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ABSTRACT. The climatic condition that prevails at a glacier equilibrium line altitude (ELA) is often parame-
terized in terms of summer air temperature (7) and annual precipitation (P). This simple parameterization
was initially proposed by Hans W:son Ahlmann. The physical background of the relationship between P and
T on the equilibrium line, however, has been left unexplained since Ahlmann first questioned the mathem-
atical form of the relationship. This relationship can be explained when the thermal and hydrological
processes of the ELA formation are investigated. The present authors studied the energy exchange processes
that prevail on the ELA during the melt season. The inclusion of solar radiation brings Ahlmann’s hypothesis
closer to energy balance, and improves his P/T diagram. By comparing the observed fluxes from the polar
through the mid-latitude to the equatorial glaciers, it was found that these glaciers in different climatic
regions share important similarities at the ELA. Further, it was found that the classic P/T curve originally
proposed by Ahlmann in the early 20th century is a concise expression of the conservation principle of
energy and mass at the ELA of glaciers, and takes the form of a polynomial of the fourth order.
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1. INTRODUCTION

The line or a zone on a glacier where the surface annual mass
balance converges to zero is defined as the equilibrium line,
and its altitude above the mean sea level is the equilibrium
line altitude (ELA) (Cogley and others, 2011). Traditionally,
glaciologists tended to consider the ELA in terms of the
mean ELA averaged over a certain period, which was long
enough to be climatic.

The ELA by definition divides the glacier surface into
an accumulation and ablation area. This implies that the
ELA represents the lowest boundary of the climatic glacieriza-
tion, the existence of the ablation area being the consequence
of the ice rheology. For the existence of glaciers, it is necessary
that the ELA lies below topographic and glacier surfaces.
Consequently, the upper limits of the lateral and medial mor-
aines lie very close to the equilibrium line, a feature which is
used in quaternary geology to estimate the ELA of the past
(Hantke, 1978; Ballantyne, 1989). If the ELA is lifted above
the highest bedrock or ice surface topography as a result of
climate change, the glacier is doomed to disappear.

The ELA is also a useful concept as it is closely related to the
annual mass balance. Where information of annual mass
balance is lacking, the ELA provides an alternative way of esti-
mating the annual mass balance (Liestal, 1967; Paterson, 1969;
Koerner, 1970; Schytt, 1981; Kulkarni, 1992; Seversky, 1997;
Nesje and Dahl, 2000). This aspect also offers a method to esti-
mate the change in mass balance as a result of climate change
(Bradley, 1975; Kuhn, 1980, 1989; Ambach, 1989, 1993).
Further, the altitudinal distributions of the annual mass
balance, and especially of the summer balance, show the
largest variations at or near the ELA (Ohmura and others,
1992). These features can be exploited to identify the ideal
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location for monitoring the atmosphere on the glacier in
order to predict the meltwater discharge for agricultural irriga-
tion and hydroelectric power generation. Therefore, the param-
eterization of the ELA is of primary importance not only for the
theory of the glacier/climate relationship but also for applica-
tions such as water economy.

The glacier/climate relationship on the ELA was first
expressed as a relationship between precipitation (P) and
temperature (T) by Ahlmann (1924), in the form of what
was later called the Ahlmann’s P/T diagram. The diagram
indicated a non-linear relationship between precipitation
and temperature, which Ahlmann himself questioned. He
considered two possible forms of the relationship, a
second-order polynomial and exponential functions. Later
workers also noticed the non-linearity of the relationship,
and came up with an exponential curve (Ballantyne, 1989)
and various polynomials (Kotlyakov and Krenke, 1982;
Ohmura and others, 1992; Krenke and Khodakov, 1997).
Andrews (1975) fitted the curve with three different straight
line segments. More recently, Nesje and Dahl (2000) again
used exponential curves. Authors used their intuition for
selecting a function and fitting regression lines based on stat-
istical means. The physical processes on ELAs, hence the
physically based mathematical form of the function, have
been left unidentified up to the present.

The objective of the present paper is (1) to examine the P/T
relationship for the glaciers under diverse physical condi-
tions, (2) to investigate the climatic conditions that determine
the mean ELA with more abundant data of higher quality and
(3) to present the main physical processes on ELAs in order to
identify a mathematical form of the P/T diagram based on the
theory of mass and energy conservation.
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2. THE DEVELOPMENT OF ELA
PARAMETERIZATION

2.1. Choice of parameters

The meteorological elements used in the present work are air
temperature, precipitation and global solar radiation, three
quantities that represent three major terms in the energy-
balance equation for the glacier surface, as will be detailed
later. Prior to the knowledge of the energy balance, the
importance of temperature and precipitation was already
known in the second half of the 19th century (Forbes,
1853; Hann, 1883). Forel and others (1909) and Maurer
(1914) thought solar radiation to be a secondary but non-neg-
ligible heat source. It was however Ahlmann (1924) who
characterized the ELA numerically by using temperature
and precipitation, but abandoned solar radiation as uncon-
vincing. The present paper demonstrates that all three ele-
ments are necessary.

For the air temperature, the free atmospheric temperature
is preferred to the local temperature on the glacier. Lang
(1968) reported a higher correlation between the melt and
the air temperature measured outside the glacier. Using an
extra-glacier temperature was also chosen later by Vincent
(2002), Mernild and others (2013) and Pelto and others
(2013). The present authors credit this tendency to the diffi-
culty of defining the optimal temperature on the glacier
owing to the strong temperature gradient near the glacier
surface with respect to height and the horizontal expanse.
Considering the temperature distribution over the glacier as
the problem of turbulent heat diffusion, under the lower
boundary condition of the melting temperature of the ice
surface, which is constant, and the upper and lateral bound-
ary conditions of external air, the temperature measured
outside the direct glacier influence can be considered as
the boundary conditions. Since the surface temperature is
constant, the external air temperature becomes a sole
factor to determine the solution. The air temperature
between the glacier surface and the upper and lateral bound-
aries of the considered air volume becomes a solution with a
strong vertical and horizontal gradient, which is impractical
to characterize the glacier climate. In fact, if one approaches
the glacier surface close to the roughness length, the air tem-
perature is expected to become the melting point, and loses
information on the energy fluxes. The external boundary con-
dition is a more stable information-carrying parameter. The
adoption of the free atmospheric temperature has another
advantage compared with the near-glacier surface tempera-
ture. The free atmospheric temperature is much more easily
and widely available, and also saves the cumbersome and
uncertain task of downscaling (Ohmura and others, 1992),
as is also shown by Rasmussen and Wenger (2009). The
mean temperature of the three summer months of June, July
and August (December, January and February for the
Southern Hemisphere) is used as most of the annual ablation
for the majority of glaciers at the ELA occurs during these
three months.

For precipitation, the annual total precipitation represents
annual accumulation better than the winter precipitation
alone as precipitation in summer is often solid at high alti-
tudes (Ahlmann, 1922; Miiller-Lemans and others, 1993,
1997; Seversky, 1997; Braithwaite, 2008; Barrueto, 2009).
Further, summer precipitation suppresses the melt through
the higher albedo, larger cloud amount and lower air tem-
perature (Ohmura and others, 1992). There are also regions
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where the main accumulation happens in summer, as in
the interior of the Asian continent and the tropical Andes
(Ohmura and others, 1990; Kang and others, 1996). These
facts support the choice of annual precipitation rather than
the winter accumulation or precipitation alone.

