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Abst ract: Local insolation is a majorcompollenl of the 
energy balance at the surface of an ice sheet and causes 
temperature gradient metamorphism (TGM) of snow 
and fim. TGM is one of the dominant processes 
changing the structure of dry snow. We present a 
physically based model Ihal calculates il1solalioo
induced relative changes in TOM in the past. The results 
indicate that TOM at Dome Fuji varied by up 10 a factor 
of2 over the past 350ka, and is driven predominately by 
the precession-band variability in local summer solstice 
insolation. At Dome Fuj i, the impact of glacial4 
interglacial temperature changes on TGM is almost 
fu lly compensated by synchronous, opposite changes in 
accumulation rate, which determines the exposure time 
of a snow layer to TGM. Even small remaining 
temperature signals in TGM can cause phase shifts 
between TGM and local summer solstice insolation of 
several ka. Th is directly affects the accuracy of orbitally 
tuned ice core time scales using O/N2 or total air 
content records, as this dating method is based on the 
assumption of synchronicity between TGM and 
insolation. It must be assumed that the strong variabil ity 
in TGM will also be reflected in physical and chemical 
ice core records by e.g. modulating the volatilization of 
reversibly deposited species including the stable 
isotopes of water. Sublimation and thus accumulation 
rates are also closely linked 10 TGM, affecting the 
concentrations also of irreversibly deposited non
volatile impurities. Thus, the effect of a local, post
depositional contribution of TGM on ice core records 
must be quantified prior to their interpretation in tenns 
of larger scale climate variability in the orbital 
frequency bands. 

Key words: Local insolation, snow, fim, temperature 
grad ient metamorphism, ice core records, Dome Fuji. 

1. Introduction 

Local insolation, i.e. the amount of solar energy 
received at the top of the atmosphere per area and lime 
(in units of W m·2) is a key component of the energy 
balance at the Earth's surface. Even though snow 
covered areas reflect - 90% of the incoming radiation, 
solar radiation will directly or indirectly modulate snow 
temperatures and temperature gradients in the snow and 
fim (e.g. [I]) from diumal to annual and orbital time 

scales. Snow and fim temperatures and corresponding 
gradients can potentially influence the preservation of 
most if not all parameters measured in an ice core: 
Temperature gradients lead to vertical water vapour 
fluxes and a very efficient metamorphism of the snow 
called temperature gradient metamorphism (TOM). 
TGM directly affects a wide range of physical 
properties of snow, fim and ultimately ice such as e.g. 
grain size, density, optical , mechanical and thennal 
properties (e.g. [2~5]). The post-depositional exchange 
of reactive chemical species (i.e. reversibly deposi ted 
species, such as e.g. HCHO, H20 2, HNOJ, MSA, HCI) 
between the air and the snow is modu lated by snow 
temperatures and snow metamorphism [648). 

Sublimation rates also depend on snow temperature 
and affect snow accumulation rates (i.e. precipitation -
sublimation) leading to an enrichment of irreversibly 
deposited impurities in ice (e.g. aeolian dust, Ca2+, Na} 
and a depletion of volatile impurities [9]. Sublimation 
also influences the preservation of the stable water 
isotopes esO, deuterium) and thus affects the most 
common ice core pale04thermometer. In the case of ice 
core records of photochemically active species, these 
indirect, posHiepositional effects of insolation are 
superimposed on the direct effect through 
photochemistry: Gas4 and snow phase photochemical 
reactions both in the atmosphere and at the snow4air 
interface are by definition directly driven by solar 
insolation [61 and changes in the laller Hrc thus 
potentia lly reflected in corresponding ice core records. 
Whether the above-mentioned effects of variations in 

local insolation are actually relevant for the 
interpretation of a specific ice core record depends on 
the scientific quest ion Hsked. In most CHses also the 
environmental conditions such as temperature and 
accumulation rate at the drill site need to be taken into 
account. Thus an assessment on a case-by4case basis is 
required for a quantitative interpretation of ice core 
records. 

