 to 7 degrees K per km. Lower air temperatures 
imply a smaller turbulent heat flux to the surface as well as a reduced amount of downwelling 
longwave radiation from the atmosphere (e.g. Kuhn, 1979; Greuell et al., 1997) . Then precipitation 
generally increases with altitude. In mountain regions the annual precipitation on the higher parts 
can easily be twice as large as in the valleys. 
Altogether it is not surprising that the balance rate increases strongly with altitude. Formally the 
balance gradient β is defined as 
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β =
d ˙ b 
dz

 , (1.3.1) 

 
where z is altitude. Typical values of β range from 0.003 mwe a-1 m-1 on glaciers in a dry 
(sub)arctic climate to 0.01 mwe a-1 m-1 on glaciers in an extreme maritime climate [mwe = meters 

this depends on: 
- mass balance gradient 

- Glacier geometry (especially slope)

(how much advance is needed to 
reach down into high ablation rates?) 
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Equilibrium response to climate variations can be largely constrained by geometry 
(how does glacier drape itself over the landscape and sample the local climate?) 

Ok, easy enough, but how do these adjustments happen in time? 
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How simply can we start?
Inputs

Outputs
Dynamics

Equilibrium response to climate variations can be largely constrained by geometry 
(how does glacier drape itself over the landscape and sample the local climate?) 

Ok, easy enough, but how do these adjustments happen in time? 
Reservoir grows/shrinks

What would we want to know about the reservoir?



Typical mountain glaciers have ~decade — century “memories”

Johanneson-Raymond-Waddington timescale (1989):

•valley geometry, climate, and ice dynamics 
are represented in H	and	bt

! = -H/bt

Inputs

OutputsDynamics

Reservoir grows/shrinks



Typical mountain glaciers have ~decade — century “memories”

Johanneson-Raymond-Waddington timescale (1989):

•valley geometry, climate, and ice dynamics 
are represented in H	and	bt

! = -H/bt
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****** ***

bt

*sn

H

******* **
*Thicker ice

*sn

bt

High accumulation rates
(⟶large bt)

Large elevation spans
(⟶large bt)

Longer response times Shorter response times

bt

Dry, cold climates
(⟶ small bt)

Inputs

OutputsDynamics

Reservoir grows/shrinks



Typical mountain glaciers have ~decade — century “memories”

Johanneson-Raymond-Waddington timescale (1989):

•valley geometry, climate, and ice dynamics 
are represented in H	and	bt

! = -H/bt

Inputs

OutputsDynamics

Reservoir grows/shrinks

What other natural systems have characteristic time scales?



What’s the difference between a 25-year and 
57-year response time?
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Illustrating response times with idealized glaciers

∆b = ∆P - "(∆T)

•Constant width  
•Constant bed slope 
•Simple climate-mass balance relationship  

- linear increase with elevation 
- changes in climate (T or P) produce    

uniform mass balance anomalies over the glacier

melt factor (0.5 m / yr / °C)
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•Consider a step change in climate:  
(instant 2°C warming at year zero) 

•Both glaciers approach new equilibrium, 
but at different rates 

•Also note different total sensitivity!

∆b = ∆P - "(∆T)

•Constant width  
•Constant bed slope 
•Simple climate-mass balance relationship  

- linear increase with elevation 
- changes in climate (T or P) produce    

uniform mass balance anomalies over the glacier

(why?)
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Centennial glacier retreat as categorical evidence
of regional climate change
Gerard H. Roe1*, Marcia B. Baker1 and Florian Herla2

The near-global retreat of glaciers over the last century provides some of the most iconic imagery for communicating the
reality of anthropogenic climate change to the public. Surprisingly, however, there has not been a quantitative foundation for
attributing the retreats to climate change, except in the global aggregate. This gap, between public perception and scientific
basis, is due to uncertainties in numerical modelling and the short length of glacier mass-balance records. Here we present
a method for assessing individual glacier change based on the signal-to-noise ratio, a robust metric that is insensitive to
uncertainties in glacier dynamics. Using only meteorological and glacier observations, and the characteristic decadal response
time of glaciers, we demonstrate that observed retreats of individual glaciers represent some of the highest signal-to-noise
ratios of climate change yet documented. Therefore, in many places, the centennial-scale retreat of the local glaciers does
indeed constitute categorical evidence of climate change.