The present work chose annual precipitation as in the ori-
ginal works by Ahlmann (1922, 1924). However, the authors
consider the possibility of a partial loss of the summer
precipitation from the accumulation when it falls as liquid
precipitation. To investigate the influence of the liquid pre-
cipitation on annual accumulation, the liquid precipitation
at high-altitude observatories was evaluated, where the
type and amount of the precipitation were observed by
observers. The measured liquid precipitation at high-altitude
stations is presented in Table 1, along with other information
that helps to interpret the effect of the liquid precipitation on
mass balance. When the observatory is located more than
200 m below the mean ELA, a temperature correction with
a lapse rate of 0.65K/100 m (Fliri, 1975; Schiiepp and
others, 1978; Auer and others, 2001) and liquid portion cor-
rection of 8%/K (Ohmura and others, 1999) was applied. The
present survey shows that on an average, 9% of the annual
total precipitation fell in liquid form at ELA during the
summer. Although a part of the liquid precipitation might
remain in the snow and firn layers as superimposed ice,
this amount should be born in mind as a potential loss that
would be unaccounted for as a contribution to the
accumulation.

Another possibility for estimating the annual precipitation at
the ELA is a unique method proposed by Braithwaite and others
(2006) and Braithwaite (2008). Braithwaite’s method consists of
estimating the annual meltbased on the positive degree-days at
ELA, which by definition must be the same as the annual accu-
mulation. The uncertainty of this method is the variability of the
degree-day coefficient. Once this problem is clarified, the
present authors consider Braithwaite’s method as a powerful
method for estimating annual precipitation for high altitudes.

When Ahlmann (1924) presented the precipitation (ordin-
ate) and temperature (abscissa) diagram (1924, P/T diagram
in Fig. 5, P. 264), the relationship showed a certain scatter
around the best-fit curve. Later works, for example, Loewe
(1971) and Ohmura and others (1992), had an even larger
scatter, mainly because more glaciers from much larger
regions with diverse climatic conditions were considered.
The authors realized that the adoption of a third variable
besides P and T would reconcile the scatter in a systematic
manner. This third variable was found to be solar global radi-
ation (Forel and others, 1909; Maurer, 1914; Loewe, 1971;
Ohmura and others, 2007).

2.2. Source for glaciological data

A single most comprehensive source of the surface mass
balance and ELA is the ten volumes of Fluctuations of
Glaciers, started by Kasser (1967), succeeded by Miller
(1977), Haeberli and others (1985) and continued by Zemp
and others (2011, 2012) (WGMS, 2012; World Glacier
Monitoring Service). This series contains data covering the
51 years from 1959 to 2010. However, the series of publica-
tions was regularly updated with data older than 1959 that
became newly available. The oldest mass balance and ELA
published in this series is that of the Taku Glaciers starting
in 1945. The information related to this series is available
at http:/wgms.ch/glacierapp/. Supplementary data are
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obtained from the series of 12 issues of Glacier Mass-Balance
Bulletin started by Haeberli and Herren (1991) and contin-
ued to WGMS (2013) covering the period of 24 years from
1988 to 2011. The data for more recent years after Vol. 12
are available in WGMS (2015) under the new series title of
Global Glacier Change Bulletin, and also directly from the
WGMS. The current data at WGMS are available at http:/
wgms.ch/ggch/. However, the data available from the
website are by no means accurate and complete, and
require corrections and amendments for which the
glaciology community can contribute. There are a few
other sources at the national level, for example, the results
of the mass-balance survey published in Glasiologiske
Undersokelser i Norge (Glaciological investigations in
Norway) for glaciers in Norway, starting with @strem and
Liestal (1964) and continued to Kjollmoen (2011). The
longest series of observation contained in this series is from
Storbreen starting in 1949. Many research groups publish
the results of the observations carried out during their pro-
jects, which often contain detailed information on mass
balance and ELA (e.g. Cogley and others, 1995, for the
White Glacier and Baby Glacier; Escher-Vetter and others,
2012, for Vernagtferner). For some glaciers, the pre-publica-
tion data of the mass balance and ELA were made available,
for example, for Hofsjokull by T. Thorsteinsson of Icelandic
Meteorological Service and for Langjokull by F. Palsson of
the University of Iceland. The oldest and the longest mass-
balance/ELA observation (starting in 1914/15) has been
carried out on Claridenfirn in the Glarner Alps by four gen-
erations of meteorologists at the Swiss Federal Office of
Meteorology and Climatology where the data are available.

The mass-balance data are often re-evaluated after the pub-
lications. The authors encountered up to four different mass-
balance evaluations for the same glacier. This sort of situation
is not uncommon working with the mass-balance data.
Usually, there is a legitimate reason for the re-evaluation,
which makes usually the later re-evaluations better in quality.
One of the important re-evaluations of the annual data is
made by adjusting the annual data against geodetic survey.
Some examples are the White Glacier on Axel Heiberg
Island (Cogley and others, 1995; Thomson and others, 2017),
Storglacidren in Sweden (Holmlund and others, 2005) and
ten Norwegian glaciers (Andreassen and others, 2016, http:/
glacier.nve.no/viewer/Cl/en/). Whenever necessary, the
authors consulted the scientists involved in the original
observations, evaluations and the subsequent re-evaluations
for clarifying the reasons for the differences. The mean
ELA and winter balance (B,,), which are averaged over
the available period of the data, are presented in Table 2.

2.3. Source for meteorological data

The free atmospheric temperature at the ELA was extracted
from ERA-Interim Reanalysis (Dee and others, 2011). The
temperature in the Antarctic coastal zones in the ERA-
Interim is, however, greatly underestimated due to the
inaccuracy of the model topography. For this zone, the cli-
matological maps of the Free University of Berlin were
used (Scherhag, 1969). There are at present no re-analyses
that can reproduce precipitation accurately. The observed
annual total precipitation near ELAs is available in limited
cases from the national meteorological networks (e.g. gla-
ciers in the Hohe Tauern in Austria, and in the eastern
Swiss Alps). The observations made at high altitudes are
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also available in HISTALP (Historical Instrumental climato-
logical Surface Time series of the greater Alpine region,
Auer and others, 2007) and APGD (Alpine Precipitation
Grid Dataset, Isotta and others, 2014), but direct observations
near the ELA are rare, simply because there are few observa-
tories and projects at such locations lasting long enough to
provide climatic data. In the present paper, the measure-
ments made by automatic stations are excluded, as the accur-
acy of the automatic stations at high altitudes is highly
uncertain (Auer, 1992; Miiller-Lemans and others, 1993;
1997; Barrueto, 2009). The best alternative for the annual
precipitation at ELA, which is adopted in the present work,
is to sum the winter accumulation (B,,) at the equilibrium
line and the precipitation measured during summer at an alti-
tude close to ELA (Ohmura and others, 1992; Braithwaite,
2008). Although the observations of annual precipitation at
high altitudes are rare, there are a few observations made
in summer, as many glaciological summer campaigns
measure precipitation at high altitudes (e.g. Ohmura and
Miiller, 1978; Weber, 1997; WGMS, 2015). Only when the
summer precipitation was not available, but winter accumu-
lation was thought to be reliable, the ERA-Interim monthly
precipitation from May to September (October to March
in the Southern Hemisphere) was used in place of the
locally measured summer precipitation. The present study,
however, showed that the ERA-Interim underestimated pre-
cipitation by 17-40% for the glacierized regions, as indicated
in columns 6 and 9 in Table 2. ERA-Interim evaluation pre-
sented by de Leeuw and others (2015) found a mean under-
estimation of 22% based on a comprehensive study for Great
Britain. Therefore, when the ERA-Interim summer precipita-
tion was used, it was increased by 22%.

