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ABSTRACT

The close relationship between air temperature measured at standard screen level and the rate of melt on
snow and ice has been widely used to estimate the rate of melt. The parameterization of the melt rate using air
temperature usually takes a simple form as a function of either the mean temperature for the relevant period or
positive degree-day statistics. The computation provides the melt rate with sufficient accuracy for most practical
purposes. Because of its simplicity, it is often called a crude method and is rated as inferior to other more
sophisticated methods such as the energy balance method. The method is often used with the justification that
temperature data are easily available or that obtaining energy balance fluxes is difficult. The physical process
responsible for the temperature effect on the melt rate is often attributed to the sensible heat conduction from
the atmosphere. The simulation capacity of the temperature-based melt-index method, however, is too good to
be called crude and inferior. The author investigated physical processes that make the air temperature so effective
a parameter for melt rate. Air temperature has a more profound influence on melt than previously has been
acknowledged. The influence of air temperature through the turbulent sensible heat flux is limited, however.
The air temperature information is transferred to the surface mainly through longwave atmospheric radiation,
which is by far the most important heat source for melt. Under cloudless-sky conditions, as much as 60% of
the atmospheric emission is derived from within the first 100 m and 90% from the first 1 km of the atmosphere.
When the sky is overcast with the cloud bottom within the first 1 km, more than 90% originates within this
layer between the surface and the bottom of the cloud. When the sky is overcast with the cloud bottom higher
than 1 km, the first 1 km of the atmosphere still makes up about 70% of the longwave irradiance at the surface,
for which the air temperature measured at standard screen level is the single most influential factor. Wind speed
is only weakly correlated with melt rate, because the main energy source for melting is longwave atmospheric
radiation, followed by the absorbed global radiation, both of which are independent of the movement of the
atmosphere.

1. Introduction

The cryosphere is an important component in the cli-
mate system because of the albedo and the latent heat
of melt. The melt of snow and ice plays a vital role in
the hydrological cycle by contributing to the stream dis-
charge. The melt can be computed by applying the prin-
ciple of heat conservation, whereby all heat supplying
and consuming terms except for the latent heat of melt
must be known. Because this is a laborious undertaking
and the required information is not always available,
the melt is often parameterized simply as a function of
the air temperature. The justifications often used by the
authors for this type of an index method are 1) its good
performance in accuracy despite the simplicity, 2) a
wide availability of the air temperature data in contrast
to the limited sources of radiative and turbulent fluxes,
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and 3) the easy spatial interpolation possibility of air
temperature. The accuracy of the temperature-based
melt-index method is reexamined based on field data
and literature. This simple method indeed makes it pos-
sible to estimate the rate of the melt with sufficient
accuracy for most purposes. The author questioned how
this seemingly simplistic method yields such a high ac-
curacy. A physical explanation is presented below that
has a more profound foundation than mere computa-
tional simplicity or the easy availability of input data.

2. Temperature-based melt-index methods

An attempt to relate the melt rate to air temperature
has a long history. Hann (1908) and Ahlmann (1924)
used air temperature to explain the altitude of glaciation,
whereby the annual or summer mean air temperature
was related to the annual ablation. Krenke and Kho-
dakov (1966) examined relationships between the melt
rate and short- and long-term mean temperature as well
as the positive degree-day (PDD) for the regions of the
ex-Soviet Union, Scandinavia, and the Alps, presenting
useful empirical equations. This index method is still
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TABLE 1. Comparative energy balance observations for various snow and ice surfaces during the melt (W m22; for boreal forest, C and M
were not separated).

Net
radiation

R

Sensible
heat flux

H

Latent
heat flux

LyE

Subsurface
heat flux

C
Melt

M Source

Sea ice (central polar ocean) 73 26 26 26 245 Vowinckel and Orvig (1964)
Glacier, Accumulation area (Upper Ice Station I) 20 29 3 210 241 Havens (1964)
Glacier, Ablation area (EGIG IV) 91 29 220 211 290 Ambach (1963)
Tundra (Axel Heiberg Is.; interior tundra) 88 229 240 212 25 Ohmura (1982)
Tundra (Barrow); coastal tundra) 67 213 25 215 235 Weller and Homgren (1974)
Boreal forest 163 267 278 219 Pugsley (1970)
Midlatitude country (Hokkaido) 52 12 213 0 251 Takeuchi et al. (1992)
Midlatitude city (Ottawa) 80 27 279 0 228 Gold and Williams (1961)

widely used by hydrologists and glaciologists (Reeh
1989; Lang and Braun 1990; Braithwaite 1995; Hock
1999). The way in which the air temperature is used for
estimating the melt varies considerably depending on
authors. Ahlmann (1924) and, more recently, Ohmura
et al. (1996) simply used the summer mean temperature,
but Braithwaite (1995) states that PDD generally gives
a better estimate for the melt. Further, Reeh (1989) pre-
sents an analytical explanation as to why PDD performs
better than mean temperatures.