The potential impact of variations of local insolation 
on TGM has not yet been quantified in a physically 
stringent way. The presented work is a first step towards 
closing this gap. Using a physically based model we 
estimate the impact of climatic changes (temperature 
and accumu lation rate) and local insolation on the " total 
TGM" (tTGM) of the snowpack over the past 350 ka at 
Dome Fuji (77"S, 40"E, 3810 m.a.s.I.). We define tTGM 
as the integrated water vapour flux through a snow layer 
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from its deposition to the time it is buried below the 
depth where significant tempemture gradients exist. The 
resulting time series of modelled relative changes in 
tTGM then provides a basis to investigate the impact of 
changes in local insolation on physical and chemical 
snow and ice properties. 
Dome Fuji conditions have been used in this study due 

to the availabi li ty of the necessary data. The results, 
however, are, qualitatively, representative of similar low 
accumulation sites on the East Antarctic plateau such as 
Dome C (75°S, 123°E, 3233 m.a.s.l.) and Vostok (78°S, 
106°E, 3488 m.a.s.I.). 

2. Physical processes 

2.1 Local insolation 
Local solnr insolntion not only significnntly varies 

over diurnal and annual cycles, but also on orbital time 
scales. The orbitally-driven variations in local insolation 
can be accurately calculated over the past few millions 
of years [JO, 11]. Local summer insolation varinnce is 
predominately driven by the 20 ka precession cycle 
(more than 50% for the seasonal average, - 80% for 
summer solstice, i.e. December 21 S! insolation) with 
additional contributions from the 40 ka obliquity and 
100 ka eccentricity cycles [12]. Daily average summer 
solstice (December 21") insolation at Dome Fuji varies 
by as much as 31 % (463-607 W m·2) relative to the 
minimum value over the past I Ma (Figure I). 
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Figure I: Calcldated variatiolls of the local daily 
average illsolatioll at DOllie Fuji oller the pas/ I Ma 

{II}. Each curve represellls /he varia/ioll of the local 
daily average illsola/ioll all a specific day of the year. 

The lop, thick orange /ille is the illsolalioll at 270 
degrees from the March equinox alld corresponds 

roughly to Ihe Slimmer solstice. The red Clln'es are the 
local daily average illsolatiol1 plolled eWIY 15 degrees 

lrue longitude (i.e. evelY - /5.2 days) thereafter. i.e. 
moving from Slimmer toward5 winter. Allalogo/lsly. the 

blue curves correspond to the local daily average 
insolatiolllllovilig back lip in steps of 15 degrees trlle 

longilllde frol/l Polar wimer 10 summer (nore that all the 
Polar willier curves are illvisible because the insolation 

is zero, see also Figwe 2). 

Such variations obviously significantly affect the 
energy balance at the snow surface and thus snow 
metamorphism. It is important to note that both, 
precession and obliquity predominantly affect the 
seasonal distribution of insolation on Earth, but, at least 
on a global scale, not significantly the annual average 
insolation [1 0]. Thus, the higher the summer (spring) 
insolation, the lower the winter (autumn) insolation at a 
specific site (e.g. Figure I, red and blue curves at - loo 
W m-2 correspond to autumn and spring insolation). At 
high latitudes, however, the annual mean insolation is 
co-varying with summer insolation. because the winter 
insolation cannot drop below zero. [t is also interesting 
to note that not only the seasonal contrast but also the 
lengths of the seasons vary, as does the date of the 
maximum summer insolation. For instance, the summer 
insolation Ht Dome Fuji peaks 12 dHYS earlier at 215.5 
ka compared to 204 ka and December 21$1 insolation 
does strictly speaking not represent maximum summer 
insolation as often nsstllned (Figure 2). 
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Figwe 2: The fiill range of calclliated local daily 
average illsolatioll in the cowse of a year at Dame Fuji 

over the past / Ma (grey area}. Randolllly chosen 
examples of five allllllal cycles are plolled ill black to 
illustrate the variability ill the width and height of the 

011111101 illsolatioll cycles (calelldar years have been 
trallSformed into stalldard years of 360 model days 10 
be compatible with the model 0lltplIt. Olle model day 

correspollds to I degree change in the true longitude of 
the SII/I alld thlts 365.24/360 calelldar day.~). 