A lpine glaciers are consequential and captivating elements
of the Earth system that feature prominently in the lives
of nearby communities1. The nature of glacier motion was

a research challenge for nineteenth-century physicists2,3, and the
late Holocene history of glacier margins has been a primary
target ofmodern palaeoclimate science4. Consequently, the century-
scale length history of several hundred glaciers is well known
(for example, Fig. 1)4,5. Whilst glacier mass balance (that is, area-
averaged accumulation minus ablation, ⌘b (m yr�1)) is a more
direct measure of climate6,7 than glacier length, only a few dozen
mass-balance records extend for more than two decades.

The century-scale, near-global retreat of glacier fronts seems
improbable without some coordinating global climate change.
However, the formal statistical assessment of the role of climate
change in glacier retreat has been limited to the numerical
modelling of three individual glaciers, each with only a single set
of model parameters8; and to a comparison of the global aggregate
glacier mass loss in forced and unforced integrations of global
climate models9.

By itself, any single glacier is a blunt statistical instrument.
Each is a unique product of its local climate and landscape.
Characteristic glacier-length response times of several decades10
imply only a few independent degrees of freedom in a centennial
record, resulting in poor statistical resolving power to evaluate a
trend. In part because of these factors, themost recent assessment of
the Intergovernmental Panel on Climate Change (IPCC) concluded
only it was ‘likely’ that a ‘substantial’ part of glacier retreat is
due to anthropogenic climate change, a much weaker attribution
than for other metrics of climate change11. Here we introduce a
method to combine glacier observations with the better-resolved
local meteorological trends, which facilitates strong conclusions.
The centennial-scale retreats of 37 widely dispersed glaciers have
each necessarily required a climate change. And while the cause
cannot be attributed purely from observations, the required climate
changes are centennial-scale trends that are globally distributed.
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Figure 1 | The global record of glacier lengths5, for 158 glaciers with 20 or
more individual observations (shown as dots). Coloured lines show the
specific glaciers analysed in Fig. 4.

The signal-to-noise ratio as a metric of glacier change
We relate sL, the signal-to-noise ratio of glacier length (⌘L), to sb, the
signal-to-noise ratio of mass balance (⌘b). Let 1L be the change
in length over some period of time, and let �L be the standard
deviation in the absence of any climate trend. Then sL ⌘ 1L/�L.
Likewise, sb ⌘1b/�b. We first establish that sL is straightforwardly
related to sb, and that the relationship is insensitive to uncertainties
in glacier parameters. The result is robust and depends only on
the fundamental property that glaciers integrate mass balance on
timescales of a few decades.

In a refinement of earlier models12,13, previous work has shown
that glacier flow on a sloping bed can be accurately emulated by
a linear, third-order di�erential equation (Methods)14. Let 1b(to)
be the change in mass balance due to a linear trend applied over a
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Centennial glacier retreat as categorical evidence
of regional climate change
Gerard H. Roe1*, Marcia B. Baker1 and Florian Herla2

The near-global retreat of glaciers over the last century provides some of the most iconic imagery for communicating the
reality of anthropogenic climate change to the public. Surprisingly, however, there has not been a quantitative foundation for
attributing the retreats to climate change, except in the global aggregate. This gap, between public perception and scientific
basis, is due to uncertainties in numerical modelling and the short length of glacier mass-balance records. Here we present
a method for assessing individual glacier change based on the signal-to-noise ratio, a robust metric that is insensitive to
uncertainties in glacier dynamics. Using only meteorological and glacier observations, and the characteristic decadal response
time of glaciers, we demonstrate that observed retreats of individual glaciers represent some of the highest signal-to-noise
ratios of climate change yet documented. Therefore, in many places, the centennial-scale retreat of the local glaciers does
indeed constitute categorical evidence of climate change.