The standard error of estimate (SEE) of the melt pa-
rameterized by the air temperature depends on the du-
ration of the period considered. For the daily total ab-
lation estimated by the daily mean air temperature on
the Qamanarsup sermia, southwest Greenland, Braith-
waite (1995) reports SEE of 10–20 mm day21 which
corresponds to about 35% of the mean value. The SEE
for monthly total ablation rate calculated by PDD for
Qamanarsup sermia and Nordbogletscher is 145 mm
month21 (13% of the means; R. J. Braithwaite 1999,
personal communication). For the summer total ablation
based on the summer mean air temperature (June–Au-
gust), Ohmura et al. (1996) gives 70 mm (2.5% of the
means). The data for the last work is obtained at five
locations on the western slope on the Greenland ice
sheet. The accuracies reported by these and other field
experiments (e.g., Lang 1978) are sufficiently high for
most practical objectives. There are, however, further
efforts to improve the temperature-based melt-index
method. Lang (1978) finds small improvements by in-
corporating additional variables such as global radiation
and water vapor pressure. Curiously, wind speed has no
significant influence on the melt rate. Lang (1968) and
Lang and Braun (1990) report a better simulation ca-
pacity of the glacier melt with the air temperature mea-
sured outside the glacier rather than on the glacier. Hock
(1999) tries to narrow the range of the error in estimating
the melt distribution over an entire glacier by introduc-
ing additional variables such as direct radiation.

Whether the mean temperature or PDD is chosen, the
melt rate on snow and ice can be calculated with an
acceptable accuracy that is sufficient for practical pur-
poses. The success of this type of approximation de-
pends on an appropriate choice of the melt-to-temper-

ature sensitivity factor (mm w.e. 8C21, where w.e. is
water equivalent) or the PDD factor (mm w.e. 8C21).
Because the melt rate is a term in the surface energy
balance equation in which air temperature is involved
in several terms, all energy balance information is sum-
marily included in these factors. The variability of the
PDD factor in time and space is analyzed qualitatively
by Lang and Braun (1990) and quantitatively by Braith-
waite (1995). An interesting finding of the latter work
is the almost constant nature of the degree-day factor
against variable wind speed for temperatures between
18 and 58C, a common temperature range encountered
during the melt season.

3. Previous analyses of the melt with energy
balance considerations

In explaining energy sources available for the melt,
most authors set out by describing the surface energy
balance equation in the following manner:

R 1 H 1 Ly E 1 C 1 M 5 0, (1)

where R is net radiation, H is sensible heat flux, Ly is
latent heat of vaporization, E is evaporation rate, C is
conductive heat flow in the subsurface, and M is latent
heat for melting. The signs are taken as positive when
the term is a heat source for the surface. Table 1 presents
the energy fluxes on various surfaces for the melt period
expressed in Eq. (1). From this result, a general con-
clusion can be drawn that the net radiation is usually
the main heat source, followed by sensible heat flux.
The heat conduction into the subsurface and the melt
are usually two significant heat sinks, of which the latter
is dominant. The latent heat flux of vaporization Ly E is
variable and depends on the vapor pressure of the ad-
vecting atmosphere in comparison with the saturation
vapor pressure at the melting temperature. This kind of
an argument is widely used and often makes a substan-
tial part of the conclusion in the publications concerned
with energy balance/melt experiments. It is interesting
to note that the net radiation, which is the major heat
source, is often poorly correlated with the melt in com-
parison with the temperature (Braithwaite 1981). It is,
however, useful to look at the balance situation in the
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manner expressed in Eq. (1) and Table 1. One sees, for
example, how closely the sum of all terms on the left-
hand side approaches 0. This test is used to evaluate
the quality of the experiment, although this is by no
means an absolute measure, because two or more errors
may cancel each other. The energy conservation in the
form of Eq. (1) is also used to estimate an experimen-
tally difficult term to measure, such as latent heat of
vaporization Ly E. In climate models and discharge fore-
cast schemes, Eq. (1) is also used to determine the melt
rate M, based on atmospheric and subsurface terms, the
first four terms on the left-hand side. Beyond this kind
of usefulness, considerations extracted from Eq. (1) do
not offer much fundamental insight. It is basically a
bookkeeping exercise. The considerations with Eq. (1)
are useless to answer fundamental questions such as how
the air temperature influences the melt or how the air
temperature, despite the dominance by net radiation,
contains so much information for the melt. It is nec-
essary to look at the surface energy balance from a
slightly different viewpoint. In this respect, Kuhn (1987)
made an important step by treating longwave incoming
radiation separately from the net radiation.