As stated earlier in Section 2.1, the present work introduces
solar global radiation as the third variable. This decision is
based on the ten energy-balance measurements summarized
in Section 3.2, which shows that solar radiation is the second
largest heat source for the melt on all glaciers. The largest col-
lection of solar global radiation is available in the Global
Energy Balance Archive (GEBA, a part of Baseline Surface
Radiation Network/World Climate Research Program and
Global Climate Observing System) at E.T.H. Zurich.
Presently, GEBA harbors monthly global solar radiation for
~1700 sites (Wild and others, 2017). The observation sites
are dense enough for the present purpose for the
Alps, Scandinavia and polar regions. For the radiation with
more than 1000 m altitude difference, a correction was
applied with the assumption of the vertical radiation gradient
of +1W m~2/100 m (Marty, 2000). The radiation from the
areas with sparse observational networks, such as the high
mountain regions of Asia, Latin America and Africa, global
solar radiation was obtained from the GCM simulation with
ECHAM4 T106. The shortwave irradiance simulated by
ECHAM4 T106 was found to come closest to the observed
values among all GCMs that participated in the Atmospheric
Model Inter-comparison Program, AMIP Il (Wild and others,
1998). Radiation data sources are presented for each glacier
in Table 2.

3. NEW P/T DIAGRAM AND ENERGY BALANCE ON
ELA DURING THE MELT SEASON
3.1. New P/T diagram based on selected glaciers

Out of more than 130 glaciers that have medium- to long-
term observations of winter and summer balances and ELA,
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104 glaciers with proximity to manned meteorological obser-
vations were selected (Table 2). The glaciers were also
selected to represent major glacierized regions of the
world. The geographical distribution of the 104 glaciers
and their mean ELAs are illustrated in Figure 1. The new
P/T diagram was constructed based on the data from 104 gla-
ciers presented in Table 2, and illustrated in Figure 2. The
correlation coefficient is 0.73, while the coefficient of deter-
mination is 0.63. Table 2 also contains all glaciological and
meteorological data sources discussed in Section 2. The
least-square linear and quadratic regression lines of all 104
glaciers are also presented in Figure 2. The numerical
nature of the regression lines will be discussed later in
Section 4. It was found that relatively large scatter of the
diagram can be systematically grouped into narrow ranges
according to solar global radiation as the third variable.
The four curves in Figure 3 in Section 3.2 represent the
best-fit linear regressions for the four groups, each spanning
a range of 25W m™ 2. In the present study, the largest
summer global radiation found was 305W m~? in the
Pamir, while the smallest was 165 W m™2 in Svalbard.
These relationships will be interpreted in light of the energy
balance of the melt period in the next section.

3.2. Energy balance at ELA during the melt period

There are nine glaciers for which the full melt season energy-
balance measurements were carried out in the equilibrium
line areas. Table 3 summarizes the mean fluxes of the
energy balance of individual glaciers. These glaciers
represent a wide range of climatic conditions. They represent
polar, mid-latitude and tropical glaciers. In terms of the ELAs,
they range almost from the sea level to 5000 m a.s.l. The first
four sites in Table 3 represent glaciers near the sea, while the
following five sites the glaciers in continental interiors. The
tenth experiment took place on a tropical high-altitude
glacier. Despite the wide range of climatic conditions,
these glaciers reveal strikingly similar energy-balance fea-
tures during the melt period. Common to all glaciers is the
dominance of longwave incoming radiation from the atmos-
phere. For all glaciers, this component is on average 70% of
the total energy income, with extremes of maximum 86%
(Meighen Ice Cap) to minimum 57% (Blue Glacier). For all
glaciers, the absorbed solar radiation takes the second
place as an energy source, on an average 25% of the total
energy income, with extremes of maximum 35%
(Vernagtferner) to minimum 15% (Meighen Ice Cap). The
fact that the absorbed solar radiation is the second most
important energy source at ELA was earlier recognized
(Ohmura, 2001) and also used for improving the melt
model (Pellicciotti and others, 2005). Sensible heat flux, or
turbulent enthalpy flux, is 6% of the total energy on an
average, with extreme cases of 19% (Rhonegletscher) and
—1% (Meighen Ice Cap). The most important feature of the
energy balance of ELA is the fact that longwave and short-
wave incoming radiative fluxes are by far the dominant
sources and turbulent components are one order of magni-
tude smaller. Since the major portion of the longwave radi-
ation originates from the lowest 1 km of the atmosphere
(Ohmura, 2001), the air temperature becomes particularly
important information for calculating the melt. The majority
of the energy gained by the surface is expended for radiative
emission by the surface, which is almost constant near at the
blackbody emission of the ice melting point, 315.7 W m~>
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Table 2. Equilibrium line altitude (ELA), temperature, precipitation, global solar radiation and their sources

Glacier Geographic Coordinates ELAma.s.l. Tja Tya Ann. Precip. Ann. Bwmm  Bw + ELA observed  Global Mass balance and precip.  Organization for ~ Radiation
ERA- FUB. mm, ERA- Precip. w.e.obs.  Psummer, years radiation,  data source mass balance obs. data source
Interim  Atmos. Interim APGD mm at ELA mm W m™?
Canadian Arctic latitude longitude °C °C
Ward Hunt Ice Shelf/ 83°07'N 74°10'W 0 -0.87 -1.0 195 180 240 1959-84 207 1,2 DRB 1,2, 36
Rise
Gilman Glacier 82°10'N 71°15'W 1250 -1.84 -1.1 116 110 170 1951-61 240 3,4 Geogr. Branch, 1
Ottawa
Per Ardua 81°27'N 76°35'W 1350 —-2.05 -1.5 106 150 190 1967-68 242 5 ETH 1,3
White Glacier 79°30'N 90°58'W 1066 £255 —0.54 -1.6 194 180 320 1960-13 239 6,37, 67 McGill, ETH, Trent 1,4, 5, 6
Univ.
Baby Glacier 79°26'N 90°58'W 973117 -0.26 -1.7 199 200 350 1965-76 233 7,37 McGill, ETH, Trent 1, 7
Univ.
Laika Glacier 75°53'N 79°10'W 355 1.4 0.5 305 410 590 1972-79 270 ETH 1,8
Devon Ice Cap NW  75°15'N 82°00'W 1154 £248 -0.74 -0.3 274 180 240 1961-13 221 , 10 PCSP 1,9
Barnes Ice Cap, 70°10'N 73°30'W 810+ 151 1.98 1.9 355 440 590 1970-84 202 , 11 Glaciol. Div., 1
South Dome Ottawa
Decade Glacier 69°39'N 69°55'W 1175 0.7 -0.3 330 240 310 1965-70 196 5,37 Glaciol. Div., 1,33
Ottawa
Greenland
Greenland Ice Sheet 76°30'N 68°00'W 650 1.6 0.6 307 410 700 Stratigraphic 225 12,13 CRREL 3,36
Greenland Ice Sheet  69°30'N 48°20'W 1200 -0.87 1.1 497 420 510 1982-89 212 14 GGU 3,10, 11
Greenland Ice Sheet  64°30'N 49°32'W 1310 2.77 2.0 739 590 990 1981-84 208 17 GGU 3
Qapiarfiup sermia 63°36'N 52°08'W 790 4.06 2.9 941 1120 1350 1981-85 200 15,16 GGU 3,12,33
Greenland Ice Sheet 61°30'N 45°23'W 1500 —0.44 2.3 1094 590 870 1979-83 228 17, ERA-Interim GGU 13
Iceland
Hofsjokull N 64°57'N 18°55'W 1327 £ 81 2.41 1027 1457 1740 1988-14 200 36,37, 38, 39, 40, 60, 76 IMO 12, 33, 36
Hofsjokull SW 64°43'N 19°03'W 134175 2.42 1154 1522 1916 1991-14 200 37,38, 39, 40, 52 IMO 12,36
Vatnajokull SE 64°20'N 16°00'W 1100+ 123 3.68 4.0 1432 2000 2600 Stratigraphic 202 18 Univ. Iceland, 3,12, 36
NPCR
Svalbard
Austfonna 79°30'N 25°15’E 335 —-0.08 0.5 435 850 940 Stratigraphic 170 19, 77 SPRI 3,12
Austre Breggerbreen  78°53'N 11°50'E 432 +98 0.65 497 650 800 1967-14 165 5,35,36,37,38, 39,40, 50, NPI 12, 36
51,52, 53, 77
Midtre Lovenbreen 78°53'N 12°04'E 407 +89 0.71 479 693 843 1968-14 165 5,35,36,37,38, 39,40, 50, NPI 12, 36
51, 52,53,77
Austre Lovenbreen 78°52'N 12°09'E 431 0.64 479 715 920 2008-14 165 WGMS database, ERA- UFC 12, 36
Interim
Irenebreen 78°39'N 12°06'E 473 +92 0.7 507 522 772 2002-13 165 WGMS database, ERA- Inst. Geography, 12, 36
Interim Torun
Waldemarbreen 78°40'N 12°00'E 427 + 81 0.85 508 466 715 1996-13 165 WGMS database, ERA- Inst. Geography, 12, 36
Interim Torun
Kongsvegen 78°48'N 12°59'E 547 + 84 0.29 466 685 835 1987-14 165 36, 37, 38, 39,40, 50, 51, NPI 12, 36
52,53, 77
Hansbreen 77°05'N 15° 40" E 355+77 1.61 592 967 1117 1989-14 157 41,42, 43, 44, 45, 46, 47, PAS 12, 36