2.2 Air and snow temperatu res 
Most of the TGM takes place in the top few meters of 
the fim, i.e. where the temperature gradients are 
strongest (e.g. [I, 2, 5]). The latter are driven by the 
diurnal to annual temperature variations and are almost 
completely attenuated in the top -0.5 m to - 10 m of the 
fim respectively [5, 13]. Temperature gradients are also 
induced by climatic changes and the geothermal heat 
flux. However, these gradients are much smHller and 
therefore not considered in this study. 

Surface snow temperatures are closely linked to near
surface air temperatures through the exchange of 
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sensible heat at the interface, although other processes 
such as radiative heating, and cooling or latent heat 
exchange also affect surface snow temperatures. 
However, it is important to note that at Dome Fuji 
measured surface snow temperatures closely follow air 
temperatures from the Automatic Weather Station and 
no obvious (within a few degrees) "solid-state 
greenhouse" effect was observed (Fig. S I, in electronic 
supplements to [14]), in accordance with previous 
observations [15J. We therefore assume that the 
measured air temperatures are representative of surface 
snow temperatures and can be used as boundary values 
to drive the heat transfer in the firn. 
We thus detennined an empirical relationship between 

local insolation and air and surface snow temperatures 
on diurnal and annual time scales. For this we compared 
calculated insolation values with measured aIr 
temperatures at Dome Fuji [16]. 

2.2.1 Annu al temperat ure cycle 
Figure 3 shows the very close linear relationship 

(~=O.97) between calculated daily mean insolation at 
Dome Fuji under current conditions and the 1994-2001 
averages of daily air temperatures. Measured air 
temperatures lag the insolation by -6 days, significantly 
less than the - 30 days observed over the sea or snow 
free continental areas [12]. This is due to the relatively 
low heat uptake as a result of the high albedo, low heat 
conductivity and low heat capacity of snow. 

. ~ -r--------------..,- "" 
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Figure 3: Relationship between calclIlated local daily 
illsolatioll (red cllrve. right arb,) alld measllred 

averaged daily air tempera/lire [16} (bille. left axis) at 
DOllie Fuji. ff=0.97 for a temperalllre lag of6 days 
/lsillg daily average lemperalllres from 1994-2001 

(calendar years have beelltrallsformed illlo s((mdard 
years of 360 days to be compatible wilh the model 

ompul). 

The observed relationship of air (and thus surface 
snow) temperature to changes in insolation could now 
be used to calculate past changes of the annual 
temperature cycle relative to current values by simply 
scaling daily mean temperatures with corresponding 
relat ive changes in daily insolation throughout the year. 
However, the caveat of this approach is that it would 
lead to a significant underestimation of the changes in 
the actual amplitudes of the annual temperature cycle: 
Because insolation can not take values below zero, the 
winter temperatures would be kept at a constant value in 

this approach. This, however, is not realistic. As 
mentioned earlier, higher avemge summer insolation 
coincides with lower average winter insolation and 
correspondingly lower average winter temperatures. 
Avemge lower southern hemispheric winter 
temperatures, however, will also tmnslate to the high 
southern latitudes through meridional heat flux 
irrespective of the presence of direct sunlight. We thus 
adjust the temperatures during the dark months to 
counteract the impact of insolation changes during the 
sunlit period in order to get realistic amplitudes of the 
annual temperature cycle. This is done by scaling the 
annual temperature cycle such that both the annual 
mean temperature and the calculated summer maximum 
temperature estimated based on insolation changes 
remain unchanged, while winter temperatures are 
adjusted. This annual temperature cycle is then 
superimposed on the measured annual mean 
tempemture derived from the stable isotope record. 
With this approach the orbital variability observed in the 
annual mean temperature [14] is implicitly taken into 
account in the model. It should be noted, that at Dome 
Fuji isotope temperatures drop with increasing 65"S 
slimmer solstice insolation, which is attributed to a 
climatic signal originating in the northern hemisphere 
[14]. Further, the obliquity signal in the isotope 
temperature record lags the corresponding annual mean 
insolation variabil ity by several ka, suggesting that it is 
not predominately due to local insolation but to a larger 
scale climatic signal [14J . 