A lpine glaciers are consequential and captivating elements
of the Earth system that feature prominently in the lives
of nearby communities1. The nature of glacier motion was

a research challenge for nineteenth-century physicists2,3, and the
late Holocene history of glacier margins has been a primary
target ofmodern palaeoclimate science4. Consequently, the century-
scale length history of several hundred glaciers is well known
(for example, Fig. 1)4,5. Whilst glacier mass balance (that is, area-
averaged accumulation minus ablation, ⌘b (m yr�1)) is a more
direct measure of climate6,7 than glacier length, only a few dozen
mass-balance records extend for more than two decades.

The century-scale, near-global retreat of glacier fronts seems
improbable without some coordinating global climate change.
However, the formal statistical assessment of the role of climate
change in glacier retreat has been limited to the numerical
modelling of three individual glaciers, each with only a single set
of model parameters8; and to a comparison of the global aggregate
glacier mass loss in forced and unforced integrations of global
climate models9.

By itself, any single glacier is a blunt statistical instrument.
Each is a unique product of its local climate and landscape.
Characteristic glacier-length response times of several decades10
imply only a few independent degrees of freedom in a centennial
record, resulting in poor statistical resolving power to evaluate a
trend. In part because of these factors, themost recent assessment of
the Intergovernmental Panel on Climate Change (IPCC) concluded
only it was ‘likely’ that a ‘substantial’ part of glacier retreat is
due to anthropogenic climate change, a much weaker attribution
than for other metrics of climate change11. Here we introduce a
method to combine glacier observations with the better-resolved
local meteorological trends, which facilitates strong conclusions.
The centennial-scale retreats of 37 widely dispersed glaciers have
each necessarily required a climate change. And while the cause
cannot be attributed purely from observations, the required climate
changes are centennial-scale trends that are globally distributed.
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Figure 1 | The global record of glacier lengths5, for 158 glaciers with 20 or
more individual observations (shown as dots). Coloured lines show the
specific glaciers analysed in Fig. 4.

The signal-to-noise ratio as a metric of glacier change
We relate sL, the signal-to-noise ratio of glacier length (⌘L), to sb, the
signal-to-noise ratio of mass balance (⌘b). Let 1L be the change
in length over some period of time, and let �L be the standard
deviation in the absence of any climate trend. Then sL ⌘ 1L/�L.
Likewise, sb ⌘1b/�b. We first establish that sL is straightforwardly
related to sb, and that the relationship is insensitive to uncertainties
in glacier parameters. The result is robust and depends only on
the fundamental property that glaciers integrate mass balance on
timescales of a few decades.

In a refinement of earlier models12,13, previous work has shown
that glacier flow on a sloping bed can be accurately emulated by
a linear, third-order di�erential equation (Methods)14. Let 1b(to)
be the change in mass balance due to a linear trend applied over a
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Centennial glacier retreat as categorical evidence
of regional climate change
Gerard H. Roe1*, Marcia B. Baker1 and Florian Herla2

The near-global retreat of glaciers over the last century provides some of the most iconic imagery for communicating the
reality of anthropogenic climate change to the public. Surprisingly, however, there has not been a quantitative foundation for
attributing the retreats to climate change, except in the global aggregate. This gap, between public perception and scientific
basis, is due to uncertainties in numerical modelling and the short length of glacier mass-balance records. Here we present
a method for assessing individual glacier change based on the signal-to-noise ratio, a robust metric that is insensitive to
uncertainties in glacier dynamics. Using only meteorological and glacier observations, and the characteristic decadal response
time of glaciers, we demonstrate that observed retreats of individual glaciers represent some of the highest signal-to-noise
ratios of climate change yet documented. Therefore, in many places, the centennial-scale retreat of the local glaciers does
indeed constitute categorical evidence of climate change.