48, 49, 50, 51, 52, 77
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Table 2. (Cont.)

Glacier Geographic Coordinates ELAma.s.l. Tja Tya Ann. Precip. Ann. Bw mm Bw + ELA observed  Global Mass balance and precip. ~ Organization for ~ Radiation
ERA- FUB. mm, ERA- Precip. w.e.obs. Psummer, years radiation,  data source mass balance obs. data source
Interim  Atmos.  Interim APGD mm at ELA mm Wm™2
Alaska and Cordillera
Gulkana Glacier 63°18'N 145°25'W 1774+ 73 4.64 3.5 636 1190 2540 1965-12 174 5,10, 20, 21, 23, 35, 36, 37, USGS 12
38, 39, 40, 50, 51, 52, 53
Wolverine Glacier 60°24'N 148°54'W  1172+118 6.08 5.6 2598 1300 3600 1965-12 174 5,10, 20, 21, 23, 35, 36, 37, USGS 12
38, 39, 40, 50, 51, 52, 53
Taku 58°33'N 134°08'W 1006 +119 8.75 2117 2120 1946-13 183 40, 50, 51, 52, 53,80, ERA- JIRP 12, 36
Interim
Lemon Creek Glacier 58°23'N 134°14'W 1066 =109 7.48 7.0 2307 1750 2850 1956-13 205 5,10, 20, 21, 22, 23, 35, 36, Michigan SU 1,33, 36
37, 38, 39, 40, 50, 51, 52,
53
Alexander Glacier 57°06'N 130°49'W  1739+139 4.44 3.7 1899 1800 2050 1973-90 195 11,23,35 Glaciol. Div. 1
Yuri Glacier 56°58'N 130°42'W 1817 +152 3.96 3.3 1976 1600 1850 1978-90 195 11, 23,35 Glaciol. Div. 1
Andrei Glacier 56°57'N 130°59'W 1519+ 94 5.74 5.1 2133 1900 2150 1977-90 195 11,23,35 Glaciol. Div. 1
Ram River Glacier 51°51'N 116°11'W 2838 +109 2.95 4.7 699 1000 1180 1966-75 245 3,10, 72 Glaciol. Div. 1,14, 36
Peyto Glacier 51°40'N 116°33'W 2724 +120 3.82 6.1 766 1400 1600 1966-13 224 5,10, 23, 35, 36,37, 38,39, Glaciol. Div. 15, 36
40, 50, 51, 52, 53, 72
Bench Glacier 51°27'N 124°56'W 1893 6.8 6.4 1526 2000 2300 1981-90 223 24, 35,72 Glaciol. Div. 1
Tiedemann Glacier ~ 51°20'N 125°00'W 1954 6.27 6.2 1683 2300 2550 1981-90 223 24, 35, WGMS database, 72 Glaciol. Div. 1
Woolsey Glacier 51°01'N 118°12'W 2268 + 145 7.03 8.9 1214 2700 3100 1965-75 245 3, 10, WGMS database,72,  Glaciol. Div. 1, 36
ERA-Interim
Sykora Glacier 50°53'N 123°34'W 2200 5.46 4.5 1444 1900 2050 1976-85 225 11,23,35,72 Glaciol. Div. 1, 36
Bridge Glacier 50°49'N 123°33'W 2200 5.39 4.5 1503 1950 2100 1976-85 225 11,23,35,72 Glaciol. Div. 1, 36
Zavisha Glacier 50°48'N 123°25'W 2280 4.9 4.1 1451 1750 1900 1976-85 225 11,23,35,72 Glaciol. Div. 1, 36
Place Glacier 50°16'N 122°36'W 2257 +191 5.21 6.8 1601 2100 2240 1965-13 242 5,10, 23, 35,36, 37, 38,39, Glaciol. Div. 1,16
40, 50, 51, 52, 53, 72
Helm Glacier 49°58'N 123°00'W 2082 +98 5.98 5.0 2206 2100 2350 1976-13 225 11, 23, 35, 36, 37, 38,39, Glaciol. Div. 1,36
40, 50, 51, 52, 53, 72
Sentinel Glacier 49°54'N 122°59'W 1828 +126 7.51 8.7 2150 3500 3750 1966-85 233 5,10, 23, 35, 72, ERA- Glaciol. Div. 1,17
Interim
South Cascade 48°45'N 121°03'W 1954+ 113 8.02 6.9 1406 2770 3020 1964-11 245 5,23,35,36,37,38,39,40, USGS 1,12, 36
Glacier 50, 51, 52, 53, ERA-Interim
Nisqually Glacier 46°08'N 121°44'W 2590 4.28 3.9 1187 3070 3320 1967-68/ 260 5, WGMS database, ERA- USGS 1,17
06-13 Interim
Labrador
Superguksoak 58°57'N 63°47'W 913 4.94 770 770 1982-84 190 35, ERA-Interim Memorial 1,35
University
Hidden 58°56'N 63°33'W 1033 4.57 764 595 1982-84 190 35, ERA-Interim Memorial 1,35
University
Abraham 58°56'N 63°32'W 983 4.73 763 600 1982-84 190 35, ERA-Interim Memorial 1,35
University
Minaret 58°53'N 63°41'W 1290 3.69 768 600 1982-84 183 35, ERA-Interim Memorial 1,35
University
Scandinavia
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Kérsojietna