2.2.2 Diurn a l temperature cycle 
Superimposed on the annual is the diurnal temperature 

cycle, which leads to strong temperature gradients in the 
top -0.5 m of the snow [5, 13). The diurnal cycles of air 
and surface snow temperatures are expected to be 
closely linked to temporal changes in the irradiation at 
the surface and thus solar elevation angle. At Dome FlUi 
the diurnal amplitude of the latter is essential1y constant 
throughout the period of 24-hour sunshine and 
decreases once the sun starts to set below the horizon 
(Figure 4a). However, in terms of solar energy available 
at the surface, the air mass factor has to be considered 
too: the lower the elevation angle, the longer the path 
through the atmosphere and accordingly the lower the 
irradiation (Figure 4b). This leads to the somewhat 
counterintuitive result that the diurnal amplitudes of 
direct irradiation arc maximal on the day the sun first 
sets or rises rather than at the summer solstice (Figure 4 
and 5). 
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Figure 4: Diurnal ampliflldes of (a) calclllated solar 
elera/ion angles (e.g. [17]) and (b) calclllated global 
solar radia/ioll allhe sill/ace consideril/g fhe zellilh

(Ingle depelldellf ai" mass faclorfrolll Slimmer to polar 
wimer {IB}. 

Diurnal temperature amplitudes extracted from the 
Dome Fuji AWS data [16] indeed reflect Ihis feature 
(Figure 5) revealing a close relationship between the 
calcu lated diurnal amplitudes of direct irradiation and 
air temperature (r=O.79 for 5 day averages from 1994-
200 I). Note that the diurnal temperature amplitudes in 
winter are not zero. This is a resull of the observed high
frequency temperature variabi lity during this period 
(Figure 3), which is in this way accounted for in the 
model. 
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Figure 5: Dil//"IIol alllplitude~' 01 measl/red air 
temperature [J6} (black dots: daily averages over the 

period 1994 through 2001 based 011 3 hour/y air 
lemperature dala) alld calculaled local irradiation (red) 

assuming clear sky conditions at DOllie Fuji. The blue 
line is the spline through the measurements. 

Measured temperature amplitudes are higher ill austral 
spring compared to autumn , an asymmetry that is not 
reproduced in the estimate based on calculated zenith 
angles. Further, the measured amplitudes drop ofT 
earlier in autumn than the calculated ones. The origin of 
these differences between the calculated irradiation and 
measured tempemture amplitudes may be due to an 
asymmetry in the humidity of the atmosphere in autumn 
compared to spring, affecting the radiation and energy 
balance at the surface. However, whether this is indeed 
the case remains to be investigated. 

2.3 Total Temperature Grad ient Metamorphism 
(ITCM) 
The water vapour pressure over ice strongly increases 
with increasing temperature (Clausius-Clapeyron 
relationship, e.g. [17]). Thus, temperature gradients in 
the fim cause gradients in water vapour concentrations 
in the fim air and thus corresponding fluxes from 
wanner to colder layers. Thi s redistribution of water 
from wanner to colder layers is the origin of 
Temperature Gmdient Metamorphism (TGM) [4. 19]. 
Here we de!ine total Temperature Gmdient 
Metamorphism (tTGM) as the time integrated absolute 
value of the water vapour flux through an indi vidual 
snow layer from its deposition on the snow pack surface 
to its burial below 30 m depth (i.e. to well below the 
depth where significant temperature gradients are 
present [5]). By taking the absolute value, the sign of 
the flux is assumed 10 be unimportant and we are not 
considering the net loss or gain of ice in an individual 
snow layer. Thus, tTGM is a measure of the total waler 
mass thaI has been recycled (i.e. condensed and re
evaporated) while moving through a specific snow layer 
driven by temperature gradients. 

3. Model description 

Conceptually the model is very similar to the one 
described in [7, 20], but adapted to ca lculate water 
vapour fluxes. It is a time-dependent. one-dimensional 
physically based, finite differences model driven by the 
boundary values temperature, accumu lation rate, and 
local insolation (Figure 6). 

Atmosphere 

' ........ • I s . T 

I I 
Firn T -. 

I 4. t 
T ~. 

2 ~ ~ I t~ 5 

T 
3.

0
_ . 

I • T • Temperature Firn air Rm 

Figure 6: Schemalic of lola I Temperature Gmdiellt 
Melamorphism (ITGM) model: I. Local insolation-air 

lemperatl/l"e; 2. Heallransler: 3. Waler vapour fluxes; 4. 
Waler vapour pressure; 5. Densijicaliol/Illodel; 6. 

