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 14 
Abstract 15 
 16 
We performed detailed 2H isotope diffusion measurements in the upper 3 meters of firn at Summit, 17 
Greenland. Using a small snow gun, a thin snow layer was formed from 2H-enriched water over a 6 18 
x 6 m2 area. We followed the diffusion process, quantified as the increase of the δ2H diffusion 19 
length, over a four years period, by retrieving the layer once per year by drilling a firn core and 20 
slicing it into 1 cm layers and measuring the δ2H-signal of these layers. 21 
We compared our experimental findings to calculations based on the model by Johnsen et al. 22 
(2000), and found substantial differences. The diffusion length in our experiments increased much 23 
less over the years than in the model. We discuss the possible causes for this discrepancy, and 24 
conclude that several aspects of the diffusion process in firn are still poorly constrained, in 25 
particular the tortuosity.  26 
 27 
 28 
1 Introduction 29 
 30 
The relative abundance of the stable isotopes 2H and 18O in ice cores is one of the most powerful 31 
proxies of the paleo-temperature over the last 800 kyrs (Jouzel and EPICA community, 2007). The 32 
global meteoric water cycle acts as a global scale isotope distillation system, through a continuous 33 
process of evaporation and condensation. It leads to a depletion of the abundance of heavier 34 
isotopes in the water molecules, which depletion increases with higher latitudes or rather, in fact, 35 
with lower temperature. In the polar regions, especially on Antarctica and Greenland, the 36 
precipitation containing this temperature-dependent isotope content is conserved, and by drilling 37 
deep ice cores on strategic places on these ice caps, the precipitation of over hundred thousand 38 
years (Dahl-Jensen et al., 2013; Johnsen et al., 2001) or even close to a million years (Oerter et al., 39 
2004; Stenni et al., 2010) can be recovered. Accurate, high spatial resolution isotope abundance 40 
measurements on this ice core material then reveal the "proxy" temperature signal. 41 
As said, the signals are proxies, implying that their relation with past temperature is solid, but not 42 
necessarily linear, and not even of a constant character through time or in space. Most of this 43 
"proxy" character is due to the complex and time-dependent relation between temperature and 44 
circulation patterns in the atmosphere, influencing the behaviour of the isotope distillation system. 45 
Some of it, however, is due to processes that influence the isotopic abundance pattern after 46 
deposition. Apart from processes acting only on very fresh snow still at or close to the surface (firn 47 
ventilation and sublimation, (Neumann and Waddington, 2004; Sokratov and Golubev, 2009)), the 48 
main process is diffusion. This smears out, and can eventually wash away, spatial gradients in the 49 
isotope abundances. Diffusion takes place in the solid ice phase, but especially, at a rate some 5 50 
orders of magnitudes higher, in the firn phase. In the latter case, the diffusion process is governed 51 
by the continuous evaporation and condensation of ice particles into and from the air channels. 52 
While in the vapour phase, the water molecules travel a certain distance before freezing back to the 53 
solid phase. The process is relatively fast, especially in the first years after deposition, when the firn 54 
density is still low, and summer temperatures still affect the firn temperature. On the central 55 
Greenland ice sheet, the isotope diffusion process decreases the seasonal cycle amplitude by 56 
typically a factor of five, and effectively influences all time scales of decadal variability and shorter 57 
(Andersen et al., 2006a; Vinther et al., 2006). 58 
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Isotope diffusion in firn has been discovered by Langway (1967), and is well-understood in the 59 
qualitative sense. Quantification, however, is more difficult, as the rate depends critically on the 60 
density of the firn and, moreover, on the tortuosity of the firn, i.e. the shape and size of the air 61 
channels between the ice crystals. Furthermore even grain size might play a role. Several laboratory 62 
experiments have been performed on the isotope diffusion rate (Jean-Baptiste et al., 1998; Pohjola 63 
et al., 2007; van der Wel et al., 2011a), and expressions for the rates that include a parameterization 64 
for the tortuosity dependence have been formulated (Cuffey and Steig, 1998; Johnsen et al., 2000; 65 
Whillans and Grootes, 1985), and tested (Pohjola et al., 2007; van der Wel et al., 2011a). 66 
Corrections for isotope diffusion (usually to reconstruct the original precipitation signal: "back-67 
diffusion") are currently performed routinely. The last publication that we are aware of that shows 68 
the "raw", uncorrected isotope signals together with the corrected ones is by Johnsen (1977). So, in 69 
spite of the fact that the process is difficult to quantify, back-diffusion is applied routinely for the 70 
interpretation of ice cores, even for short(er) time scales (Bolzan and Pohjola, 2000; Vinther et al., 71 
2006). 72 
As the process is difficult to quantify, we found the isotope diffusion rate worth further 73 
investigation, especially since: (1) isotope diffusion has gained renewed attention, after the 74 
discovery (by Johnsen et al. (2000)) that the difference of the diffusion rate for 2H and 18O 75 
("differential diffusion") is dependent only on the temperature of the firn. Differential diffusion has 76 
thus the potential of becoming a powerful new paleotemperature proxy by itself (Simonsen et al., 77 
2011; van der Wel, 2012). (2) All laboratory experiments on diffusion rates have been performed on 78 
artificially produced "firn": shaved ice flakes (Jean-Baptiste et al., 1998; Pohjola et al., 2007), or, at 79 
best, snow produced by a snow gun (van der Wel et al., 2011a). However, it was realized that the 80 
tortuosity, the 3D-shape of the air channels between the crystals, is important for the diffusion rate, 81 
and it is well conceivable that this differs considerably between artificial "snow" and real snow. (3) 82 
Most laboratory experiments have concentrated on the high density regime, where tortuosity effects 83 
are most pronounced, but where the diffusion process is slow. Here, we concentrate on the initial 84 
phase of firnification where diffusion is fastest. 85 
For these three reasons we decided to design and perform a field experiment in which we could 86 
measure the 2H isotope diffusion rate for real snow. Using a snow gun, we produced a thin layer of 87 
artificially made snow, enriched in 2H (enriched 18O water is too expensive and rare for such a field 88 
experiment), on a field site at Summit station, Greenland, a site with temperatures below 0°C all 89 
year (at least prior to 2012). In the four years that followed, 2008-2011, we went back to the place 90 
four times and drilled shallow cores (from 1 to close to 4 meters over the years) in which we 91 
recovered our original layer, now diffused well into the original firn surrounding it. Isotope analysis 92 
in the laboratory yielded the width of the diffused profile over the years. Together with the 93 
temperature of the layer, which was logged, and the measured density, this enabled us to compare 94 
the actually measured diffusion rate with the value from the generally used expression and 95 
parameterization by Johnsen et al. (2000). 96 
In the following chapters, we start with the theoretical description of isotope diffusion, including 97 
our approach to numerically simulate our experiments. Next, we describe the field experiment. 98 
After that, we present the results of our measurements, and discuss those extensively. We end with 99 
some conclusions and a design for a follow-up experiment. 100 
 101 
 102 
 103 
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2 Isotope Diffusion in firn 104 
 105 
In general, diffusion is the macroscopic description of microscopic random movements that, in 106 
combination with a gradient in the concentration of a certain constituent, cause a decrease of this 107 
gradient. The most commonly used macroscopic description originates from Fick, a German 19th 108 
century physiologist. According to his second law, and considering only one spatial dimension the 109 
effects of diffusion on the isotope concentration C is described as: ! 110 