Blaisen
Storsteinfjellbreen

Storglacidren

Trollbergdalsbreen

Engabreen

Hogtuvbreen
Alfotbreen

Nigardsbreen

Grasubreen

Hellstungubreen

Storbreen

Tunsbergdalsbreen
Austre Memurubre
Vestre Memurubre
Vesledalsbreen

Hardangerjokulen

Folgefonni-East
Folgefonni-West
Bondhusbreen
Alps

Sonnblick Kees
Pasterze

Kleinfleiss Kees
Goldberg Kees
Wourten Kees
Vernagtferner

Claridenfirn

68°21'N

68°20'N
68°13'N

67°54'N

66°43'N

66°39'N

66°27'N
61°45'N

61°43'N

61°39'N

61°34'N

61°34'N

61°36'N
61°33'N
61°32'N
61°05'N
60°33'N

60°09'N
60°09'N
60°02'N

47°07'N
47°06'N

47°03'N
47°02'N
47°02'N
46°52'N

46°51'N

18°19'E

17°51'E
17°55'E

18°34'E

14°27'E

13°51'E

13°39'E
5°39'E

7°08'E

8°36'E

8°26'E

8°08'E

7°03'E
8°30'E
8°27'E
7°16'E
7°22'E

6°29'E
6°29'E
6°20'E

12°36'E
12°42'E

12°57'E
12°58'E
13°00'E
10°49'E

8°54'E

1092 +87

1063
1317

1489 + 66

1089

1114 +£165

845
1168 +182

1510+179

2163 +159

1932 +139

1785 +133

1469
2025
1942
1521
1671 +143

1435
1435
1525

2798 £130
3023

2982 +110
3008 +76
3009 + 145
3144 £158

2771 £125

6.11

6.22
4.71

6.33

6.12

7.73
6.74

1.42

2.89

3.83

5.54
2.31
2.84
5.59
4.66

5.82
5.82
5.24

3.46
1.97

2.27
2.12
2.1
1.41

4.6
3.1

3.8

5.6

6.3

7.7
6.8

4.9

2.9

5.2
2.1
2.3
5.9
3.5

5.7

5.4
5.1

2.0

1030

1101
1082

924

1376

1391

1409
1797

1666

1126

1161

1251

1686
1139
1150
1530
1516

1806
1806
1841

1445
1449

1460
1463
1463
1410

1430

2136
2047

1674
1379
1608
827

1888

1700
1350

1320

2950

2700

3450
3450

2000

750

1200

1437

2150
1250
1350
2300
1850

2700
2600
2400

1300

1750
1411
924

1656

2460

1900
1600

1720

3200

3050

3850
3770

2300

1000

1450

2100

2400
1500
1600
2550
2200

3150
3050
2830

2025
1450

1673
2200
2125
1574

2945

1982-93

1963-68

1964-68/
1991-95

1959-14

1970-75/
1990-94
1969-14

1971-77
1964-14

1964-14

1964-12

1964-14

1946-14

1966-72
1968-72
1968-72
1967-72
1964-12

1964-68
1964-68
1976-80

1958-14
2005-13

1999-14
2001-13
1983-13
1964-14

2001-11

200

180
180

180

210

210

225
225

180

180

180

180

180
180
180
180
182

200
200
205

215
217

222
222
222
245

215

35, 36, 37, 57

5, 54
5, 37, 54, ERA-Interim

5,10, 23, 35,36, 37,38, 39,
40, 50, 51, 52, 53 ,ERA-
Interim

10, 37

5,10, 23, 35,36, 37,38, 39,
40, 50, 51, 52, 53 ,ERA-
Interim

10, 23, 54

5,10, 23, 35,36, 37,38, 39,
40, 50, 51, 52, 53 ,ERA-
Interim

5,10, 23, 35,36, 37,38, 39,
40, 50, 51, 52, 53 ,ERA-
Interim

5,10, 23, 35,36, 37,38, 39,
40, 50, 51, 52, 53 ,ERA-
Interim

5,10, 23, 35,36, 37,38, 39,
40, 50, 51, 52, 53 ,ERA-
Interim

5,10, 23, 35,36, 37,38, 39,
40, 50, 51, 52, 53, ERA-
Interim

5,10, 54

5, 54

5, WGMS database

5,10, 54

5,10, 23, 35,36, 37,38, 39,
40, 50, 51, 52, 53

5

5

23

38, 39, 40, 52, 53, ZAMG

WGMS database, ERA-
Interim

WGMS database, ZAMG

82, WGMS database, ZAMG

37, 38, 39, ZAMG

25, 63, ZAMG

81, personal communica-
tion Hans Miiller-Lemans

Stockholm
University

NWREB

NWREB

Stockholm
University

NWREB

NWREB

NWREB
NWREB

NWREB

NWREB

NWREB

NWREB

NWREB
NWREB
NWREB
NWREB
NWREB

NWREB
NWREB
NWREB

DGGS
ZAMG

ZAMG
ZAMG
ZAMG
KGBAW

Telgeso AG,
Sargabs

36

12, 36
12, 36

12, 36

12, 36

12, 36

12,36
12, 36

12, 36

12, 36

12, 36

12, 36

12, 36
12,36
12, 36
12, 36
12,18

12,36
12, 36
12, 36

32
12, 36

32,37

32,37

32,37

19, 20, 21,
34

36
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Table 2. (Cont.)

Glacier Geographic Coordinates ELAma.s.l. Tja Tya Ann. Precip. Ann. Bw mm Bw + ELA observed  Global Mass balance and precip. ~ Organization for ~ Radiation
ERA- FUB. mm, ERA- Precip. w.e.obs. Psummer, years radiation,  data source mass balance obs. data source
Interim  Atmos.  Interim APGD mm at ELA mm wWm™?
Hintereisferner 46°48'N 10°46'E 3078 +218 1.9 2.0 1402 790 1500 2100 1953-14 265 26,27, ZAMG IMGUI 18, 22, 23
Rhonegletscher 46°37'N 8°24'E 2895 +92 3.17 2.2 1323 1945 1950 2230 1885-09/80- 250 28, WGMS database, VAW 24
83/13-14 MeteoSwiss
Aletschgletscher 46°30'N 8°02'E 2923 3.1 2.1 1340 2087 3000 1865-2006 257 65, MeteoSwiss VAW 36
Careser 46°27'N 10°41'E 3330+ 184 1.57 1.6 1356 893 1189 1450 1966-14 255 5,10, 23, 35,36, 37, 38,39, Univ. Padua 12
40, 50, 51, 52, 53, ERA-
Interim
Griesgletscher 46°26'N 8°20'E 3004 £ 149 2.7 2.7 1281 1761 1500 2250 1962-14 250 29, 66, MeteoSwiss VAW 18
Basodino 46°25'N 8°29'E 2985+ 168 2.79 1271 1668 1421 3040 1992-14 265 38, 39, 40, WGMS data- G. Kappenberger 36
base, G. Kappenberger,
MeteoSwiss
Findelengletscher 46°00'N 7°52'E 3257 1.31 1224 1579 2610 2005-13 275 WGMS database, VAW 36
MeteoSwiss
Argentiere 45°57'N 6°59'E 2859 3.8 1269 1888 1900 2001-05 245 WGMS database CNRS 36
Marmolada 44°07'N 7°23'E 2740 6.28 4.3 878 1437 1050 1250 1964-66 220 5,74 Univ. Padua 12,18
Calderone 42°28'N 13°37'E 2713 153 6.76 804 2575 2925 1995-13 242 39, 40, WGMS database, 70 IMONT 12, 36
Pyrenees
Maladeta 42°39'N 038'E 3112+ 71 4.26 845 2036 2558 1992-11 281 37, 38, 39, 40, 50, 51, 52, 1755A & MMA 12, 36
53, 75
Caucasus
Dzankuat 43°12'N 42°44'E 3220+ 104 4.53 4.1 1245 2250 2800 1968-11 265 23, ERA-Interim Moscow State 12, 36
University
Tienshan and Altai
Tsentralniy 43°03'N 77°05'E 3826+118 1.51 3.6 838 760 1160 1957-14 280 5, 10, 23, ERA-Interim ASKASSR 12, 36
Tuyuksuyskiy
No. 1 Glacier 43°07'N 86°49'E 4068 + 92 —-0.04 -0.2 614 160 520 1959-12 250 10, WGMS, LIGG LIGG 25,26
Urumgqi
Qilianshan
Qiyi 39°23'N 96°59'E 4626 —-0.64 255 350 650 1975-85 265 WGMS database, 68, 69, 33, 36
78, 79
Shuiguanhe No. 4 37°33'N 101°45'E 4433 1.11 410 782 1963-77 270 WGMS database, 68, 69 33, 36
Pamir and Himalaya
Abramov 39°38'N 71°36'E 4230+98 0.85 1127 1393 1715 1968-98/ 305 WGMS database, 83 CAIAG 33, 36
2012-14
Rikha Samba 28°49'N 83°30'E 5737 -1.3 -1.3 1580 20 1580 1974/99/ 245 30, 62, WGMS database, WRI 27,30
12-13 ERA-Interim
EBO50 (E09) 27°58'N 86°46'E 5270 -0.26 0.9 1802 30 1802 1976 245 31, 32, 62, ERA-Interim WRI 28, 30
South America
Chacaltaya 16°21'S 68°07'W 5441 +83 -3.69 2982 18 1475 1992-12 207 38, 39 IHH 33
Glaciar de Los Tres  49°20'S 73°00'W 143017 1.92 1766 2219 2775 1996-98 300 38, WGMS database Moscow State 33
University
Hodges Glacier 54°17'S 36°30'W 435 1.06 1.9 892 1480 1850 1951-60 240 33, ERA-Interim Univ. East Anglia 29
Martial Este 54°47'S 68°24'W 1082 £ 42 1.48 1051 960 1300 2001-13 280 39, 50, 51, 52, 53 UNC 33
New Zealand
Tasman Glaceir 43°30’'S 170°20'E 1887 +176 5.62 7.7 1716 2500 3250 1966-75 250 5, 33, ERA-Interim Ministry of works 12, 36