A lpine glaciers are consequential and captivating elements
of the Earth system that feature prominently in the lives
of nearby communities1. The nature of glacier motion was

a research challenge for nineteenth-century physicists2,3, and the
late Holocene history of glacier margins has been a primary
target ofmodern palaeoclimate science4. Consequently, the century-
scale length history of several hundred glaciers is well known
(for example, Fig. 1)4,5. Whilst glacier mass balance (that is, area-
averaged accumulation minus ablation, ⌘b (m yr�1)) is a more
direct measure of climate6,7 than glacier length, only a few dozen
mass-balance records extend for more than two decades.

The century-scale, near-global retreat of glacier fronts seems
improbable without some coordinating global climate change.
However, the formal statistical assessment of the role of climate
change in glacier retreat has been limited to the numerical
modelling of three individual glaciers, each with only a single set
of model parameters8; and to a comparison of the global aggregate
glacier mass loss in forced and unforced integrations of global
climate models9.

By itself, any single glacier is a blunt statistical instrument.
Each is a unique product of its local climate and landscape.
Characteristic glacier-length response times of several decades10
imply only a few independent degrees of freedom in a centennial
record, resulting in poor statistical resolving power to evaluate a
trend. In part because of these factors, themost recent assessment of
the Intergovernmental Panel on Climate Change (IPCC) concluded
only it was ‘likely’ that a ‘substantial’ part of glacier retreat is
due to anthropogenic climate change, a much weaker attribution
than for other metrics of climate change11. Here we introduce a
method to combine glacier observations with the better-resolved
local meteorological trends, which facilitates strong conclusions.
The centennial-scale retreats of 37 widely dispersed glaciers have
each necessarily required a climate change. And while the cause
cannot be attributed purely from observations, the required climate
changes are centennial-scale trends that are globally distributed.
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Figure 1 | The global record of glacier lengths5, for 158 glaciers with 20 or
more individual observations (shown as dots). Coloured lines show the
specific glaciers analysed in Fig. 4.

The signal-to-noise ratio as a metric of glacier change
We relate sL, the signal-to-noise ratio of glacier length (⌘L), to sb, the
signal-to-noise ratio of mass balance (⌘b). Let 1L be the change
in length over some period of time, and let �L be the standard
deviation in the absence of any climate trend. Then sL ⌘ 1L/�L.
Likewise, sb ⌘1b/�b. We first establish that sL is straightforwardly
related to sb, and that the relationship is insensitive to uncertainties
in glacier parameters. The result is robust and depends only on
the fundamental property that glaciers integrate mass balance on
timescales of a few decades.

In a refinement of earlier models12,13, previous work has shown
that glacier flow on a sloping bed can be accurately emulated by
a linear, third-order di�erential equation (Methods)14. Let 1b(to)
be the change in mass balance due to a linear trend applied over a
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Figure 3 | Analysis for Hintereisferner (Austrian Alps, 46.8� N, 10.8� E). a, Melt-season (June–September) temperature from the Berkeley Earth data set
of gridded station observations17. The best-fit trend, the change since 1880 and the standard deviation are also shown. b, As for a, but from the Legates and
Willmot data set of gridded annual-mean precipitation18, with the trend extrapolated to 1880. c, The PDF of the signal-to-noise ratio for mass balance, sb
(equation (2)), with median and 95% bounds also given. d, The blue shading on the x axis shows the PDF of uncertainty in glacier response time, ⌧ ; the red
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observations of L; red, sL from T, P observations and the amplification factor � (that is, equation (1)); orange, combined PDF using Bayes’ theorem.

period 1880–2010, the glacier retreated 2,800m with a standard
deviation of 130m about that trend. However, there are only three
e�ective degrees of freedom in the record (Methods), so neither
1L nor �L is well constrained. Consequently, the probability density
function (PDF) of their ratio (⌘hsL |Lobs ) is very broad (Fig. 3e and
Methods): while it is extremely unlikely (<1%) that sL > 0, one
cannot rule out the possibility its magnitude is very large (that is,
sL <�20). In other words, there is not much information about sL
from the glacier length alone.