 (1) 
111 

 
112 

where Ω is the diffusion coefficient, also called diffusivity, and t and z are the temporal and spatial 113 
coordinates, respectively. In our specific case, C would be the concentration of water molecules 114 
containing a 2H isotope. In practice, however, the 2H-concentration is expressed as the deviation of 115 
this concentration from that of a reference material. This deviation is denoted by δ2H and is defined 116 
as:  117 

 (2) 
118 

 
119 

where R is the abundance ratio of the rare isotope with respect to the abundant isotope: 2H/1H. δ2H 120 
is usually expressed in ‰. As the difference between concentration and ratio is very small for 2H, to 121 
a good approximation the diffusion equation is also valid using δ2H. Therefore, we may change (1) 122 
into: 123 

 (3) 
124 

 
125 

where Ωf2 is the firn diffusivity for δ2H, for which an expression was derived by Johnsen et al. 126 
(2000): 127 

 (4) 
128 

 
129 

Here m is the molar mass of water (in kg), R the gas constant (J/K) and T the temperature in Kelvin. 130 
ρf and ρice are the firn and ice density (kg/m3), respectively (ρice = 917 kg/m3). For the water vapour 131 
saturation pressure psat we use the parameterization given by Murphy and Koop (2005):  132 

 (5) 
133 

 
134 

with psat in Pa and T in Kelvin. As psat is exponentially dependent on temperature, this parameter is 135 
the main cause for temperature dependence of the diffusion process. The other terms in (4), except 136 
the tortuosity τ (and m and R), are temperature-dependent as well: apart from the temperature itself, 137 
these are the ice-vapour fractionation factor α2 and the diffusivity of deuterated water vapour in air 138 
Ωa2. For the most abundant water molecule 1H2

16O the diffusivity in air is given in m2 /s by Hall and 139 
Pruppacher (1976):  140 

 (6) 
141 

 
142 

where T is the temperature, T0 is 273.15 K, p is the pressure at Summit (680 hPa during summer, 143 
the time when the diffusion process is the most active) and p0 equal to 1013 hPa (1 atmosphere).  144 
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For water molecules containing a 2H atom, the diffusivity is slightly lower (Merlivat, 1978): ! 145 

 (7) 
146 

 
147 

The ice vapour fractionation factors, that is the difference in ratio of rare and abundant isotopes in 148 
ice and vapour under equilibrium conditions, are functions of temperature and were measured by 149 
Merlivat and Nief (1967) for Deuterium: ! 150 

 (8) 
151 

 
152 

Finally, the tortuosity τ depends on the structure of the open channels in the firn. We adopt –153 
initially- the parameterization as a function of the density of the firn that was given by Johnsen et al. 154 
(2000): 155 

 (9) 
156 

 
157 

This parameterization leads to increasingly high values for τ as the density ρf approaches the 158 
density of pore close-off. For lower densities, however, the effects due to tortuosity are assumed to 159 
be minor: according to this parameterization the value of τ varies between 1.15 and 1.25 in the 160 
density range of our experiment (300-350 kg/m3). Of course, this paramterization is a gross 161 
oversimplification of the real process, as it neglects the influence of varying grain sizes and shapes. 162 
Nevertheless, it seems to have served its goal reasonably well under widely varying circumstances. 163 
Diffusion decreases gradients, and thus leads to an overall smoothing of the original signal. The 164 
general solution to the differential equation (3) given an initial profile δH0(z) is a convolution of 165 
this initial profile with a Gaussian distribution:  166 

 (10) 
167 

 
168 

The amount of smoothing, that is, how the values of the original profile δ2H0 at positions z' 169 
influence the value δ2H(z,t), is determined by the width of the Gaussian curve σ2. The physical 170 
meaning of this width is the diffusion length, which is the average displacement of the deuterated 171 
water molecules. In case the original distribution δ 2H0(z, t = 0) is a Dirac distribution (infinite at 172 
z=0, and zero everywhere else, such that its total integrated area is M), equation (10) leads to: 173 

 (11) 
174 

 
175 

The squared value of σ is directly related to the isotopic diffusivity in firn and the elapsed time:  176 