AcculI/ulalion rates 

In the current setup, the model calculates the water 
vapour nux profiles every 500 years, for 2 years, at an 
effective time resolution of 1.5 hours and Icm depth 
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resolution from the surface to 30 m depth using the 
Crank-Nicolson method [21]. The first year serves as a 
spin-up to avoid an impact of the initial values on the 
result and only the second model year is used for 
calculating tTGM, The latter is done by integrating the 
total water vapour fluxes of the individual layers from 
the surface to 30 m depth , while weighting them with 
their residence time at their depth. The residence time 
depends on the snow accumulation rate and fim 
densification. This approach is equivalent to integrating 
TGM of an individual snow layer from the surface to 
the time it reaches the depth of 30 m, but is 
computationally much more efficient. A depth of 30 m 
was chosen to assure no temperature gradient from the 
annual cycle was present at the model boundary. 

The initial temperature profiles at the beginning of the 
2-year model nms are calculated assuming a sinusoidal 
annual and diurnal temperature cycle. Then, heat 
transfer is modelled driven by prescribed air 
temperatures (see below) based on a calculated density 
profi Ie [22] using annual mean temperature and 
accumulation rate (both deduced from 15180 [1 4, 23, 24]) 
according to [7, 22] while accounting for corresponding 
temperature dependent themlal conductivities [5] (see 
appendix A in [22] for a detailed description of the 
calcu lations using the Crank-N icholson method). Water 
vapour pressures over ice are calculated according to the 
Clausius-Clapeyron relation (e.g. [17]). The temperature, 
pressure and porosity dependent effective diffusion 
coefficients for water vapour in fim air are calculated 
according to [25]. The water vapour fluxes resulting 
from the temperature gradients were then calculated 
according to Fick's law. 

The empirical relationships between calculated local 
insolation and measured annual and diurnal air 
temperature amplitudes shown in Figures 3 and 5 were 
used in the model to detennine the relative changes of 
annual and diurnal air temperature cycles in the past 
based on calculated changes in local daily insolation. 

The resulting estimated annual and diurnal air 
temperature cycles were then superimposed on the 
annual mean temperature deduced from the ice core 
isotope record and used as boundary values driving the 
temporal evolution of the modelled firn temperature 
profiles. 

4. Results and discussion 

The range of estimated annual cycles in air 
temperatures at Dome Fuji over the past I Ma are 
plolted in Figure 7a and the range of diurnal 
temperature amplitudes in Figure 7b. Insolation 
variations change the amplitude of the annual 
temperature cycle by up to -4.5·C (-30%) relative to 
the minimum value. Similarly, the amplitudes of the 
diurnal temperature cycle vary by about I.5"C (up to 
5(010). Those values should be considered lower limi ts 
because a potential contribution from a 'solid-state 
greenhouse' effect in the near surface snow would 
increase the amplitudes of the annual and diurnal 

surface snow temperature cycle. Although this is 
expected to be small ([15], see also 2.2.), the radiative 
heating of the top few millimetres of the snow might 
lead to a more vigorous metamorphism in this layer and 
promote a stratification of the snow. The impact of the 
latter on tTGM has not been considered here and 
remains to be investigated. However, given that 
effectively only 500 year averages of tTGM are 
considered, potential effects of higher-frequency density 
and morphological variations of the snowpack should 
largely average oul. 
Also diffusion of water molecules on the ice surfaces is 
neglected, as it is expected to be small compared to 
vapour diffusion in most conditions [26]. Further, the 
diurnal temperature amplitudes, and thus tTGM, are 
likely somewhat underestimated because they are based 
on 3 hour air temperature data. Assuming a sinusoidal 
diurnal cycle this averaging will affect the amplitudes 
by less than 10%, and has no significant effect on the 
relative changes in tTGM. In our approach we assume 
that the current empirical relationships between 
insolation and diurnal and annual temperature cycles at 
Dome Fuji remained unchanged over time, and remain 
valid specifically also during the past colder glacial 
periods. This assumption is supported by the fac t that 
annual average temperatures in past glacials were only 
- S'C colder than at present [14, 24]. This is only a 
fraction of the total temperature range spanning >45'C 
from winter minimum to summer maximum noon 
temperature over which the empirical relationships have 
been developed. They therefore also cover most of the 
temperature range encountered during the glacials 
except for the coldest temperatures in winter. The laller, 
however, are nOI significantly contributing to tTGM liS 

discussed in more detail below. 
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amplitudes of Ihe diurnal temperature cycle in the 
course of Ille year (b). The Ihick lilies ore examples of 
individual cUI1'es. 