An independent approach to calculating sL uses equation (1).
To that end, we build a simple mass-balance model using long-
duration, gridded instrumental observations16,17 of T and P , scaled
by the observed variability of the much shorter winter (bw) and
summer (bs) mass-balance records7,18:

b0(t)=b0
w(t)+b0

s(t)=�bw
P 0(t)
�P

+�bs
T 0(t)
�T

(2)

where �(x) is the standard deviation of x . Thus, the modelled
mass balance matches the observed variance, and combines the
observed signal-to-noise ratios of P and T . Normalizing by
�P accounts for orographic-precipitation e�ects since fractional
variations in precipitation are relatively uniform in mountainous
areas. Between 1880 and 2010, Hintereisferner experienced strong
warming: 1T = +1.4 �C, with �T = 0.7 �C (Fig. 3a); and some
drying: 1P = �0.09 m yr�1, with �P = 0.13 m yr�1 (Fig. 3b,
extrapolated from a 100-yr record). Observations from the
adjacent Vernagtferner18 give �bw = 0.22m yr�1, �bs = 0.42m yr�1.
Thus, from equation (2), the median (and 95% bounds) for
sb =�2.1(�2.8,�1.5) (Fig. 3c and Methods): sb is negative but with

some uncertainty. Although the detrended b0(t) is consistent with
white noise, we evaluate the potential impact of climatic persistence
in the Supplementary Information.

For Hintereisferner19, H ' 170m and bt ' �6myr�1, giving
⌧ ' 30 yr. Formulae for ⌧ vary in the literature12,13, so we allow broad
uncertainty; we represent its PDF by a gammadistributionwith �⌧ =
⌧/4. Figure 3d shows this nonetheless results in a very narrow PDF
of � , centred on � '5.6. Hintereisferner thus acts as a near-optimal
amplifier of the climate signal-to-noise ratio. From equation (1)
the PDFs of � and sb can be combined to give a second PDF for
sL (⌘hsL |T ,Pobs ), based only on instrumental observations and the
approximately several-decade response time of this glacier (Fig. 3e).
This PDF rules out extremely negative sL (for example, sL �20) as
inconsistent with observed climate trends (that is, sb '�2) and the
roughly sixfold amplification by the glacier length.

These two PDFs of sL, one based on observations of L, and
one based on � and sb, are independent. Therefore, they can be
combined using Bayes’ theorem (Methods)20. The resulting median
(and 95% bounds) is sL = �13(�17, �10) (Fig. 3e). This is an
extraordinarily large magnitude compared with other documented
climate metrics. For comparison, the local 1T near Hintereisferner
is 2� , and the global-mean, annual-mean 1T trend over the same
period is 6� .

The result that 1L⇡�13�L must not itself be directly equated
to statistical significance because length variations are correlated
in time. To proceed, we solve for the PDF of �L from the relation
�L =1L|obs/sL, using the known observed retreat and the combined
PDF for sL. For Hintereisferner, we find �L (and 95% bounds)
= 220(170, 280)m. Although this estimate depends primarily on
observations, it is consistent with calculations from modelling
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mass balance signal (Hintereisferner)
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25-year memory
57-year memory

Many glaciers are committed to additional retreat, even with no further warming
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•multi-decade memory means 
that glaciers lag a warming trend 

•difference between actual state 
and equilibrium depends on 
response time
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1.1. Illustrating disequilibrium with a simple
glacier model
Amountain glacier can be conceptualized as an open system
with memory: it integrates mass accumulated across its
surface into a reservoir of ice, and this reservoir adjusts its
extent to maintain a balance between input in the accumula-
tion zone and output in the ablation zone. The simplest
representation of this behavior is a first-order differential
equation for fluctuations of length, L′, around a steady
state, !L, caused by mass-balance perturbations, b′:

dL0

dt
þ L0

τ
¼ βb0;

where

β ¼
!L
H

: ð1Þ

H is a characteristic ice thickness and τ is the glacier response
timescale, given by