4. A thought on the surface energy balance
equation

The basic problem of the considerations based on Eq.
(1) is partly the fact that the net radiation consists of
heterogeneous components. At least four irradiances
with different origins and characteristics make up net
radiation. If one wishes to use net radiation for under-
standing surface processes, one must necessarily ex-
amine in detail each of the individual components.
When individual terms of the net radiation are expressly
written, one gains more insight into the processes in-
volved in the surface energy balance:

S(1 2 a) 1 L↓ 2 sT 4 1 H 1 Ly E 1 C 1 M

5 0, (2)

where S is shortwave incoming radiation or global ra-
diation, a is surface albedo, L↓ is longwave incoming
radiation, s is Stefan–Boltzmann constant, and T is the
surface temperature. Out of the seven terms in Eq. (2)
there is one term that is fundamentally different from
all others. It is the longwave outgoing radiation sT 4,
which does not only mean the surface emission, but also
provides a very accurate approximation of the longwave
outgoing radiation by taking the long wave reflected
radiation into account. This term is fundamentally dif-
ferent from the others in that it is totally passive in
comparison with the others. It is incapable of altering
itself spontaneously but is entirely determinable when
all other terms are given. For example, the first term S,
global radiation, can change its value when a number
of conditions not explicitly written in Eq. (2) change,
such as the solar constant, atmospheric transmittance,

and cloud cover. At the same time, the changes in other
terms in the equation do not necessarily influence S.
This term is autonomous with respect to the other terms.
Likewise, the sensible heat flux H is heavily dependent
on wind speed and the surface roughness, which are not
expressed in Eq. (2). One might say that upon deter-
mining all other terms the value of H can be known,
very much like sT 4 just discussed. This statement is
true as an arithmetic argument, but this fact does not
mean that all other terms determine H. The circumstance
is different for sT 4. This term, or the surface temper-
ature, is determined entirely by other terms, or the cli-
mate system behaves ultimately in a manner so as to
adjust its surface temperature toward the new equilib-
rium following the changes in external energy fluxes.
There are mutual dependencies of different degrees be-
tween various terms in Eq. (2), however. For example,
the subsurface heat conduction C is certainly influenced
by the surface temperature T, but C is also influenced
by the heat conductivity of the subsurface layers and
the subsurface temperature profile, which are not di-
rectly expressed in Eq. (2). The longwave incoming
radiation L↓ is greatly influenced by T, because the
important portion of L↓ comes from the atmospheric
layer close to the ground whose temperature and water
vapor concentration are influenced by T. However, L↓
reserves a certain independence from T, because L↓ is
partially a product of the temperature and greenhouse
gas concentration profiles in the higher atmosphere and
cloud layers that are not directly determined by T. The
surface temperature T has a profound influence on M,
because the melt happens only when the surface tem-
perature reaches 08C. Although T influences M in this
manner, T alone cannot determine the rate of melt. Un-
like the terms discussed above, the longwave outgoing
radiation is totally determined by all other terms in Eq.
(2). The surface emission and, hence, temperature are
totally passive because the surface is an infinitesimally
thin layer, which does not store heat. It is therefore
incapable of influencing other terms by expending or
storing energy on its own. It can only respond toward
external heat fluxes by adjusting the rate of radiative
emission, and hence T, to obtain an equilibrium. Once
the surface reaches the melting point, the majority of
the energy sources are funneled into the melt because
the subsurface heat conduction forms a kind of a barrier
to heat flow owing to the poor thermal conductivity of
subsurface soil and ice. Under this condition, the melt
term turns into an almost passive role very much like
sT 4, which is now a constant. This condition makes it
easier to predict the melt rate with the atmospheric in-
formation. Individual flux terms in Eq. (2) are presented
for various zones of glaciers in Table 2 to find out how
the melt rate can best be characterized.