 (12) 
177 

 
178 

In such an idealized case, the profile that would be recovered would show a pure Gaussian profile, 179 
and its width would be directly related to the diffusivity.  180 
The calculation of the width of such a profile would simply require the numerical integration of 181 
equation (12). For each time step, Ωf2 needs to be calculated with the appropriate values for the 182 
variables (temperature and/or density) for that time step. 183 
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In reality, the original distribution δ 2H(z, t = 0)  is of course never a Dirac function. In our 184 
experiment, however, the initial signal does resemble a Dirac function, but with a finite value for 185 
the peak value and a finite width of this peak. Furthermore, we deposit our layer of 2H enriched 186 
snow on a background that is not constant, but shows the natural seasonal cycle (subject to diffusion 187 
during previous years). Finally, in our experiment we sample the firn layer with a limited spatial 188 
resolution (of 1 cm). Hence we use a numerical model for the simulation of our findings, taking 189 
these complications into account (see section 4.3). 190 
Comparison of the numerically calculated σ's with those from the field experiment enable us to test 191 
the validity of equation (4), and the terms it contains (most notably the parameterization for the 192 
tortuosity, equation (9)). The isotope effects (equations (7) and (8)), and obviously the saturation 193 
pressure of water vapour (equation (5)) are generally considered to be well-known and are treated 194 
here as constants without uncertainty. Recently, Ellehoj et al. (2013) reinvestigated the ice-vapour  195 
fractionation factor α2 (8) and found it to be larger, from ≈1% at -15°C to over 3% at -40°C. 196 
Although such changes are highly significant when studying, for example, the hydrological cycle, 197 
for our study such changes are of minor importance. 198 
 199 
 200 
3 The field experiment 201 
 202 
For the production of 2H-enriched snow under polar field conditions, we built a snow gun 203 
installation. The snow gun itself was a small instrument designed for home garden use (CHS 204 
Snowmakers, type "Cornice"). The gun produces a very fine spray of droplets which precipitate as 205 
dry, fluffy snow, provided the ambient temperature is low enough (at most -5 °C, preferably several 206 
degrees lower). We built the necessary air compressor and water pump system on a compact, 207 
gasoline motor driven cart. The installation was capable of producing ≈ 300 kg of snow per hour. 208 
We produced snow on an area of typically 6 x 6 m2, such that we would have ample space for 209 
drilling 2-3 hand cores per year for four years without interference. We aimed for a snow layer of 2-210 
3 cm and allowed for loss of snow spraying outside the field, so we used about 1000 litres of water. 211 
We contained this amount of water in an inflatable children's paddling pool, which is easily 212 
transportable, and also forms a good thermal isolation (we added a foam mat underneath).  213 
The water was enriched to a level of typically δ2H = 1000 ‰ by adding 250 g of pure D2O (Sigma-214 
Aldrich) (depending on the natural δ2H-level of the water used). 215 
In August 2007, we produced an area of 2H-enriched snow in the field on pristine snow, about 2 km 216 
away from camp Summit (central Greenland, 72°35'N 38°25'W, elevation of 3216 m). The station 217 
is operated by the American-based CH2M HILL Polar Services (formerly Veco Polar Resources). 218 
In the summer months, there is frequent access for both people and equipment with Hercules C130 219 
aircraft. Temperatures are always below 0°C (at least during the years of our field work). 220 
On August 8, 2007, we produced our enriched layer in about 5 hours, using ≈ 1000 litres of local 221 
surface melt water, enriched to δ2H = 1294±3 ‰. We also dyed the water with a red food colorant, 222 
to make our produced snow layer visible. Figure 1 shows the site while producing snow. The wind 223 
speed was low that day, so most of the produced snow landed on our area (marked with poles). It 224 
was a sunny day, with temperatures reaching -5 °C, which impeded dry snow production. Therefore 225 
we produced snow at a reduced production rate. Still, the produced layer on parts of our area was 226 
ice rather than snow, especially close to the snow gun. After finishing the snow production, we 227 
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carefully inspected the area, such that we could try to avoid the places with ice formation when 228 
sampling in later years. 229 
A thermistor was placed at the surface, co-located with our layer and connected to a data logger 230 
close to one of the poles. Temperatures were logged every 3 hours. In this way a high resolution 231 
continuous temperature record for our layer would be available. 232 
Prior to our snow making, we took samples from the pristine snow layer for isotope analysis, to a 233 
depth of about 50 cm. We also performed snow density measurements, to the same depth, with 10 234 
cm resolution. 235 
The night after the snow was produced, the layer got covered under a few cm of fresh snow. 236 
Afterwards, the depth of the snow layer was monitored by the Summit crew members every month 237 
by measuring the height of each of the 5 poles that marked the field; this went on until the final 238 
sampling day in 2011. At that time our snow layer was close to 3 metres below surface. 239 
These careful snow height measurements provided us with the information needed to recover our 240 
layer in the consecutive years. In the years 2008, 2009, 2010 and 2011 (that is 352, 643, 1102 and 241 
1460 days after the production of the layer) we returned to Summit to drill shallow firn cores with a 242 
hand corer (Kovacs Mark II). We drilled 2-3 cores every year (labelled A, B, C), and made sure that 243 
we recovered the expected depth of our layer ± some 50 cm (as the depth registered at the five poles 244 
around our field scattered by 20-30 cm over the years). Figure 2 shows the depth of our layer as a 245 
function of time based on those pole height measurements, together with the points indicating the 246 
actual depth of the enriched layer (or rather the depth of the maximum δ2H value) as revealed by the 247 
isotope measurements later in the lab.  248 
Still in the field, we cut the cores into 1 cm slices with a custom built device, and stored the slices in 249 
individual air-tight plastic bags (Toppits Zipper). Soon after, we let the slices melt and pored them 250 
over into lockable plastic sample transport tubes (Elkay products) that had been tested for their 251 
long-term isotope integrity. 252 
In the field, we also secured the logged temperatures of the past year, and in 2010 and 2011, we 253 
performed again 10 cm resolution density measurements, now also using our hand corer.  254 
Back in our laboratory in Groningen, we performed δ2H and δ18O isotope ratio measurements on all 255 
samples using our routine equipment (van der Wel, 2012). The combined uncertainties were ±0.06 256 
‰ for δ18O and 0.6 to 2‰ for δ2H (depending on the level of enrichment). In all of the total of 10 257 
cores drilled over the years, we found our enriched layer back, close to the depth expected based on 258 
the pole height measurements (see figure 2). 259 
 260 
 261 
4 Results 262 
 263 
4.1 Density and temperature 264 
 265 
For the simulation of the diffusion of our enriched layer, reliable values for both the temperature 266 
and the density are the most important input values. Figure 3 shows the density measurements that 267 
we performed over the years, all measured close to the area of the enriched layer, grouped in a 268 
single plot. The depths have been shifted (using the information shown in figure 2) such that our 269 
enriched layer is at depth zero. The data show that our enriched layer, deposited in the end of 270 
summer is on top of a layer with lower density than the preceding and following winters. This 271 
summer-winter effect is beautifully demonstrated by Albert and Shultz (2002) from Summit in 272 
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2000, and our data are in agreement with their findings (shown in their figure 2). Based on their and 273 
our data we use an initial density of 300 kg/m3 for our diffusion calculations, with a gradual 274 
increase of 10 (kg/m3) /yr.  275 
The temperature registration of the thermocouple, at the same depth as the layer, is shown in figure 276 
4. Unfortunately, in spite of our efforts, two larger parts of the total temperature profile were lost. 277 
Figure 4 shows the interpolations that we made. We estimate the extra uncertainty in the diffusion 278 
calculations due to this omission to be minor. Fortunately, the first full year of data has been 279 
recovered. This is the part when the layer is still so shallow, that the diurnal temperature cycle 280 
(which we capture by our 3-hourly temperature sampling) is still noticeable (see insert in the figure 281 
for the first month). As the diffusion rate is exponentially dependent on temperature, capturing this 282 
first period in detail is crucial for the results of the numerical simulations. 283 
 284 
4.2 Field diffusion profiles 285 
 286 
For each sampling year, two-three records for both δ2H and δ18O were measured (labelled A to 287 
B,C). δ2H contains the crucial diffusion information: the broadened (and weakened) profile around 288 
our original layer of enriched δ2H. The quality of our collected profiles was variable. Some of the 289 
profiles showed one or two samples (= cm) that had δ2H values almost as high as the original 290 
enriched water, whereas all other samples were close to the natural values. We attribute this to ice 291 
formation during the snow production, reducing diffusion rates dramatically. Fortunately, for every 292 
year we also had profiles without such irregularities, that showed a clear, Gaussian-shaped profile 293 
above background. 294 
Figure 5 shows two of the δ2H profiles, 2008B, and 2011A, respectively. The effect of diffusion is 295 
directly visible, both in the width of the peak, and in its height. For the quantitative determination of 296 
both, however, we need to correct for the natural δ2H seasonal cycle that interferes with the diffused 297 
pattern of our original enriched layer. We used the δ18O profile to reconstruct the natural δ2H 298 
seasonal cycle. δ2H and δ18O in precipitation show both a very similar seasonal cycle, with the 299 
amplitude of the δ2H cycle being around 8 times as large as that of δ18O. Contrary to that of δ2H, the 300 
δ18O seasonal cycle is not influenced by our layer: the water used was in fact recent snow at 301 
Summit, with δ18O ≈ -30 ‰ very close to the value of the top layer of our field. In figure 5, δ18O is 302 
shown as well, with scale ratio 1:8 with respect to the δ2H scale. For the reconstruction of the 303 
natural δ2H signal the δ2H-δ18O ratio for all our 10 profiles was fitted individually, by using the 304 
flanks of the profiles. Subsequently, we corrected our measurements for this reconstruction of the 305 
natural δ2H signal, thereby obtaining the net diffusion profile. 306 
For each of the four years, we had two profiles available (and even 3 for 2008 and 2010). Only one 307 
of these 10 profiles (2008A) was not useful: the deposited layer consisted only of ice and diffusion 308 
had hardly taken place. Figure 6 shows all other net δ2H profiles, together with the Gaussian fits, 309 
after subtracting the background signal. The width of the fit, which is the diffusion length σ (see 310 
equations (10) and (11)), is also indicated. 311 
Not all profiles are of equal quality: half of them showed the presence of ice inside our deposited 312 
layer, visible through one isolated high δ2H value in the profile (on most occasions the ice layers 313 
had already been noticed in the field); as those points are not representative for the diffusion 314 
process, we discarded them. This happened for profiles 2008B, 2009B, 2010B, 2010C and 2011A. 315 
Furthermore, some points had to be discarded that resulted from contamination of samples with 316 
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snow/firn from other depths that happened during the coring process (such contamination was also 317 
visible in the δ18O signal). Discarded points are shown in the plots in brown. Table 1 shows the 318 
results for the diffusion length σ and the net peak height for all profiles. The increase of σ as a 319 
function of time is clearly visible. Contrary to σ,  the net peak height is not only dependent on the 320 
diffusion time, but also on the initial thickness of the enriched layer. Therefore the found peak 321 
height is expected to be variable within and between years. 322 
The uncertainties given in the second column in table 1 are those from the fitting procedure. While 323 
they give a good indication for the fit quality, the final combined uncertainty in the results is, of 324 
course, considerably higher. The main experimental uncertainty lies in the representation of the "z-325 
axis", the depth. We estimate this error to be ±3% of the value, leading to an error in σ of about 326 
0.10. The icy character of our deposited layer in some profiles form another principal source of 327 
error: although on both sides of such an ice layer the firn diffusion process takes place, and we can 328 
thus use those profiles for a σ measurement, the width of the fitted Gauss-curve will still be 329 
influenced by the presence of the icy character of the original layer itself. Therefore, we have 330 
increased the uncertainties for such profiles to ±0.25 cm. The uncertainty caused by the δ18O-based 331 
background correction is negligible. The final attributed errors are given in the "uncertainty" 332 
column. Except for 2008, all measured values per year agree within these uncertainties. As each 333 
year had at least one core with, and at least one core without ice in our deposited layer, the fact that 334 
their diffusion lengths agree with each other shows that these ice layers did not influence the 335 
diffusion length significantly in this experiment. 336 
 337 
4.3 Comparison with the numerical simulation  338 
 339 
The simplest way of simulating our experiment is to numerically integrate equation (12) using the 340 
known temperature and density as a function of time (eq. 4). However, the real experimental 341 
situation is more complicated. To accurately simulate the experimental situation, we first calculated 342 
the diffused δ2H pattern as a function of time from the original δ 2H(z, t = 0)  pattern around our 343 
enriched layer with an added "pulse" of enriched δ2H. We know the value of this enriched δ2H 344 
(1294‰), but the thickness of the layer is unknown, and variable. Therefore we calculated the 345 
profiles for three initial layer thicknesses: 6, 18 and 30 mm. As the next step, we corrected the 346 
diffused pattern for the slight compaction that occurred (inversely proportional to the small increase 347 
in density) and we sampled the diffused patterns with the spatial resolution of the experiment (1 348 
cm). Then, we simulated the correction for the natural δ2H seasonal cycle using the also diffused 349 
and sampled δ18O profile, in the same way as we did with the experimental profiles. Finally, we 350 
fitted the net δ2H profile with a Gaussian function.  351 
Figure 7 shows the results for σ achieved this way, as well as the σ from the direct integration of 352 
equation (12). The differences between the numerical calculations at variable initial thickness are 353 
quite small, especially for the values of σ for later years, indicating that the effects of sampling and 354 
the background correction are minimal. Figure 7 also contains the experimental diffusion lengths, 355 
and thereby embodies the main results of this work. Clearly, there is a systematic mismatch 356 
between the experimental results and the numerical simulations, increasing with time. To fit the 357 
data, the simulated curves need to be ≈ 25% lower in the first year, up to ≈ 40% in the final year. 358 
This implies a lowering of Ωf2 up to a factor of 2.5 (as σ is proportional to the square root of Ω f2). 359 
This lowered fit curve is also shown in figure 7. (The black dotted line in between will be described 360 
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in the discussion section.) All in all, figure 7 suggests that there is either an experimental flaw, or 361 
one or more parameters included in equation (4), or equation (4) as a whole, are not adequate. 362 
Below we discuss various possibilities, influencing the average value of σ and its dependence on 363 
time. 364 
The full numerical procedure also results in a peak height, which at any point of time is 365 
proportional to the width of the initial enriched δ2H pulse. Indicated in figure 8 (red dots) are the 366 
actual peak height fits of the profiles (see table 1). They are compared to the numerical simulations 367 
for layers with initial thicknesses 6, 18 and 30 mm, for which the diffusion length is fitted to the 368 
experimental points in figure 7 (the red dotted line). All experimental points are in the range 369 
spanned by the numerical calculations. The values for the ice layers that we removed from our 370 
profiles are also indicated: the position of four out of five of them in this plot clearly corroborates 371 
them as ice layers, as an initial layer thickness of 30 mm is about the maximum realistic value for 372 
our snow layer. 373 
 374 
 375 
5 Discussion 376 
 377 
The considerable discrepancy between our experimental results and the numerical calculations 378 
based on Johnsen et al. (2000) came as a surprise. The theoretical description of the firn diffusion 379 
process by Johnsen et al. (2000), a further development of work by Johnsen (1977) and Whillans 380 
and Grootes (1985) has been used for the description (and back-correction) of diffusion in many ice 381 
core projects.  382 
The large majority of the papers describes, or "back-corrects", the influence of firn diffusion as it is 383 
recorded in the ice below pore close-off. There, the ice carries the result of firn diffusion integrated 384 
over the entire firn phase. Examples of such work, restricted to Greenland, are Vinther et al. (2006), 385 
Masson-Delmotte et al. (2005), Andersen et al. (2006b), Jouzel et al. (1997),Vinther et al. (2010), 386 
White et al. (1997) and Simonsen et al. (2011). The latter publication concentrates on the so-called 387 
differential diffusion, the difference in diffusion between δ18O and δ2H, which is only dependent on 388 
the temperature of the firn while diffusion takes place. This idea was in fact the main subject of 389 
Johnsen et al. (2000). 390 
Below we will dicuss three possible causes for the discrepancy. They are (1) our experimental 391 
conditions, especially the formed ice in the deposited layer, (2) a considerable influence of 392 
tortuosity already in the uppermost meters of the firn, contrary to the assumptions in Johnsen et al. 393 
(2000), and (3) invalidity of the assumption that no gradient in isotopic composition builds up 394 
within the firn grains. 395 
 396 
5.1 Experimental conditions 397 
 398 
The occurrence of an ice layer can practically block the diffusion process. We do, however, firmly 399 
believe that our results have not been seriously influenced by ice formation. Each year contained 400 
both a profile with, and one without the indication of ice formation inside our deposited layer. Yet, 401 
for each of the four years that we sampled the results for the diffusion length agree very well. As 402 
the occurrence of an ice layer almost stops the diffusion process (see e.g. van der Wel et al. 403 
(2011b)) one would expect large scattering within and between years if ice formation inside our 404 
deposited layer would indeed play an important role. The fact that they do not can be explained by 405 