As mentioned eurlier, the high frequency diurnal 
temperature cycle only propagates about 0.5 m inl0 the 
snowpuck while most of the temperature gradients from 
the annual temperature cycle are attenuated in the top 
meters of the tim (5]. Thus, TGM is most vigorous near 
the surface (Figure 8). 
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Figure 8: Depth profile of normalized modelled total 
water vapour fluxes ill the course of a yearfor 

presel/I-day conditiOlls in red and;n blue their 
corresponding cllmulalive conlribulion 10 ITGM (i.e. 

Ihe Slim of fhe waler vapollrflllxes over Ihe full profile. 
see lexl). 

Nevertheless, it is interesting to note that due to the 
very low accumulation rate at Dome Fuji on the order of 
- 30 kg mol a-I an individual snow layer is exposed to 
insolation-driven TGM for several decades. 
The red curve in Figure 9B depicts the resulting 
modelled tTGM at Dome Fuji over the past 350 ka. 

Figure 9 A: Local daily average December 21" 
(- slimmer solstice) illsolatioll at Dome Fuji (orallge. 

left axis) alld seasol/al average slimmer iI/solation. i.e. 
the average insolatioll between spring alld aull/mll 
equilloxes(greell. right axis). B: Relative challges ill 
modelled tTGM wilh acculllulation ratefrom (D) ill 

~ 600 

c- 550 
o 
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g .50 

" , .. 

red alld ill blue with (III (lccumulalion rate reduced by 
5 kg 111-] a-I. The Ihill black line is modelled tTGM 

wilh the accumulation rate sello a constal1l. presel/l
day. value. Alllhree lime series have been divided by 
Iheir mean values. C: Isotope temperature [/4.24] 

alld D: accumulation rate [23). 

There is a strong correlation (~=0.69) between tTGM 
and December 21" insolation. The correlation between 
tTGM and seasonal summer average insolation is 
r =0.59, only marginally larger than the correlation 
between December 21 S! and seasonal summer average 
insolation (.-2=0.55). The higher correlation of tTGM 
with December 21S! insolation is the result of the 
nonlinear dependence of water vapour pressure over ice 
on temperature combined with the high diurnal 
temperature ampli tudes during that time of year. This 
results in a much more vigorous TGM around the 
summer solstice compared to autumn spring or winter, 
when TGM is minimal, given the colder temperatures in 
combination with smaller diurnal temperature 
amplitudes during these periods (Figure 10). 
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Day after March equinox 

Figure 10: Normalized modelled totalwaler vapoul" 
jlux ill the jim columll in the course of tire year for 
present day cOllditiolls. The sum of Ihe total waleI' 

vapolIl'flux over the year corresponds by dejillilion to 
(TGM (see texl). Note Ihat the higher values ill 

aulumll compared to spring are due to Ihe summer 
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he(11 wore diffusing into deeper deplhs illihe jim 
inducillg higher lI'aler I'apourjluxes in rhese layers. 

Thlls lhe evo/wiOIl of lhe lora/waleI' vapour jlux ill Ihe 
fim CO/llmll ill rhe cOllrse of a year does 1101 directly 

rejleci illso/arioll or temperalllre ar Ihe surface 
(Figures 2 alld 7). 

Therefore. the tTGM variability is dominated by the 
mostly precession-driven variability of the local 
insolation around the summer solstice ruther than the 
more obliquity-driven linear seasonal avemge summer 
insolation. 