5. Energy sources for the melt
For most glaciers, there are three energy sinks and

three sources. The largest sink is the longwave outgoing
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TABLE 2. Radiation and heat balance for glaciers and snow cover during the melt (W m22). Values in brackets are percentages of total
sources and sinks. Observed period is day.month, year, where month 1 is Jan, etc.

Site Coordinates
Altitude
(MSL)

Global
radiation S Albedo a

Absorbed
global

radiation
S(1 2 a)

Longwave
incoming

radiation L↓
Sensible heat

flux H

Accumulation area
Upper Ice Station I, Müller

Ice Cap
798419N, 908279W 1530 260 0.79 55 (15) 273 (76) 29 (8)

Ice Cap Station, Devon Is. 758309N, 938189W 1320 272 0.83 47 (15) 266 (83) 10 (3)
Crest Station, Barnes Ice

Cap
708149N, 738559W 1073 256 0.69 81 (23) 265 (75) 6 (2)

Camp A1, Barnes Ice Cap 698439N, 728139W 865 147 0.57 63 (18) 280 (79) 13 (4)
Carrefour, EGIG, Greenland 698499N, 478269W 1850 346 0.85 52 (17) 242 (78) 15 (5)

Penny Ice Cap 668599N, 658289W 2050 249 0.6 100 (26) 266 (70) 4 (1)
Kesselwandferner 468599N, 108479E 3240 218 0.72 61 (17) 275 (75) 31 (8)

Ewigschneefeld 468339N, 088029E 3366 280 0.74 71 (20) 286 (79) 4 (1)

Near equilibrium line
Ward Hunt Ice Shelf 838129N, 748009W 15 207 0.64 72 (20) 301 (80) 0 (0)
Main Ice, Meighen Ice Cap 798589N, 998099W 241 202 0.74 53 (15) 299 (85) 24 (21)
ETH Camp, Greenland 698359N, 498169W 1155 281 0.77 65 (19) 262 (76) 16 (5)
Blue Glacier 478489N, 1238439W 2010 346 0.59 142 (32) 258 (57) 50 (11)
Vernagtferner 468509N, 108459E 2973 258 0.37 162 (34) 282 (60) 23 (5)

Hintereisferner 468489N, 108459E 2960 265 0.59 109 (27) 269 (66) 32 (8)

Rhonegletscher 468379N, 088249E 2820 278 0.64 99 (23) 256 (59) 81 (19)
No. 1 Glacier, Tenshan 438069N, 878159E 3910 232 0.56 101 (26) 270 (70) 17 (4)

Ablation area
Hans Tausen Ice Cap 828499N, 368139W 540 222 0.48 115 (27) 277 (66) 27 (6)
Kronprins Christian Land 798559N, 248049W 380 319 0.48 166 (32) 272 (52) 88 (17)

Lower Ice Station, White
Glacier

798219N, 908399W 208 171 0.45 94 (20) 298 (63) 52 (11)

ditto ditto ditto 176 0.42 102 (24) 275 (65) 48 (11)

ditto ditto ditto 209 0.39 128 (27) 288 (62) 42 (9)
Sverdrup Glacier, Devon Is. 758409N, 838159W 300 141 0.49 72 (18) 283 (71) 31 (8)
Camp IV, EGIG, Greenland 698409N, 498389W 1004 272 0.56 120 (28) 285 (66) 29 (7)
Storglaciären 678559N, 188359E 1370 149 0.79 31 (9) 282 (80) 27 (8)

ditto ditto 172 0.5 89 (21) 278 (67) 49 (12)
Aletschgletscher 468269N, 088049E 2220 216 0.27 156 (31) 288 (58) 38 (8)

radiation sT 4, and this is almost constant at just below
the blackbody emission for 08C. This slight depression
below 315.6 W m22 (blackbody emission at the melting
point of ice at normal temperature and pressure) is the
result of nighttime refreezing and the subsequent drop
of the surface temperature often observed with a clear
sky. The second largest sink is the melt. This term is
highly variable and is largely dependent on air temper-
ature. The subsurface heat conduction C has some sig-
nificance only on cold glaciers and is equivalent to about
10% of the heat used for M (Table 2). Because the
longwave outgoing radiation L↑ is almost constant and

the heat conduction C very small, the computation of
M can be made only with fluxes above the surface. This
is fortunate, because the melt is the most significant
ablation process for most glaciers. For snow- and ice-
covered hydrological basins, melt is an important con-
tribution to total water discharge. The energy sources
are, in order of importance, the longwave incoming ra-
diation L↓, absorbed global radiation S(1 2 a), and
sensible heat flux H. The absorbed global radiation ac-
counts for only a quarter the entire heat source. By far
the largest energy source is the longwave incoming ra-
diation. The longwave incoming radiation is about 10
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TABLE 2. (Extended )