 11 

the fact that the water vapour from such an ice layer will immediately encounter natural snow layers 406 
in which the diffusion process occurs naturally. Only the ice layer itself will continue to contain a 407 
high level of enrichment and in the end produces a δ2H value that needs to be excluded from the fit 408 
to the data, as we did.  409 
Even in the absence of ice, the density of our artificial snow layer is probably higher than that of 410 
fresh Summit snow. When trying to fit the results of figure 7 using higher densities we find that we 411 
would need a more or less plausible density of around 380 kg/m3 for the first year, but increasingly 412 
higher values for the subsequent years, up to 520 kg/m3 for the 2011 results. Such compaction of a 413 
layer, initially already denser than its surroundings, in just 4 years is unrealistic. Further more, again 414 
the diffusion process will immediately encounter natural snow as soon as the process starts. So, in 415 
the course of the years, with diffusion lengths getting larger and the signal profile getting dominated 416 
by the region outside the original layer, one can expect any initial effect of higher density to 417 
weaken. However, we observe the opposite: the deviation between our experimental results and the 418 
simulations based on Johnsen et al. (2000) increases in the course of the years. 419 
 420 
5.2 Tortuosity 421 
 422 
The diffusion length σ is inversely proportional to the square root of the tortuosity τ. If the 423 
discrepancy between our results and the numerical simulation would be entirely due to higher 424 
tortuosity in our experiment than the range of 1.15-1.3 given by equation (9), we would need the 425 
tortuosity to be between 2.5 and 3. To see to what extent this would be plausible, we have gathered 426 
relevant information from literature both describing firn isotope diffusion, and gas diffusion. To 427 
facilitate a proper comparison, we first have to define the tortuosity in an unambiguous manner: 428 