Quite striking is the fll ct that the impact of the climatic 
temperature changes between glacial and interglacial 
periods are ulmost negligible in tTGM, despite the very 
strong dependence on temperature. The correlation 
between tTGM and isotope temperature is only ~=0.19. 
The reason for this is the fact that higher temperatures 
are coincident with higher lIccumulat ion rates (Fig. 9). 
Higher accumu lation rates reduce the time a snow layer 
is exposed to TGM. Thus, the impact of the _SoC local 
tempcruture change between interglacial and glacial 
periods at Dome Fuji (Figure 8C. [14. 24]) is largely 
compensatcd by the corresponding doubling of the 
accumulation rate causing a correspondingly reduced 
exposure time. This is visual ized by the model run 
where the accumulation rate was kept constant over 
time at the present-day value, resulting in a strong 
temperature signal in tTGM (Figure 98). 
Because the model calculates relative changes oftTGM 

wi th respect to a well-calibrated initial state (present
day conditions), it is vcry insensitive to inherent 
uncet1ainties in the model parameters. Thus, varying the 
absolute values of modcl puramctcrs with in their runge 
of uncertai nty docs not signi ficantly affect the relative 
changes in tTGM. For instance there is no significant 
difference in the result whether the measured or 
calculated cycle of diurnal temperature amplitudes are 
used (Figure 5). 
However, the model is quite sensitive to changes in the 

relationship between local temperuture and 
accumulntion rate. Both are deri ved from the stable 
isotopes of water in the ice core. Their relationship is 
defined by glaciological models [23, 27} and is, like 
tTGM. a direct result of the temperature dependence of 
water vapour pressure over ice i.e. the Clausius
Clapeyron relation (e.g. [28]). Thus, the fact that the 
effects of changes in temperature and accumulation rute 
tcnd to compensate each other originates from this 
intrinsic physical link. However, the degree to which 
they cancel each other wi ll vary between si tes as a 
funclion of the actual local temperature-accumulation 
relat ionship. Even on the East Antarctic plateau. there 
might be significant difTercnces. For instance, at Dome 
C the current local temperature is - 1.65QC higher whi le 
at the same time the average accumulation rate is - 10% 
lower (sometimes more than 35% during glacial 
periods) compared to Dome Fuji [23}. 

A second model run (blue curve in Figure 9B) 
illustrates the impllct of a changed temperature-

accumulation rate relationship: the published 
accumulation rate at Dome Fuji was lowered by a 
constant amount of 5 kg m·l a· l

. This corresponds to an 
averuge reduction of the accumulation rate by - 23%, 
which is within the uncet1ainty of reconstructed 
accumulation rates [23, 27} and moves it closer to the 
va lues detennined for Dome C [23}. In line with the 
discussion above. in this second run the imprint of 
climatological temperature changes on tTGM is fut1her 
reduced, resulti ng in an ulmost pure December 21 01 

insolation signal (~=0.99 between tTGM and December 
2 1" insolation). This curve is also much smoolher 
because temperature-induced noise is almost absent 
(~=0.002 between tTOM and isotope tempemture) and 
also phase shifts with respect to December 21 '1 
insolat ion arc reduced. 

5. Conclusions 

We estimllted the relative changes in temperature 
gradient snow metamorphism at Dome Fuji over the 
past 350 ka for two scenarios, one with the published 
temperature-accumulation rate relation and one with a 
lowered accumulation rate. In both cases tTGM closely 
follows local summer insolation but is not identical to 
e.g. December 21 01 insolation or a seasonal summer 
average (Fig. 9). tTGM represents a complex, non
linearly weighted average of the local insolation 
throughout the year, modulated by compensating effects 
of temperature and accumulation changes. 