Latent heat
flux LyE

Subsurface
heat flux C

Heat of
melt M

Longwave
outgoing

radiation sT4

Blackbody
temperature of

surface (K) Observed period Source

Accumulation area
3 (1) 210 (23) 241 (211) 2309 (286) 272 5.6–26.8, 1960 Havens (1964)

24 (21) 212 (24) 210 (23) 2297 (292) 269 1.6–31.8, 1962, 63 Holmgren (1971a,b)
2 (1) 215 (24) 229 (28) 2310 (288) 272 5.7–11.8, 1962 Sagar (1966)

0 (0) 0 (0) 240 (211) 2315 (289) 273 25.6–4.8, 1950 Ward and Orvig (1953)
213 (24) 26 (22) 0 (0) 2285 (294) 266 1.6–27.7, 1967 Ambach (1977), Ambach

and Markl (1983)
12 (3) 0 (0) 250 (214) 2306 (286) 271 13.7–26.7, 1953 Orvig (1954)

22 (21) 0 (0) 245 (213) 2309 (287) 272 11.8–8.9, 1958 Ambach and Hoinkes
(1963)

23 (21) 0 (0) 245 (212) 2315 (287) 273 3.8–19.8, 1973 Lang et al. (1977), Röthlis-
berger and Lang (1987)

Near equilibrium line
0 (0) 0 (0) 260 (216) 2316 (284) 273 60 h in 6, 7, 1960 Lister (1962)

24 (21) 211 (23) 235 (210) 2311 (285) 272 1.6–31.8, 1960–70 Taylor (1974)
26 (22) 28 (22) 230 (29) 2304 (287) 271 3.6–31.8, 1991 Ohmura et al. (1994)
24 (21) 0 (0) 2131 (229) 2316 (270) 273 12.7–30.8, 1958 LaChapelle (1959)

4 (1) 0 (0) 2216 (242) 2301 (258) 270 21.8–31.8, 1950 Hoinkes and Untersteiner
(1952), Hoinkes (1955)

23 (21) 0 (0) 295 (223) 2312 (276) 272 15.7–18.8, 1971 Wagner (1979, 1980), Tan-
zer (1986)

22 (,21) 0 (0) 2167(235) 2308(265) 271 1.8–9.9, 1982 Funk (1985)
215(24) 0 (0) 266 (217) 2309 (279) 272 1.6–31.8, 1986, 87 Calanca and Heuberger

(1990)

Ablation area
224 (26) 218 (24) 271 (217) 2309 (273) 271 2.7–5.8, 1994 Braithwaite et al. (1998)
236 (27) 218 (23) 2159 (230) 2316 (260) 273 8.7–27.7, 1993 Konzelmann and Braithwaite

(1995), Braithwaite et al.
(1998)

32 (7) 213 (23) 2149 (231) 2317 (266) 273 8.7–18.8, 1960 Andrews (1964)

1 (,1) 222 (25) 289 (221) 2315 (274) 273 12.6–18.8, 1961 Müller and Roskin-Sharlin
(1967), Müller and Kee-
ler (1969)

9 (2) 218 (24) 2133 (228) 2316 (268) 273 16.7–31.7, 1962 Havens et al. (1965)
14 (4) 211 (23) 284 (220) 2316 (277) 273 9.7–10.8, 1963 Keeler (1964)

221 (25) 211 (23) 290 (221) 2315 (272) 273 26.5–7.8, 1959 Ambach (1963)
12 (3) 21 (,21) 249 (214) 2304 (286) 271 7.6–17.9, 1993 Hock (2001)

3 (1) 23 (21) 2110 (226) 2309 (273) 272 5.7–6.9, 1994 Hock and Holmgren (1996)
14 (3) 0 (0) 2181 (236) 2315 (264) 273 2.8–27.8, 1965 Lang and Schönbächler