Ω f =
Ωaφ
τ
, with the porosity φ =1−

ρ f

ρice
 (13) 429 

Here Ωa is the diffusivity of the compound (water vapour in our case, or more precisely deuterated 430 
water vapour) through a certain area of free air, and Ωf the effective diffusivity through that same 431 
area, but now filled with firn. The porosity φ accounts for the effective open area available for the 432 
diffusion process, whereas the tortuosity accounts for the shape of the air channels. In the case of 433 
perfectly straight air channels, τ would be 1. 434 
The Whillans and Grootes model (Whillans and Grootes, (1985)) was the first to describe firn 435 
diffusion in a detailed manner, but they did not include the influence of tortuosity. Instead of the 436 
porosity, they included the density at pore close-off ρc: 437 

φ*=1−
ρ f

ρc
 (14) 438 

Using this φ* is equivalent to using equation (13), with 439 

τ =
φ
φ *

=
1− ρ f / ρice
1− ρ f / ρc

 (15) 440 

As the difference between ρice and ρc is rather small (Whillans and Grootes (1985) used 830 kg/m3 441 
for ρc ), effective tortuosity values remain close to 1 except for densities approaching ρc. 442 
Cuffey and Steig, (1998) performed a detailed, that is time-resolved studies of firn diffusion 443 
showing the dampening of the seasonal cycle in δ18O in the shallow GISP-B core (based on the data 444 
published by Stuiver and Grootes, (2000) and Stuiver et al. (1995)), and compared that to the 445 
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Whillans and Grootes (1985) model (taking the low atmospheric pressure at Summit into account). 446 
They concluded that the model agreed well for the upper meters (starting, however, from a depth of 447 
1.5 meter), but that the diffusion effects produced by the model were too large for larger depths. 448 
The diffusivity of the model needed to be decreased by a factor of about 1.7 to match the data. They 449 
built this into the model by decreasing the maximum density at which firn diffusion still occurs, 450 
from 830 down to (a fitted best value of) 730 kg/m3. Using equation 15 their results can again be 451 
expressed as using a tortuosity factor that is now considerably higher than in the original Whillans 452 
and Grootes (1985) model. However, even in this study the depth resolution is limited to the length 453 
of one seasonal cycle (typically 50 cm), they ignored the top 1.5 meters, and their numerical 454 
procedure concentrated on the amplitude of the seasonal cycle only, not taking into account for 455 
example the diffusion differences between original summer and winter snow. The temperature 456 
driving the diffusion process is parameterized. 457 
Johnsen et al. (2000) modified the Whillans and Grootes (1985) model, the main difference being 458 
the explicit introduction of the tortuosity factor. Other differences, with relatively small (<5%) 459 
influence, are a different parameterization of the water vapour diffusivity through free air, and the 460 
more complete treatment of the isotope effects. The tortuosity that Johnsen et al. (2000) used 461 
(equation 9) is based on a fit to gas diffusion measurements by Schwander et al., (1988), performed 462 
on firn samples from Siple station, Antarctica. The density range of these measurements was 463 
between 500 and 750 kg/m3. Schwander et al. (1988) present the tortuosity as it is defined in 464 
equation (13) in their figure 5. Tortuosity values they found increased with the density from 2 to 7. 465 
They also provided a table (their table 1) that may give rise to some confusion. The effective 466 
diffusivity that is given there is in fact Ω f /φ  ("the flux per unit cross section in the open pores") (J. 467 
Schwander, pers comm, 2014). So, dividing the diffusivity given in that table by the open air 468 
diffusivity Ωa directly yields 1/τ. 469 
Their results for tortuosity were generally, although coarsely, confirmed by Jean-Baptiste et al. 470 
(1998), who did the first diffusion measurements on deuterium isotopes in firn: they measured the 471 
isotope diffusion around the connection of firns with distinctly different isotopic composition. The 472 
firn was, in fact, crushed ice. They used densities between 580 and 760 kg/m3. Both the Schwander 473 
et al. (1988) results, and those by Jean-Baptiste et al. (1998) have thus been performed for higher 474 
densities only. Using the Schwander et al. (1988) parameterization by Johnsen et al. (2000) for our 475 
experiment, with densities varying from 300 to 350 kg/m3, means a substantial extrapolation. 476 
More recent measurements of firn diffusivity are presented in studies by Pohjola et al. (2007), and 477 
by van der Wel et al. (2011a). Both studies have improved on the work by Jean-Baptiste et al. 478 
(1998), since they have identified the interface between the two stacks with different isotopic 479 
composition as the weak spot of such experiments. By connecting several layers of different 480 
thickness they could identify possible problems with these interfaces, for example when such an 481 
interface was much more porous than the bulk material. Due to these effects, the results by Pohjola 482 
et al. (2007), at a density range of 480-500 kg/m3, did not produce consistent results for the 483 
tortuosity. Van der Wel et al. (2011a), however, managed to make an ideal multi-layer snow stack 484 
(produced with the same snow gun that we used in the present study). At a density of 415 kg/m3, 485 
they were able to fit their diffused isotope profiles using the expression by Johnsen et al. (2000), 486 
thereby finding a tortuosity of 1.18±0.08 (compared to the value 1.36 that follows from equation 9). 487 
Whereas this latter information indicates tortuosity values hardly above 1 for low densities, various 488 
gas diffusion measurements show considerably higher values. Fabre et al. (2000) performed gas 489 
diffusivity measurements on site in Vostok, Antarctica, and on an alpine site (Col du Dome). They 490 
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express their results in the same fashion as Schwander et al. (1988)(they also show their results for 491 
comparison), and also give various model results for the tortuosity. Albert and Shultz, (2002) 492 
performed detailed gas diffusivity and permeability measurements on the top 10 meters of snow and 493 
firn on Summit station. They mention the tortuosity, defined in their paper as the reciprocal from 494 
our equation (13) as a side result, and quote the value of ~ 0.5 for the top layer of the snow. 495 
Looking at their data, however, it seems that they used a different definition for the tortuosity, and 496 
actually determined the ratio Ωf/Ωa to be 0.5. In more recent work by the same group, they avoid the 497 
term tortuosity altogether, and instead report on the Ωf/Ωa ratio. 498 
Adolph and Albert, (2013) describe an improved way to measure gas diffusivity through firn, and 499 
they report a series of diffusion measurements performed on firn from Summit. From the results in 500 
their table 1 (in which they also quote their previous result from 2002) we can deduce the tortuosity 501 
as defined in equation (13). A next paper by the same authors (Adolph and Albert, 2014) reports on 502 
even more diffusivity measurements (and includes the ones reported in 2013). 503 
Recently several large firn gas transport studies were published, one of them (Buizert et al., 2012) 504 
concentrating on the NEEM site on Northern Greenland. These authors tuned six firn air transport 505 
models to firn concentration measurements of a set of ten reference trace gases. Whereas the fit 506 
quality of the tracer concentrations is high, for the upper 4,5 meters the fit is underdetermined, and 507 
the spread of the molecular diffusivity profiles for CO2 is large. Furthermore, convective mixing 508 
plays a role in modelling these upper 4,5 meters, a process that influences gas transport far more 509 
than the firn itself (see below). In direct firn gas diffusion experiments convective mixing is 510 
avoided, making such results more useful for describing firn diffusivity. 511 
We give an overview of the tortuosity from all these results, according to our equation (13), in 512 
figure 9. This figure includes the tortuosity by Cuffey and Steig (1998) that follows from eq (15), 513 
and the parameterization for the Schwander et al. (1988) data used by Johnsen et al. (2000) (and 514 
thus also by us in the previous chapters). Furthermore, as a lower limit, we have included the 515 
theoretical result by Weissberg (1963), which he derived for spheres that can partly overlap or even 516 
fuse: 517 