τ ¼ % H=bt; ð2Þ

where bt is the (negative) annual mass-balance rate at the ter-
minus. β is a geometric parameter that scales the length
responses to mass-balance perturbations; as we will see, it
is related to the glacier’s length sensitivity. In this model,
the glacier’s length is the only degree of freedom, so Eqn
(1) is a mass-conservation statement equating ice-volume
change to imbalance between input and output rates (e.g.,
Jóhannesson and others, 1989).

The basic model represented by Eqns (1) and (2) has been
widely used to explore glacier responses to climate perturba-
tions (e.g., Jóhannesson and others, 1989; Harrison and
others, 2001; Oerlemans, 2001, 2007; Roe and O’Neal,

2009). While various formulations for the response timescale
and glacier-sensitivity parameters have been proposed,
members of this family of models all resolve the same basic
behavior. For an instantaneous mass-balance change Δb at
t= 0, the glacier asymptotically approaches a new geometry
described by !Lþ ΔL, where accumulation and ablation are
again balanced. The solution of Eqn (1) for this case is

L0ðtÞ ¼ ΔLð1 % e% t=τÞ;

where
ΔL ¼ τβΔb: ð3Þ

Another important analytical solution to Eqn (1) is the case of
a linear trend in mass balance ( _b ≡ db=dt), starting at t= 0:

L0ðtÞ ¼ τβ _b½t % τð1 % e% t=τÞ': ð4Þ

For t≫ τ, Eqn (4) approaches L0ðtÞ ¼ τβ _bðt % τÞ. Thus, at
long timescales, there is a lag of τ behind the length at
which the glacier would remain in equilibrium with the
climate as it changes. We refer to this evolving length as
the glacier’s equilibrium response, defined by

L0eqðtÞ ¼ τβ _bt: ð5Þ

Figure 1a shows the responses of a glacier with an arbitrary
timescale τ to mass-balance changes imposed instantaneously
or as linear trends. Results are plotted as normalized by τ in
time and |ΔL| in length. Solid lines show the transient length
changes and dashed lines show the equilibrium responses
(Eqn (5)). Four rates of forcing are shown: the same total
mass-balance change Δb is applied instantaneously (black),
or gradually applied over periods of 2τ (blue), 6τ (red), and
50τ (gold).

a

b c

Fig. 1. The response of a simple glacier model to a step function and sustained trends in climate forcing. (a) Normalized length response to a
climate forcing. Solid lines show the transient response, dashed lines show the instantaneous equilibrium length. The climate forcing is
applied as a step function (black), and as a trend over periods of 2τ (blue), 6τ (red), and 50τ (gold), where τ is the glacier response
timescale. (b) Degree of disequilibrium in normalized length. (c) Fractional equilibration, which proceeds identically for all climate trends
until the forcing stops.
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Lagging equilibrium response as a general principle 

• Basic response of any system with memory 

• This lag gets interesting when the trend hasn’t lasted much longer than the memory 

• Glaciers responding to ~a century of warming are in this sweet spot



Takeaways

•The timescale for these changes is ~decades for most mountain glaciers 

•Glaciers respond with slow fluctuations to natural variability…  

•… and lagged responses to gradual trends 

•Glaciers have “felt” anthropogenic warming, but are also committed to additional retreat
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Centennial glacier retreat as categorical evidence
of regional climate change
Gerard H. Roe1*, Marcia B. Baker1 and Florian Herla2

The near-global retreat of glaciers over the last century provides some of the most iconic imagery for communicating the
reality of anthropogenic climate change to the public. Surprisingly, however, there has not been a quantitative foundation for
attributing the retreats to climate change, except in the global aggregate. This gap, between public perception and scientific
basis, is due to uncertainties in numerical modelling and the short length of glacier mass-balance records. Here we present
a method for assessing individual glacier change based on the signal-to-noise ratio, a robust metric that is insensitive to
uncertainties in glacier dynamics. Using only meteorological and glacier observations, and the characteristic decadal response
time of glaciers, we demonstrate that observed retreats of individual glaciers represent some of the highest signal-to-noise
ratios of climate change yet documented. Therefore, in many places, the centennial-scale retreat of the local glaciers does
indeed constitute categorical evidence of climate change.