The Antarctic
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Johnsons 62°40'S 60°21'W 179 1.23 893 761 1004 2002-13 225 WGMS database UPM 33

Hurd 62°41'S 60°24'W 203 1.23 897 624 867 2002-13 225 WGMS database UPM 33

Glacier G1, 63°00'S 60°40'W 325 0.15 0.0 947 600 780 1968-71 220 5, ERA-Interim Ohio State 12
Deception Island University

Law Dome 66°00’'S 112°00'E 150 -6.5 -2.6 539 330 360 Stratigraphic 233 34, ERA-Interim ANARE 30, 31

Data sources for mass balance and precipitation.

(1) Hattersley-Smith and Serson (1970); (2) Koerner (1979); (3) Sagar (1964); (4) Arnold (1968); (5) Kasser (1967); (6) Weiss (1984); (7) Alean (1977); (8) Kraus (1983); (9) Koerner (1966); (10) Miiller (1977); (11) Mokievsky-Zubok and
others (1985); (12) Schytt (1955); (13) Benson (1962); (14) H. Thomsen (personal communication); (15) Olesen (1986); (16) Weidick and Thomsen (1986); (17) R. Braithwaite (personal communication); (18) H. Bjornsson (personal
communication); (19) J. Dowdeswell (personal communication); (20) Meier and others (1971); (21) Tangborn and others (1977); (22) Marcus (1964); (23) Haeberli (1985); (24) Mokievsky-Zubok and others (1985); (25) Moser and
others (1986); (26) Hoinkes (1970); (27) Kuhn (1981); (28) Funk (1985); (29) Funk and Alean (unpublished note); (30) Fujii and others (1976); (31) Ageta and Satow (1978); (32) Yasunari and Inoue (1978); (33) Timmis (1986); (34) Xie
(1984); (35) Haeberli and Miiller (1988); (36) IAHS/UNEP/UNESCO (1993); (37) IAHS/UNESCO (1998); (38) IUGG(CCS)/UNEP/UNESCO (2005); (39) Haeberli and others, Ed. (2008); (40) WGMS (2012); (41) Haeberli and Herren
(1991); (42) Haeberli and others (1993); (43) Haeberli and others (1994); (44) Haeberli and others (1996); (45) Haeberli and others (1999); (46) Haeberli and others (2001); (47) Haeberli and others (2003); (48) Haeberli and others
(2005); (49) Haeberli and others (2007); (50) Haeberli and others (2009); (51) WGMS (2011); (52) WGMS (2013); (53) WGMS (2015); (54) Kjolimoen (2011); (55) Dyurgerov (2002); (56) Bessemoulin (1989); (57) Lundqvist (1953); (58)
Hansen and others (2008); (60) T. Thorsteinsson (personal communication); (61) F. Palsson (personal communication); (62) Higuchi and others (1982); (63) Bohm and Hiebl (2011/12); (64) H. Midiller (personal communication); (65)
Huss and others (2008); (66) A. Bauder (personal communication); (67) Cogley and others (1995); (68) Liu and others (2003); (69) Jin and Wang (2002); (70) Buffoni and Chlistovsky (1992); (71)) Service de la Météorologie, Québec
(1978); (72) Atmospheric Environment Service of Canada (1984-1988); (73) Buffoni and others (1999); (74) Alpine Precipitation Grid Dataset (Isotta and others, 2014); (75) Agencia Estatal de Meteorologia, Madrid; (76) Icelandic
Meteorological Office; (77) Norwegian Meteorological Institute; (78) Wang and others (2009); (79) Wang and others (2010); (80) Pelto and others (2013); (81) Mdiller-Lemans and others (1997); (82) Auer and others (2002); (83) Gerlitz
and others (2016).

Data sources for solar global radiation.

(1) Atmospheric Environment Service (1982); (2) Sagar (1964); (3) Marshunova and Chernigovskiy (1971); (4) Andrews (1964); (5) Havens (1964); (6) Ohmura (1982); (7) Ohmura (1981); (8) Ohmura (1977); (9) Holmgren (1971); (10)
Ambach (1963); (11) Ambach (1977); (12) Budyko (1963); (13) Braithwaite and Olesen (1984); (14) Young and Stanley (1976a); (15) Young and Stanley (1976b); (16) Mokievsky-Zubok and Stanley (1976b); (17) Mokievsky-Zubok and
Stanley (1976a); (18) Palz and others (1979); (19) Ambach (1955); (20) Moser and others (1986); (21) Escher-Vetter (1985); (22) Kuhn (1981); (23) Wagner (1979); (24) Funk (1985); (25) Wang and others (2009); (26) Bai and others
(1985); (27) Higuchi (1977); (28) Mani (1980); (29) Shanklin (1981); (30) Japanese Antarctic Research Expedition (1985); (31) Schwerdtfeger (1984); (32) Global Atmospheric Watch (GAW); (33) ECAHAM4-T106; (34) Escher-Vetter
(1985); (35) Service de la Météorologie, Québec (1978); (36) Wild and others (2017); (37) Auer and others (2002).

Abbreviations for the organizations carrying out the mass balance observations.