Ω f

Ωa

=
φ

1− 1
2 ln(φ)

 (16) 518 

Using equation (13) this is equivalent to 519 
τ =1− 1

2 ln(φ)  (17) 520 
Looking at figure 9, we observe large scatter indeed.  In the higher density region the tendency 521 
towards higher values for τ is clear, but there is a considerable discrepancy between the Schwander 522 
et al. (1988) values (based on CO2 and O2 diffusion through firn from Siple Dome, Antarctica) and 523 
the Fabre et al. (2000) ones (Vostok, Antarctica and the Col du Dome alpine site based on SF6 and 524 
CO2 diffusion) on the one hand, and the results by Adolph and Albert (2014) (using SF6  525 
diffusion through firn from Summit station) on the other. Although the Adolph and Albert (2014) 526 
results show some higher values, in general their results for τ are much lower1, and thus the 527 
diffusion process would occur more rapidly. The real firn vapour diffusivity experiments by Jean-528 
Baptiste et al. (1998), especially the highest density measurement, seems to corroborate the 529 
Schwander et al. (1988) and Fabre et al. (2000) results. Furthermore, as is clear from the work of 530 

                                                
1 Figure 6 in (Adolph and Albert, 2013) suggests the opposite. This is, however, because the authors interpreted the 
results in table 1 of Schwander et al. (1988) as Ωf, whereas they are in fact Ωf/φ (Adolph, and Schwander, 2014, 
pers. comm.) 
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Cuffey and Steig (1998), the total firn diffusion process on Summit can be described using their 531 
parameterization, which is not very different from the Schwander et al. (1988) measurements, and 532 
the Johnsen et al. (2000) parameterization. 533 
However, the Adolph and Albert (2014) results also suggest higher values for τ at lower densities. 534 
This is in contrast with the only firn vapour measurement at low densities by van der Wel et al. 535 
(2011a), that gives a value that is lower than the Weissberg (1963) theoretical model. In contrast to 536 
that, the Adolph and Albert (2014) results suggest that a higher tortuosity in the low density region, 537 
of ≈ 1.5 is probably a better choice than the low values given by the extrapolation of the Johnsen et 538 
al. (2000) parametrization. The value range of 2.5-3, however, that we need to fit our data, is not 539 
supported by any data in the low density range. In figure 7, we show the numerical results for σ 540 
using a fixed tortuosity of 1.6. Whereas for the first year agreement is reasonable, in the following 541 
years the deviation increases: in the experiments, diffusion is slowing down, and this is unlikely to 542 
be caused by tortuosity (or density) increases. 543 
The clearest conclusion of all, however, is that the parameterization of τ as a function of density (or 544 
porosity) is an oversimplification. Albert and Shultz (2002) show the structural changes of the fresh 545 
snow in its first years: whereas the density hardly changes, grain size rapidly grows, and the 546 
permeability (and likely also the diffusivity) increases. In that paper, they report a single diffusivity 547 
result (included in figure 9) on the top 20 cm of the firn, yielding τ = 1.36 for ρ=326 kg/m3. This 548 
suggests that for the youngest firn, time since deposit is a more important parameter than density. 549 
Furthermore, τ will have a different course in time for winter than for summer snow. 550 
All in all, we conclude that for the simulation of our experiment, choosing a τ of ≈ 1.6 would be a 551 
fair choice given the data available, but a value range of τ = 2.5-3, needed to fit our data using the 552 
Johnsen et al. (2000) simulation, is not plausible. 553 
 554 
5.3 Isotope homogeneity within the firn grains 555 
 556 
In the model by Johnsen et al. (2000), several assumptions have been made: -the effects of firn 557 
ventilation are negligible, -there is continuous isotopic equilibrium between the ice grain surfaces 558 
and the vapour, and -the ice grains themselves remain isotopically homogeneous. One or more of 559 
these issues have been addressed by several authors, among which Whillans and Grootes (1985), 560 
Jean-Baptiste et al. (1998), Johnsen et al. (2000) themselves and Neumann and Waddington (2004). 561 
The latter paper describes a very detailed, numerical model in which in the first place the influence 562 
of firn ventilation is quantified. They conclude that isotope exchange in the upper few meters is 563 
more rapid than follows from models such as that of Whillans and Grootes (1985) and Johnsen et 564 
al. (2000). However, they also state that the ventilation process is especially important in low 565 
accumulation zones, such as the Antarctic plateau. For the Summit site, its influence will probably 566 
only be marginal. Moreover, whereas firn ventilation might lead to changes in the overall isotopic 567 
composition, its character will not be the same as diffusion; especially it will not influence the 568 
diffusion pattern, and thus the diffusion length fit, of our enriched layer. 569 
The model by Neumann and Waddington (2004) also allows for a disequilibrium between the ice 570 
grain surface and the vapour. Although the isotope exchange rate is not well-known, they conclude 571 
that the ice phase is not in isotopic equilibrium with the vapour at any depth in the firn. This effect 572 
would slow down the influence of diffusion. Somewhat surprising however, these authors assume 573 
the grains themselves to be and remain isotopically homogenous. This is in fact the point that the 574 
other authors touch upon. Isotope diffusion in ice, and thus inside the grains, is 10 orders of 575 
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magnitude smaller than vapour diffusion through air. At -20°C, for example, the solid ice 576 
diffusivity is about 1 x 10-15 m2/s (Whillans and Grootes (1985)), whereas vapour diffusion through 577 
air, according to equation 6 (Hall and Pruppacher, 1976), yields 2.7 x 10-5 m2/s at Summit. In 578 
contrast, the water molecules spend 5 to 6 orders of magnitude more time in the solid than in the 579 
vapour phase (depending both on temperature and density of the firn). Both Whillans and Grootes 580 
(1985) and Johnsen et al. (2000) have incorporated this into their model by dividing the free vapour 581 
diffusion rate by this residence time ratio. Nevertheless, the solid ice diffusivity remains some 5 582 
orders of magnitude slower than the effective vapour diffusion. Whillans and Grootes (1985) have 583 
investigated this and concluded that, given the average size of the firn grains, the isotopic 584 
homogeneity assumption is valid. Jean-Baptiste et al. (1998), however, show in a numerical model 585 
that their model description of their firn diffusion experiment would indeed be influenced for grain 586 
sizes of 1mm and larger. Johnsen et al. (2000) conclude that grain homogeneity will not occur 587 
based on ice diffusion alone "for the coarse grained (2 mm) summer layers". As they on the other 588 
hand conclude from observations that the isotopic seasonal cycle can disappear completely due to 589 
diffusion, they propose grain boundary migration as a different mechanism for more rapid grain 590 
isotope homogenization. 591 
The ratio between the effective firn vapour diffusion and solid ice diffusion is the largest for low 592 
densities, as then the solid to vapour residence time ratio is the lowest. These are the circumstances 593 
of our experiment. Furthermore, the detailed microstructure experiments by Albert and Shultz 594 
(2002) show substantial growth of grain size in the first years after deposition. Together, these 595 
circumstances will probably cause a substantial inhomogeneity in the ice grains, thereby slowing 596 
down diffusion to below the rate described by equation (4). 597 
 598 
 599 
6 Conclusions and outlook 600 
 601 
With this experiment, we have observed isotope diffusion in the natural setting of Summit in the 602 
first four years after deposit down to about 3 meters depth. The idea of determining the diffusion 603 
length as the Gaussian width of an initial thin layer substantially enriched in deuterated water 604 
worked very well indeed. The results, however, indicate a substantially lower diffusivity than 605 
expected based on the well-established model by Johnsen et al. (2000). Our attempt to explain this 606 
difference brought us to the following conclusions: 607 
- -Although we can not be fully sure whether the characteristics of the enriched 608 

layer itself, with some local ice formation, has slowed down the diffusivity, it is very likely that 609 
the diffusion lengths we have obtained resemble the true diffusivity of deuterated water in the 610 
upper layers of Summit firn, because the diffusion takes place in the original snow layers after 611 
some time. 612 