A lpine glaciers are consequential and captivating elements
of the Earth system that feature prominently in the lives
of nearby communities1. The nature of glacier motion was

a research challenge for nineteenth-century physicists2,3, and the
late Holocene history of glacier margins has been a primary
target ofmodern palaeoclimate science4. Consequently, the century-
scale length history of several hundred glaciers is well known
(for example, Fig. 1)4,5. Whilst glacier mass balance (that is, area-
averaged accumulation minus ablation, ⌘b (m yr�1)) is a more
direct measure of climate6,7 than glacier length, only a few dozen
mass-balance records extend for more than two decades.

The century-scale, near-global retreat of glacier fronts seems
improbable without some coordinating global climate change.
However, the formal statistical assessment of the role of climate
change in glacier retreat has been limited to the numerical
modelling of three individual glaciers, each with only a single set
of model parameters8; and to a comparison of the global aggregate
glacier mass loss in forced and unforced integrations of global
climate models9.

By itself, any single glacier is a blunt statistical instrument.
Each is a unique product of its local climate and landscape.
Characteristic glacier-length response times of several decades10
imply only a few independent degrees of freedom in a centennial
record, resulting in poor statistical resolving power to evaluate a
trend. In part because of these factors, themost recent assessment of
the Intergovernmental Panel on Climate Change (IPCC) concluded
only it was ‘likely’ that a ‘substantial’ part of glacier retreat is
due to anthropogenic climate change, a much weaker attribution
than for other metrics of climate change11. Here we introduce a
method to combine glacier observations with the better-resolved
local meteorological trends, which facilitates strong conclusions.
The centennial-scale retreats of 37 widely dispersed glaciers have
each necessarily required a climate change. And while the cause
cannot be attributed purely from observations, the required climate
changes are centennial-scale trends that are globally distributed.
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Figure 1 | The global record of glacier lengths5, for 158 glaciers with 20 or
more individual observations (shown as dots). Coloured lines show the
specific glaciers analysed in Fig. 4.

The signal-to-noise ratio as a metric of glacier change
We relate sL, the signal-to-noise ratio of glacier length (⌘L), to sb, the
signal-to-noise ratio of mass balance (⌘b). Let 1L be the change
in length over some period of time, and let �L be the standard
deviation in the absence of any climate trend. Then sL ⌘ 1L/�L.
Likewise, sb ⌘1b/�b. We first establish that sL is straightforwardly
related to sb, and that the relationship is insensitive to uncertainties
in glacier parameters. The result is robust and depends only on
the fundamental property that glaciers integrate mass balance on
timescales of a few decades.

In a refinement of earlier models12,13, previous work has shown
that glacier flow on a sloping bed can be accurately emulated by
a linear, third-order di�erential equation (Methods)14. Let 1b(to)
be the change in mass balance due to a linear trend applied over a

1Department of Earth and Space Sciences, University of Washington, Seattle, Washington 98195, USA. 2Institute of Atmospheric and Cryospheric
Sciences, University of Innsbruck, A-6020 Innsbruck, Austria. *e-mail: gerard@ess.washington.edu
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∆L
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Equilibrium	line	

ablation	zone	accumulation	zone	

Basic glacier response

Positive change in mass balance 
- Glacier advances, adding to ablation area

•Glaciers respond to mass-balance changes by 
adjusting length to restore equilibrium: 