AARI, Arctic and Antarctic Research Institute, Sankt Petersburg; ANARE, Australian National Antarctic Research Expeditions; ARC, Antarctic Research Centre, Wellington; ASGSSR, Academy of Sciences of Georgian SSR; ASKASSR,
Institute of Geography, Academy of Sciences Kazakh SSR; ASKISSR, Tienshan Physical Geographical Station, Academy of Sciences of Kyrgyzstan SSR; CAIAG, Central Asian Institute of Applied Geosciences, Bishkek, Kyrgyzstan; CGl,
Comitato Glaciologico Italiano, Torino; CNRS, Laboratory of Glaciology and Environmental Geophysics, Domaine Universitaire; CRREL, Cold Regions Research and Engineering Laboratory, Hanover, NH; DGGS, Department of
Geography and Geology, University of Salzburg; DRB, Defence Research Board, Ottawa; DVNTS, Institute of Volcanology and Seismology, Far Eastern Branch, Russian Academy of Sciences; EPN, Escuela Politécnica Nacional,
Quito; GGU, Geological Survey of Denmark and Greenland; Ingenieria 75 S.A., Madrid; IAA-DNA, Instituto Antartico Argentino, Direccion Nacional del Antartico, Buenos Aires; IDEAM, Institute for Hydrology, Meteorology
and Environmental Studies, Bogota; IGAN, Institute of Geography, Academy of Sciences, Moscow; IHH, Instituto de Hidrdulica e Hidrologia, Universidad Mayor de San Andrés, La Paz; IIMR, Institute of Interdisciplinary
Mountain Research, Austrian Academy of Sciences, Innsbruck; IMGUI, Institute of Meteorology and Geophysics, University of Innsbruck; IMO, Icelandic Meteorological Service; IMONT, Italian Mountain Institute, Roma;
INRENA, Unidad de Glaciologia y Recursos Hidricos, Huaraz; ITPR, Institute of Tibetan Plateau Research, Chinese Academy of Sciences; JIRP, Jeneau Icefield Research Program, Nichols College; KGBAW, Commission of
Glaciology, Bavarian Academy of Sciences, Munich; LIGG, Lanzhou Institute of Glaciology and Geocryology; MMA, Direccion General del Agua, Ministerio de Medio Ambiente, Madrid; MSC, Meteorological Service of
Canada; NCD, Nichols College, Dudley, MA; NIWAR, National Institute of Water and Atmospheric Research, Christchurch; NPCR, National Power Company Reykjavik; NPI, Norwegian Polar Institute; NPSNC, North Cascades
National Park; PAS, Polish Academy of Sciences; PCSP, Polar Continental Shelf Project, Ottawa; SANIIM, Central Asian Hydrometeorological Research Institute, Tashkent; SES, School of Environmental Science, Jawaharlal
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Fig. 1. Geographic distribution of the locations and the altitudes of equilibrium lines of the glaciers used in the present work.

during the melt period. The actually observed mean emission
is 309 W m~? with a maximum of 316 W m~? (Ward Hunt
Ice Shelf and Blue Glacier) and a minimum of 301 Wm ™2
(Vernagtferner). The mean emission is slightly smaller than
the expected value from the blackbody emission at the
melting point, as the glacier surface often re-freezes at
night, allowing the surface to cool below the freezing point
(Ambach, 1955). Although the surface emission is numeric-
ally the largest component of the energy balance, it is close
to a constant. Therefore, among the fluxes of the heat sink,
the latent heat of melt is the largest variable (mean of 91%
of the available heat source), with two exceptions that
show relatively large evapo-sublimation (Urumgi No.1
Glacier, 18% and Zongo Glacier, 60%). These are neverthe-
less amazingly similar features, when one considers the
diverse climatic conditions under which these glaciers are
located. This situation allows the following discussion in

terms of the mean fluxes that are presented in the bottom
line of Table 3. The mean energy balance on the ELA takes
the following form:
S1—a)+LV+oTh+H+LE+C=M, (1)
where S is the solar global radiation, a is the albedo at ELA,
L| is the longwave incoming radiation, o is the Stefan—
Boltzmann constant (5.67 x 1078 W m™2 K™%, T, is the
glacier surface temperature at ELA, H is the sensible heat
flux from the atmosphere, L, is the latent heat of vaporization,
E is the evaporation/sublimation rate, C is the subsurface
energy flux mainly constituted by heat conduction and
ice-internal absorption of solar radiation and M is the
heat used for melt. The sign is taken positive when the
flux is directed to the surface. Table 3 shows that longwave
incoming radiation from the atmosphere is by far the most
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Fig. 2. Annual precipitation and summer (June, July, August or December January, February) mean air temperature at the equilibrium line
altitude (ELA): R? is 0.63. Two thin lines are linear and quadratic regression lines, while the dash and dot line is Eqn 2 discussed in

Section 3.3.
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Fig. 3. P/T diagram for four groups of glaciers classified by summer
mean global solar radiation: triangles, more than 250 W m™%;
squares, between 250 and 225 W m™2; open circles, between 225
and 200W m~2, black circles, <200 W m™2. The four lines
indicate the least-square linear regression lines with standard error
of estimate (S.E.). The measure of the fit of regression lines is

presented in Table 4.

important energy source for the melt accounting for almost
70%. When this term is parameterized with standard
screen-level air temperature, the effective emissivity of the
overlying atmosphere becomes 0.84, allowing the approxi-
mation by L | =eoT*, &€ =0.84. Together with the sensible
heat flux, longwave incoming radiation makes up 75% of
the energy source. Since these two terms are strong functions
of temperature, the temperature becomes the most important
parameter representing the melt (Ohmura, 2001), hence the
abscissa in the P/T diagram. The remaining 25% is supplied
by absorbed solar global radiation. Solar radiation varies
greatly depending on regions, and this is the reason for the
improvement of the P/T diagram by adopting solar global
radiation as the third variable. The energy sink is dominated
by two terms, longwave outgoing radiation and the latent
heat for melt. However, as pointed out earlier, the largest
sink, longwave outgoing radiation is almost constant at the
blackbody temperature close to the melting point. Because
this numerically largest energy sink is a quasi-constant, the
melt becomes predictable only with temperature and solar
radiation. By definition, the total melt in summer must be
equal to the annual accumulation, which in turn has been
shown above to be close to the annual precipitation,
P which was taken as the ordinate by Ahlmann (1924).

3.3. ELA energy balance and the P/T diagram
Aslightrearrangement of Eqn (1) has the following mass conser-
vation relationship given energy-balance conditions at the ELA:

M
p=d2
Lg

= Zj {ecT* +S(1 — a) + pcp,Dnu(T — To) — const.},  (2)
f
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Table 3. Energy-balance fluxes at the equilibrium line altitudes of glaciers during the melt season. Unit in W m™2

Source

Subsurface Latent heat Period of
of melt

heat flux heat flux

Latent

Sensible

Effective

Incoming  Outgoing

longwave
radiation

ELAm Air T°C Solar Albedo Absorb.
a.s.l.

Coordinates

Glaciers

observation

temp. (K) heat flux

longwave
radiation

solar

global

radiation

radiation

60 hin 6,7, 1960

60
-35

273
272
271
273
270
271
272
271
272
271

-316
=311
—-304
-316
-301
-307
-312
-308
-309
-307
-309

01
299
262
258
282
265
269
256
270
237

75

0.64
0.74
0.77
0.59
0.37
0.55
0.59
0.64
0.56
0.42
0.59

207
202
281

-0.9

15
241
1155
2010

83°12'N, 74°00'W
79°58’N, 99°09'W
69°35'N, 49°16'W
47°48'N, 123°43'W

46°50’N, 10°45’E

Ward Hunt Ice Shelf

1.6-31.8, 1960-70

3.6-31.8, 1991

-11

53
65
142
162
108
109

0.1

Main Ice, Meighen I.C.