- Tortuosity is in general poorly characterised. Several of the firn and gas 613 
diffusion experiments over the years lead to a very scattered total picture. The parametrization 614 
used by Johnsen et al. (2000) is probably not correct for Summit; based on recent gas diffusion 615 
experiments by Adolph and Albert (2014), tortuosity is probably considerably larger in the 616 
uppermost layers, but in contrast not as large in the deeper firn. Density is a poor measure for 617 
tortuosity, certainly in the upper meters of firn, and considerable differences between summer 618 
and winter layers are likely to exist. 619 
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- Nevertheless, the discrepancy between our results and the Johnsen et al. (2000) 620 
model cannot be explained by higher tortuosity alone, as the value that would be needed to fit 621 
our data is definitely outside the plausible range. 622 

- It is likely that isotopic inhomogeneity exists within the ice grains in the firn, as 623 
the vapour diffusion process is orders of magnitude faster than solid ice diffusion. This effect is 624 
only partly compensated by the much longer residence time of the molecules in the solid phase. 625 
This inhomogeneity, and its slowing effect on diffusion, depends critically on grain size. In the 626 
first years after snow deposition, grains tend to grow (Albert and Shultz, 2002), thereby 627 
effectively slowing down diffusion. Of the three possible causes for the discrepancy between our 628 
data and the simulations, isotopic inhomogeneity is thus the most plausible: it would explain 629 
why gas diffusion measurements (and thus also the parameterization used by Johnsen et al. 630 
(2000)) are not entirely valid for firn vapour diffusion. In the first stage of the diffusion process, 631 
the part that our experiment monitors, ice grain inhomogeneity would slow down the diffusion 632 
process, but in a later stage the inhomogeneity would diminish or even disappear again. 633 
Combined with lower values for the tortuosity at greater density (such as for instance those by 634 
Adolph and Albert (2014)) the total, integrated diffusivity would still fit to the well-known 635 
isotope signals in the ice. To prove (or disprove) this hypothesis, a new model framework needs 636 
to be developed to incorporate grain inhomogeneity into the model. Jean-Baptiste et al. (1998) 637 
and especially Neumann and Waddington (2004) have shown pathways towards such models. 638 

- Although the model by Johnsen et al. (2000) has been used extensively and 639 
successfully, this has to our knowledge never been done in the amount of detail we present. 640 
Rather, it has been used to describe the integrated diffusion over the entire firn phase, expressed 641 
as the total diffusion length caused by it. This integrated diffusion length is a rather forgiving 642 
parameter: it does not matter whether the diffusion length grows rapidly initially and then slows 643 
down, or if it increases more steadily over the years. Moreover, due to compaction the diffusion 644 
length even decreases again, although the diffusion effects (such as the decrease of the amplitude 645 
of the seasonal cycle) of course are not lessened. According to the model, the major part of the 646 
diffusion length is built up in just the upper 10 meters (see also Simonsen et al. (2011)), and the 647 
maximum values are achieved around 30 meters depth; from then onwards, the compaction leads 648 
to a gradual decrease in diffusion length. These features of the model have, to the best of our 649 
knowledge, never been checked experimentally. 650 
 651 

An experiment to perform such a decisive test would consist of two parts: first is the high resolution 652 
(typically 2 cm) isotope measurement of the upper ≈ 30 meters of a firn core. With a modern, laser-653 
based isotope measurement system on-site, this would be probably feasible in just one summer 654 
season. If designed carefully, this set-up delivers the density of the firn as well. Second is 655 
reconstruction of the input function: the temperature, the precipitation events, and –ideally- their 656 
isotopic composition. In this way, the "virtual ice core" approach (van der Wel et al., 2011b) can be 657 
followed to reconstruct the non-diffused firn profile, and by comparing that profile to the data, 658 
diffusivity can be calculated with high temporal/spatial resolution. The results can then be 659 
compared to the output of the Johnsen et al. (2000) model, and to a model containing both the firn 660 
diffusion and the diffusion inside the grains. A valuable additional measurement would be isotope 661 
measurements on vapour in firn air at various depths. In this way the isotopic (dis)equilibrium could 662 
directly be assessed. 663 
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Summit would be the ideal spot for such an experiment: it has been in operation since 1988, and 664 
surface temperature and precipitation amounts have been logged since then. Furthermore, many 665 
scientific experiments run at Summit each year, many of them including stable isotope 666 
measurements.  667 
Such a detailed study would finally enable us to describe isotope diffusion in firn in a reliable, 668 
quantitative way. The results of such a study would especially be crucial for the use of differential 669 
diffusion to reconstruct paleo-temperatures: the way the diffusion process behaves through the firn 670 
layer determines the weighted average of the temperature that is conserved in the differential 671 
diffusion signal. If the upper few meter diffusion is less prominent than the Johnsen et al. (2000) 672 
model suggests, this weighted average would be far less sensitive to the high summer day 673 
temperatures than is assumed at present. 674 
 675 
 676 
 677 
 678 
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 834 
Table 1 The results for the diffusion length σ and for the net peak height for all profiles. The 835 
increase of σ as a function of time is clearly visible. The uncertainties in the second column are 836 
those from the fitting procedure. The final combined uncertainties in the results are presented in the 837 
third column. Except for 2008, all measured values per year agree within their uncertainties. The net 838 
peak height is also dependent on the initial thickness of the enriched layer. Therefore the found 839 
peak height is variable within and between years. 840 
 841 

profile  σ (cm) uncertainty (cm) δ2H peak height (‰) 
2008B 2.65 ± 0.03 0.25 678 ± 10 
2008C 2.18 ± 0.13 0.15 99 ± 5 
2009A 2.94 ± 0.03 0.10 258.9 ± 2.4 
2009B 3.09 ± 0.10 0.25 91.9 ± 2.8 
2010A 3.88 ± 0.03 0.15 391 ± 3 
2010B 3.50 ± 0.07 0.25 83.6 ± 1.5 
2010C 3.37 ± 0.16 0.3 59.3 ± 2.8 
2011A 3.69 ± 0.05 0.25 254 ± 3 
2011B 3.72 ± 0.08 0.15 102.9 ± 1.8 