(1967), Röthlisberger and
Lang (1987)

times larger than sensible heat flux near the equilibrium
line altitude. The sensible heat flux loses its significance
in the accumulation area because the air temperature is
lower and becomes more important in the lower ablation
areas where air temperature is higher. Even in the ab-
lation area, the sensible heat is less than 20% of the
longwave incoming radiation. Longwave incoming ra-
diation and sensible heat flux together account for three-
quarters of the entire energy source for the melt. Both
longwave atmospheric radiation and the sensible heat
flux are strongly influenced by the air temperature above
the glacier, and this is the main reason for the close
relationship between the melt and the air temperature.

6. Vertical structure of longwave atmospheric
radiation and the melt

Because the atmosphere is only partially transparent
in the wavelength of terrestrial radiation, the air tem-
perature at the standard screen level alone cannot de-
termine the total atmospheric emission. To understand
the influence of the standard screen level air temperature
on the incident longwave radiation, it is necessary to
investigate the numerical importance of the emission
from each atmospheric layer from the stratosphere down
to the earth’s surface. This problem was investigated
with a radiation model. The radiation model of the mod-
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FIG. 1. Origin of longwave atmospheric radiation received at the
surface in midlatitudes without clouds showing how the percentage
of longwave incoming radiation received at the earth’s surface is
derived from the layer of the atmosphere whose upper limit is ex-
pressed in meters in the ordinate. For example, about 40% of the
incoming radiation received at the surface is emitted by the first 10
m of the atmosphere in summer. The irradiance was computed with
MODTRAN, using the U.S. Standard Atmosphere, 1976. The water
vapor profiles were obtained from the mean humidity profiles ob-
served at Payerne (468499N, 68579E, 491 m above mean sea level)
in Switzerland.

erate-resolution transmittance model and code, (MOD-
TRAN; Acharya et al. 1998) and the U.S. Standard
Atmosphere, 1976, were used. To test the effect of var-
ious temperature and moisture stratifications, the mid-
latitude annual mean winter and summer temperature
profiles of the standard atmosphere were used. Because
the standard atmosphere does not provide water vapor
concentrations, the humidity profiles were obtained
from the 10-yr mean profiles (1981–90) from the ra-
diosonde observations (annual mean, January, and July)
at Payerne, Switzerland, (491 m above mean sea level),
which can be assumed to be representative of midlati-
tudes. The results of the numerical experiments were
presented in Fig. 1. The most important conclusion of
this investigation is the finding that as much as 34% of
the entire irradiance received at the surface originates
within the first 10 m, 67% from the first 100 m, and
89% from the first 1 km of the atmosphere of the annual
mean profile without cloud. Looking at the seasonal
situations in detail, the first 100 m are responsible for
the emission of 65% in winter and as much as 73% in
summer. It can be concluded that about 2/3 of the long-
wave surface irradiance originates within the first 100
m in all seasons. The contribution of the first 1 km
fluctuates seasonally between 87% and 90% of the total
incoming longwave radiation. This difference is caused
mainly by the seasonal change in precipitable water va-
por corresponding to 11 and 25 mm for January and