For instance, there are significant phase shifts between 
tTGM and December 21 01 insolation of up to several ka 
(clearly visible e.g. during the penultimate tennination 
around 130 ka in Fig. 9). Such phase shifts are directly 
relevant for the orbital tuning of ice core time scales 
using 02/ N2 or total nir content records: Both records 
reveal a strong simi lari ty with local December 21 s1 or 
seasonal average summer insolation and are thought to 
be related to TGM [14, 29]. Orbi tally tuned ice core 
time scales have been created under the assumption that 
02fN2 [14} and total air content [29} are synchronous 
with local December 2101 or a seasonal summer average 
insolation. respectively. However, the ITGM model 
results suggest that this assumption is nOI necessari ly 
correct and the timescales could be improved further by 
tuning them to a tTGM model output. 
The tTGM is estimated to vary by up to 95% relative to 
the minimum value over the past 350 ka. Relative 
changes of the local insolation are thus amplified by 
about a fac tor of 3 in ITGM. It must be assumed that 
these changes will be reflected to some extent in 
physical and chemical ice core records by e.g. 
modulating the volati lisation of reversibly deposi ted 
species including the stable isotopes of water. 
Sublimation and therefore accumulation rutes are also 
linked to tTGM, and will affect the concentrations of 
essentially all impurities measured in ice cores 
including the non-volatile, irreversibly deposited ones 
[9]. 
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For instance, at Dome Fuji sublimation varies 
throughout the year while removing on the order of 50% 
of the precipitation in summer and depositing an 
additional - 25% of mass during the remainder of the 
year [30]. Removing 50% of the summer precipitation 
at Dome Fuji would result in a decrease of the annual 
mean 0180 value of the snow by - 1.8%0 corresponding 
to a - 2.3"C colder isotope temperature [31 J. Thus, 
assuming sublimation scales with tTGM, it would 
imprint an insolation signature in the Dome Fuji 0180 
record that is anticorrelated to local insolation (and 
therefore following northern hemisphere insolation) 
with an amplitude corresponding to - 1.2"C. The impact 
of the additional 25% of the winter precipitation 
condensing on the surface is less clear: If its isotopic 
value reflects near surface temperature, it would lower 
the isotope temperature by an additional -o.5"C, 
resulting in a total impact of insolation variability in the 
precession and obliquity frequencies on the Dome Fuji 
0180 record of - 2.8"C peak-to-trough, similar in 
magnitude to the observed variations [14, 32]. These 
very rough estimates suggest that the sublimation effect 
might not be negligible. [f in situ studies confinn that 
such a seasonal sublimation bias on isotopic records 
does exist, then it would be valuable to correct for its 
effect when interpreting precession-band variations of 
the Dome Fuji, Dome C, and Vostok isotope records. 
Such variations have been interpreted as a support for 
the hypothesis that the northern hemisphere is pacing 
Antarctic climate [[4], although it has also been 
suggested that they are due to the changing duration of 
the southern hemisphere summer [32]. 
Whether the above-mentioned effects of TGM 

variability on ice core records are indeed significant 
remains to be assessed in delail case-by-case. Thus, 
caution is warranted when interpreting apparent 
imprints of insolation in ice core records in terms of 
large-scale climatic processes. It first has to be assured 
thai such imprints are not a result of local, post
depositional effects driven by TGM. 
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Editor' s comments 

To better understand the arguments on the relation 
between the local insolation and the metamorphism of 
dry snow proposed III this paper, readers are 
recommended to consider also the fol1owing comments 
from one of reviewers, S. Fujita: 

The arguments given in this paper is based on the 
model developed by the present authors to calculate 
insolation-induced relative changes in the total vapor 
flux in the past. Applying this model to the Dome Fuji, 
Antarctica, the authors claim Ihat the orbitally tuned 
time scale used for dating the Dome Fuji ice core 
[Kawamura el aI. , 2007] may need corrections by up to 
4 kyr. This model assumes that the predominanl process 
for Ihe snow metamorphism is the tolal vapor flux 
driven by a temperature gradient in snow and fim. 
However, common assumption in the earlier studies was 
indeed importance of intense insolation and temperature 
in addition to temperature gradient, considering an 
initial imprint from solar radiation at the surface. Earlier 
studies have shown how summer insolation initially 
causes rapid densification and hardening at the summit 
region of polar ice sheets (e.g., Koerner [197])). It is 
also known that radiative heating is concentrated in the 
top several millimeter of the ice sheet in Antarctic snow 
[Brandt and Warren, 1993]. Thus, initial solar 
imprinting seems to affect formation of stratification 
strongly. I.n addition, some of earlier studies have 
estimated that molecular diffusion through surface of 
ice also accelerate the sintering phenomena (e.g., Figure 
4 in Maeno and Ebinuma, (1983]) and it is known 
diffusion process depends on temperature (e.g. , 
Petrenko and Whitworth, [1994]). Therefore, we should 
evaluate interplay of the initial imprint (i.e. , fonnation 
of strata) and further metamorphism given to the strata 
within the fim to better understand the orbital tuning of 
ice core time scale and underlying physical processes. 
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