 842 

 843 
 844 
Figure captions 845 
 846 
Figure 1 The production of the 2H-labeled layer of snow at Summit, August 8, 2007. From left to 847 
right the air compressor/water pump rack, the inflatable water container and the snow gun. 848 
 849 
 850 
Figure 2 The depth of the enriched snow layer as a function of time, based on measuring the height 851 
of each of the 5 poles that mark the field (lines), together with the points indicating the actual depth 852 
of the enriched layer as revealed by the isotope measurements later in the lab (two to three points 853 
per year). 854 
 855 
Figure 3 Density measurements, with depth resolution of 10 cm, performed at our site in the years 856 
2007, 2010 and 2011. The depths have been shifted such that our enriched layer (with an estimated 857 
thicknes of typically 2 cm) is at relative depth zero. Our enriched layer, deposited in the end of the 858 
summer of 2007, is on top of a summer layer with lower density than the preceding and following 859 
winter layers. 860 
 861 
Figure 4 The temperature registration of the thermocouple, at the same depth as the layer. The 862 
dashed lines are interpolations for the times we did not have temperature measurements available. 863 
The insert shows the first month of data in detail. 864 
 865 
Figure 5 Two examples of δ2H profiles obtained in this work, from 2008 (core B), and from 2011 866 
(core A), respectively. The effect of diffusion is directly visible, both in the width of the peak, and 867 
in its height. The δ18O signal is shown in blue, with scale ratio 1:8 with respect to the δ2H scale.  868 
 869 
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Figure 6 The nine net δ2H profiles for the four consecutive years, together with the Gaussian fits. 870 
The width of the fit, which is the diffusion length σ, is listed in the plots. 871 
The brown circles are measurements discarded from the fit for various reasons (see text). The 872 
increase of σ over the years is clearly visible.  873 
 874 
Figure 7 The results for the diffusion length σ. The points are the experimental results. The set of 875 
four higher-lying curves (one black, three in shades of blue) are the results of the numerical 876 
simulation using the Johnsen et al. (2000) model. The black one is the direct calculation of σ, the 877 
three blue ones result from the full numerical procedure starting with an enriched layer with 6, 18 878 
and 30 mm initial thickness, respectively. Clearly, there is a systematic mismatch between the 879 
experimental results and the numerical simulations, increasing with time. The fit curve through the 880 
measurements is constructed by lowering the diffusivity by 25% in the first year, up to 40% in the 881 
last. Finally, the black dotted line shows the numerical result using a fixed, higher value for τ (1.6). 882 
 883 
Figure 8 The actual peak height fits of the profiles (red circles). They are compared to the numerical 884 
simulations with initial layer thicknesses of 6, 18 and 30 mm, for which the diffusion length is fitted 885 
to the experimental points in figure 7. All experimental points are in the range spanned by the 886 
numerical calculations. The values for the ice layers that we removed from our profiles are also 887 
indicated (half-filled squares): all but one lie outside the possible range for diffused firn profiles, 888 
identifying them once more as ice layers. 889 
 890 
Figure 9 Results of various tortuosity measurements from literature, with τ defined according to our 891 
equation (13). The symbols are the results of the various measurements: the red squares are 892 
laboratory firn diffusion measurements (by Jean-Baptiste et al., 1998 and van der Wel et al., 2011), 893 
the blue circles CO2 and O2 gas diffusion measurements through firn from Siple dome, Antarctica 894 
(Schwander et al., 1988), the green triangles SF6 gas diffusion measurements through firn from 895 
Summit (Adolph and Albert, 2013; 2014). Finally pale brown triangles are the results by Fabre et 896 
al., (2000) for SF6 gas diffusion in Vostok and Col du Dome. The black dash-dotted line is the 897 
parameterization for the Schwander et al. (1988) data in the Johnsen et al. (2000) model. The grey 898 
dashed curve is the tortuosity that is equivalent to the fit that Cuffey and Steig (1998) made to 899 
isotope seasonal cycles in the Summit firn layer. Furthermore, as a lower limit, we have included 900 
the theoretical result, interpreted as τ, by Weissberg (1963), which he derived for spheres that can 901 
partly overlap or even fuse. For discussion of the results, see text. 902 
 903 
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right the air compressor/water pump rack, the inflatable water container and the snow gun. 12 
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Figure 2 The depth of the enriched snow layer as a function of time, based on measuring the height 15 
of each of the 5 poles that mark the field (lines), together with the points indicating the actual depth 16 
of the enriched layer as revealed by the isotope measurements later in the lab (two to three points 17 
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Figure 3 Density measurements, with depth resolution of 10 cm, performed at our site in the years 20 
2007, 2010 and 2011. The depths have been shifted such that our enriched layer (with an estimated 21 
thicknes of typically 2 cm) is at relative depth zero. Our enriched layer, deposited in the end of the 22 
summer of 2007, is on top of a summer layer with lower density than the preceding and following 23 
winter layers. 24 
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Figure 4 The temperature registration of the thermocouple, at the same depth as the layer. The 26 
dashed lines are interpolations for the times we did not have temperature measurements available. 27 
The insert shows the first month of data in detail. 28 
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Figure 5 Two examples of δ2H profiles obtained in this work, from 2008 (core B), and from 2011 31 
(core A), respectively. The effect of diffusion is directly visible, both in the width of the peak, and 32 
in its height. The δ18O signal is shown in blue, with scale ratio 1:8 with respect to the δ2H scale.  33 

34 
Figure 6 The nine net δ2H profiles for the four consecutive years, together with the Gaussian fits. 35 
The width of the fit, which is the diffusion length σ, is listed in the plots. 36 
The brown circles are measurements discarded from the fit for various reasons (see text). The 37 
increase of σ over the years is clearly visible.  38 



Figure 7 The results for the diffusion length σ. The points are the experimental results. The set of 39 
four higher-lying curves (one black, three in shades of blue) are the results of the numerical 40 
simulation using the Jo2000 model. The black one is the direct calculation of σ, the three blue ones 41 
result from the full numerical procedure starting with an enriched layer with 6, 18 and 30 mm initial 42 
thickness, respectively. Clearly, there is a systematic mismatch between the experimental results 43 
and the numerical simulations, increasing with time. The fit curve through the measurements is 44 
constructed by lowering the diffusivity by 25% in the first year, up to 40% in the last. Finally, the 45 
black dotted line shows the numerical result using a fixed, higher value for τ (1.6). 46 



Figure 8 The actual peak height fits of the profiles (red circles). They are compared to the numerical 47 
simulations with initial layer thicknesses of 6, 18 and 30 mm, for which the diffusion length is fitted 48 
to the experimental points in figure 7. All experimental points are in the range spanned by the 49 
numerical calculations. The values for the ice layers that we removed from our profiles are also 50 
indicated (half-filled squares): all but one lie outside the possible range for diffused firn profiles, 51 
identifying them once more as ice layers. 52 



 53 
Figure 9 Results of various tortuosity measurements from literature, with τ defined according to our 54 
equation (13). The symbols are the results of the various measurements: the red squares are 55 
laboratory firn diffusion measurements (by Jean-Baptiste et al., 1998 and van der Wel et al., 2011), 56 
the blue circles CO2 and O2 gas diffusion measurements through firn from Siple dome, Antarctica 57 
(Schwander et al., 1988), the green triangles SF6 gas diffusion measurements through firn from 58 
Summit (Adolph and Albert, 2013; 2014). Finally pale brown triangles are the results by Fabre et 59 
al., (2000) for SF6 gas diffusion in Vostok and Col du Dome. The black dash-dotted line is the 60 
parameterization for the Schwander et al. (1988) data in the Jo2000 model. The grey dashed curve 61 
is the tortuosity that is equivalent to the fit that Cuffey and Steig (1998) made to isotope seasonal 62 
cycles in the Summit firn layer. Furthermore, as a lower limit, we have included the theoretical 63 
result, interpreted as τ, by Weissberg (1963), which he derived for spheres that can partly overlap or 64 
even fuse. For discussion of the results, see text. 65 