16
50
23

1.7
7

ETH Camp, Greenland

Blue Glacier

12.7-30.8, 1958
21.8-31.8, 1950

—131
-216

346
258
239
265

4.7

2975
2975
2960
2820
3910

Vernagtferner

1.6-31.8, 1978-82
15.7-18.8, 1971
1.8-9.9, 1982

-35

25
32
81

46°50'N, 10°45’E 2.9

Vernagtferner

95
-167

46°48’'N, 10°45’E 2.7

Hintereisferner

99
101

278
232
211

46°37’'N, 08°24'E 8.8

Rhonegletscher

1.6-31.8, 1986-87
1.9-31.8, 1996-97

-15
-18

17

1.4
1.6
3.5

43°06’'N, 87°15’E

No.1 Glacier, Tenshan

Zongo Glacier
Means

—-12

—86

89
100

5150

16°15’S, 68°10'W

25

271.6

270

252

Source: (1) Lister (1962); (2) Taylor-Alt (1975); (3) Ohmura and others (1994); (4) LaChapelle (1959); (5) Hoinkes and Untersteiner (1952), Hoinkes (1955); (6) Escher-Vetter (1980; 1985); (7) Wagner (1978, 1979, 1980), Tanzer (1986);

(8) Funk (1985); (9) Calanca and Heuberger (1990); (10) Wagnon and others (1999).
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where P is the annual precipitation, hence summer total melt, d
is the duration of the melt period, in the present case the three
summer months, that is, 92d (90d for the Southern
Hemisphere); L/ is the latent heat of fusion, 3.34 x 10° ] kg™",
p is the density of the atmosphere, close to 1 kg m™; ¢, is the
specific heat of air under constant pressure, 1004.67 ) kg™
K™'; Dy is the drag coefficient for heat, close to 0.0025 for
wind speed at 10 m above the surface (Priestley, 1959), u is
the wind-speed, T is the air temperature, T is the surface tem-
perature, while ‘const.” is the sum of the surface radiative emis-
sion, evapo-/sublimation and sub-surface heat flux, and ~315
wWm™2

The numerical accuracy of Eqn (2) is tested against the
observations of P and T for 104 glaciers presented in
Table 2. The necessary values are presented in the previous
paragraph and also in Table 2. The estimation of the sensible
heat flux poses a slight problem, as this flux was not mea-
sured on most glaciers presented in Table 2. When wind
was measured by glaciologists, often it was carried out not
at the meteorological standard height of 10 m above the
surface. The drag coefficient in micro-meteorology is trad-
itionally referred to 10 m. Rather than estimating the drag
coefficient and wind speed separately, the authors took a
direct way to estimate pc,Dy u by regressing sensible heat
flux H against (T—Ty), as is presented in Figure 4. The gradi-
ent of the regression line is pc, Dy u with numerical value of
7.9 W m 2 K", R?is 0.84. This value gives the approximate
value of Dy as 0.003, which is close to 0.0025 given by
Priestley (1959) and Brutsaert (2005).

Equation (2) is plotted in Figure 2, together with the empir-
ically obtained P/T relationships. There is an overestimation
of P by 270 mm, equivalent to 11 W m~2 between Eqn (2)
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Air Temperature °C

L] Observation
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Fig. 4. Relationship between sensible heat flux and the temperature
difference between the surface and the atmosphere at the
equilibrium line of glaciers during the melt season, obtained based
on ten experiments on nine glaciers summarized in Table 3. The
gradient of the regression line is pcy Dy u with the numerical value
of 729 Wm™2 K~'. R? is 0.84. When detailed information such as
the surface roughness length and the wind speed at the WMO
standard height, that is 10 m above the surface, are not available,
this relationship allows an order of magnitude estimation of the
sensible heat flux on the glacier.
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and the best-fit empirical curves of 104 glaciers, which is
small in comparison with the possible errors associated
with the energy flux measurements. The difference may
also stem from the possibility that the nine glaciers used for
the derivation of Eqn (2) tended to have smaller evaporation
than the mean condition of the majority of glaciers. In the
present work, evaporation is not numerically treated, as it
is small. It is included in the ‘constant’. However, if evapor-
ation is larger, it must be treated as an independent term, and
tends to pull the theoretical line downward, as postulated by
Loewe (1971). This sampling problem can be reconciled, if
further energy-balance observations are carried out on the
glaciers representing mean climatic conditions.

4. DISCUSSION AND CONCLUSION

In summary, Eqn 2, the water-equivalent transformation of
the energy-balance equation, is the P/T diagram originally
proposed by Ahlmann (1924). When annual precipitation P
is made a dependent variable, it becomes a fourth-order
polynomial in 7, summer air temperature. The Ahlmann’s
P/T curve expressing the climatic conditions at the ELA is a
concise expression of the conservation principle. The math-
ematical shape of the P/T curve, which was earlier specu-
lated to take various functional forms, is a polynomial of
the fourth order that is derived from both the Stefan—
Boltzmann equation and the difference approximation of tur-
bulent sensible heat flux.

However, the narrow temperature range of the melt
season at the ELA occupying only 10°C between —2 and
+8°C offers a practical justification for approximating the
P/T relationship with a lower order such as a quadratic or
even a linear function, which offers a possibility for wide
practical applications. These approximations are P = 5.87
T°+230 T+966 and P=264.1 T+ 957, respectively,
based on the least-square method for all 104 glaciers consid-
ered in the present study. The standard error of estimate (S.E.)
of both regressions is almost identical at 648 and 650 mm,
respectively. By taking solar global radiation into account,
the best-fit approximation takes the following shape: P =
(2.2 5-130) T+ 3.12 S + 122 with S.E. of 510 mm, where T
(°C) is the mean air temperature and S (W m~2) is the mean
solar global radiation during the melt period. P (mm) is the
annual precipitation at the ELA. The introduction of solar
radiation brought about a considerable improvement over
the previous temperature-only formulation. A better fit is,
however, found for the four groups of glaciers that are classi-
fied by solar global radiation as presented in Table 4. Figure 3
offers regression lines and the standard error estimates for

Table 4. The best-fit linear regressions for the precipitation and tem-
perature relationship at the equilibrium line altitudes (ELA) of gla-
ciers, classified with respect to solar global radiation (S, W m™?).
The coefficients are for the form of P (mm)=aT (°C) + b, S.E. is
the standard error of estimate, and n is the number of the sampled
glaciers

Range of solar radiation a b R? S.E n

$>250 W m™? 487 1015 0.65 534 16
225 <5<250 350 793 0.88 490 22
200<5<225 245 1058 0.61 533 34
$<200 213 729 0.49 503 31
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each group. Among them, the best fit with the smallest stand-
ard error of estimate was found for the group with solar global
radiation ranging between 225 and 250 W m™~2. The reason
for the best performance by glaciers of this class is not clear.
The P/T combinations falling above these lines represent the
climate of the accumulation area, while those below the lines
indicate the climate of the ablation area or the area outside
the glaciers.

The introduction of solar global radiation improves the
standard error of estimate of the regression lines from ~650
down to 500 mm, which corresponds to ~1.2°C in tempera-
ture scale. Given the wide range of variety of the climate
where these glaciers are located, the present results are a
considerable improvement over the earlier understanding
on the climate at the glacier ELA. The present findings will
contribute to the systematic understanding of the equilibrium
line formation and of the total meltwater available from gla-
ciers, and to reconstructing the temperature and precipitation
on glaciers of the past.
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