July, respectively. Almost 95% of the longwave radi-
ation originates from within the first 2 km of the at-
mosphere, and at this level seasonal fluctuation becomes
insignificant. If a cloud layer is present within this layer,
the relative importance of the lower atmosphere further
increases. If the cloud layer is present above 1 km, the
relative importance of the first kilometer decreases. The
influence of overcast conditions with stratocumulus at
2 km above the surface and altostratus at 5 km was
examined with the annual mean atmospheric profile. The
two experiments concluded that the first 1 km contrib-
uted 67% and 73%, respectively. It is, therefore, a thin
near-surface layer of the atmosphere that plays an im-
portant role in determining the longwave atmospheric
irradiance at the earth’s surface. This thin layer can be
interpreted as the first 1 km. The current result also
suggests that the major process in the water vapor/long-
wave radiation feedback happens in this near-surface
layer, and that the countermechanism against the en-
hanced greenhouse effect through the desiccation of the
atmosphere above 3 km proposed by Lindzen (1990) is
not relevant. Furthermore, the data from high-altitude
sites, which are more relevant for the melt on Alpine-
type glaciers, show that 60% of the longwave incoming
radiation is emitted from the first 100 m of the atmo-
sphere under the summer atmospheric profiles above
Jungfraujoch (3580 m; Marty 2000). The relative im-
portance of the near-surface atmosphere at high altitudes
is due to the relative dominance by the emission from
the 15-mm carbon dioxide absorption band in place of
the diminishing effect of water vapor. In general, the
air temperature measured at the standard screen level
can be regarded as representative of the first 100 m of
the atmosphere. Further, the atmospheric condition
above the 100-m level is also highly correlated with that
of the first 100 m. This is the reason why the standard
screen-level air temperature is so influential to the long-
wave irradiance at the surface. This is also the main
reason for the reliable performance of the empirical for-
mulas based on the one-level temperature/longwave ir-
radiance as proposed by Ångström (1916), Brunt (1932),
Swinbank (1963), and many other authors. Brutsaert
(1975) proposed essentially a one-level approximation
of the longwave incoming radiation, based on the in-
tegration of the Schwarzschild equation. Although there
is an effort to improve the computational accuracy by
taking humidity into account (Ångström 1916; LeDrew
1975), many authors maintain that the air temperature
alone is capable of simulating longwave incoming ra-
diation with sufficient accuracy (Swinbank 1963;
Ohmura 1981; Saunders and Bailey 1997). Arnfield
(1979) rates the performance of the one-level temper-
ature parameterization as equivalent to the accuracy of
the pyrradiometer-based measurements of longwave in-
coming radiation. Because the longwave incoming ra-
diation is by far the most powerful energy source for
the melt and is mostly emitted from a thin near-surface
layer, it is understandable that the air temperature mea-
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sured at the standard screen level alone can explain
much of the melt rate. Lang (1978) and Braithwaite
(1995) found little influence of the wind speed on the
melt rate, because the influence of the air temperature
enters into Eq. (2) mainly through the longwave at-
mospheric radiation, which is independent of the move-
ment of the atmosphere. Nevertheless, the air temper-
ature is also an important quantity for determining the
surface sensible heat flux, which is usually the third
largest energy source for the melt. This situation makes
the air temperature even more important for the melt
computation. In this context, the finding by Lang (1968)
that a better correlation of the melt was found with
respect to the air temperature measured outside the gla-
cier and not above the glacier can be recalled. The tem-
perature measured outside the glacier carries substantial
information both for longwave incoming radiation and
for the advecting sensible heat for the glacier surface.
In addition, this kind of air temperature contains the
information on the shortwave incoming radiation. The
albedo of the ground surrounding glaciers lies usually
between 0.1 and 0.2 and is considerably lower than that
of the glaciers. This condition allows for the air tem-
perature to capture the information on shortwave radi-
ation, which is the second largest energy source for the
melt. Consequently, the air temperature measured out-
side the glaciers during the summer can be considered
to contain physically substantial information for all
three energy sources for the melt (Table 2).

7. Conclusions

The parameterization of the melt rate by air temper-
ature provides sufficiently accurate means for most prac-
tical purposes. The use of this method is justified more
on physical grounds than previously has been assumed.
The importance of the air temperature in estimating the
melt is mainly due to the fact that the longwave at-
mospheric radiation is by far the most dominant heat
source, and further to the fact that the majority of the
atmospheric radiation received at the surface comes
from the near-surface layer of the atmosphere (e.g., 90%
from the first 1 km without cloud; 70% from the first
1 km under an overcast sky). The surface air temperature
measured at the standard screen level is the most influ-
ential variable for determining the emission from this
thin atmospheric layer. In addition, the secondary and
tertiary heat sources such as shortwave radiation and
sensible heat fluxes are also correlated with the air tem-
perature. This situation adds to the importance of the
air temperature as an index for calculating the melt rate.
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for Storglaciären. Dr. Roger J. Braithwaite of the Univer-
sity of Manchester gave the author newly computed pre-
publication statistics of the melt observed on Qamanarsup

sermia and Nordbogletscher, Greenland. The current work
was partly financed by the Alliance for Global Sustain-
ability within ETH–MIT–University of Tokyo and a grant
from the Swiss National Science Foundation for the Sum-
mit Greenland Environment Observatory.

REFERENCES

Acharya, and Coauthors, 1998: MODTRAN User’s Manual, Version
3.7 and 4.0. Air Force Research Laboratory, 83 pp.

Ahlmann, H. W., 1924: Le niveau de glaciation comme fonction de
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