
“Since all models are wrong the scientist cannot obtain a ‘correct’ one by excessive elaboration. On the 
contrary following William of Occam (the scientist) should seek an economical description of natural 
phenomena.” G. Box (1976)

1.  Introduction and Background
1.1.  Ice Core Climate Reconstruction

Temperature reconstructions from polar ice cores play an important role in paleoclimate research by virtue 
of their high temporal resolution and precise age control. Past temperatures allow estimation of climate 
sensitivity (Schmittner et al., 2011; Tierney et al., 2020), ice sheet response to past climate changes (Buiz-
ert et  al.,  2018; Clark et  al.,  2020; Simpson et  al.,  2009), and benchmarking climate models (Kageyama 
et al., 2021; Otto-Bliesner et al., 2021).

The stable isotope ratios of water (δ18O and δ2H) are widely used proxies for ice core site temperature (Dans-
gaard, 1964; Jouzel et al., 2003; Masson-Delmotte et al., 2008). The main challenge in interpretation is their 
calibration. Spatial and temporal regressions of δ18O and site temperature yield very different values for the 
isotope sensitivity (Cuffey et al., 1995; Severinghaus et al., 1998). Isotope sensitivity is site-specific (Guillevic 
et al., 2013) and may vary through time (Kindler et al., 2014). While water isotopes provide unparalleled 
qualitative information, such as the timing and relative magnitude of climate change, additional sources of 
information are needed for quantitative interpretation.

Firn properties provide a means to obtain independent climate information from ice cores. Such infor-
mation is encoded primarily in the gas age-ice age difference Δage (Schwander & Stauffer, 1984) and in 
δ15N-N2 via thermal and gravitational enrichment (Severinghaus et al., 1998; Sowers et al., 1992). Thermal 
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fractionation in δ15N provides accurate estimates of the magnitude of abrupt climate change in Greenland 
(Severinghaus et al., 1998), but not of long-term gradual changes such as the LGM-preindustrial temper-
ature difference. Δage provides a strong constraint on such gradual temperature changes, as first noted by 
Schwander et al. (1997) and more recently by Buizert et al. (2021; hereafter B21) and Kahle et al. (2021).

Previous efforts to extract climatic information from Δage and δ15N have all relied on dynamical firn den-
sification modeling. Instead, the goal of this paper is to establish an analytical framework for linking past 
Δage variations directly to surface temperature change.

1.2.  Firn Dynamics and Δage Reconstruction

Firn is the transitional stage between surface snow and mature ice, in which the porous ice matrix gradu-
ally densifies under the overburden pressure of overlying strata (Cuffey & Paterson, 2010, Chapter 2). The 
firn is around 50–120 m thick, with high accumulation rate A and low surface temperature T contributing 
to a thicker firn. Interstitial pores remain connected with the overlying atmosphere, providing pathways 
for continued air movement and exchange. Vertical gas diffusion effectively halts at the lock-in depth L, 
at which point gravitational enrichment ceases and Δage becomes fixed (Battle et al.,  1996). Past varia-
bility in L is recorded directly in ice core δ15N-N2 via gravitational enrichment (Schwander, 1989; Sowers 
et al., 1992). The diffusive age of the air at L is usually negligible compared to the air of the ice at L (Buizert 
et al., 2013) and will here be ignored in calculations of Δage.

The ice-equivalent lock-in depth    IE ice0 /LE L z dz , with ρ and ρice the firn and ice densities respectively, 
reflects the amount of ice contained between the surface and L. The ratio LIE/L has been found to be nearly 
constant across a wide range of climatic conditions, and is around 0.70 (Parrenin et al., 2012). Under (near-) 
steady-state accumulation, there is a fundamental relationship between Δage and LIE:

 IEΔage .L
A� (1)

Historically, Δage in Antarctica has been estimated using firn densification modeling. A newer devel-
opment is to estimate it empirically via multi-core synchronization of the ice and gas phases via volcan-
ic and methane (CH4) stratigraphic matching, respectively (Baggenstos et  al.,  2018; Buizert et  al.,  2021; 
Epifanio et  al.,  2020; Menking et  al.,  2019). Empirical Δage calculations are implicitly included also in 
multi-core frameworks such as IceChrono and the Antarctic ice core chronology (Parrenin et  al.,  2015; 
Veres et al., 2013). The WAIS Divide ice core is particularly useful in this regard, due to its small Δage and 
high-resolution (cm-scale) CH4 record (Rhodes et al., 2015), making it a “Rosetta stone” for understanding 
Δage variability at other sites.

2.  A Minimal Model Linking Δage to Surface Temperature
2.1.  Analytical Δage Framework

Traditional firn models subdivide the firn column into three stages with distinct rates of densification that 
reflect grain boundary sliding, grain sintering, and the compression of closed bubbles, respectively (Al-
ley, 1987; Arnaud et al., 2000; Barnola et al., 1991; Herron & Langway, 1980). This work instead presents 
a single empirical relationship to capture the behavior of the firn column from the surface to the lock-in 
depth–corresponding roughly to the first two stages of densification.

The lock-in depth L scales as A divided by densification rate. Following Herron and Langway (1980), this 
gives the following scaling relationship

 / .E RTTL A e� (2)

With ET the Arrhenius-type activation energy of firn densification, R the gas constant, and α a scaling factor 
 0 1E  (Herron & Langway, 1980) that controls the sensitivity of densification rates to A. Using Equa-

tion 1, and the aforementioned observation that LIE/L is constant across a wide range of climatic conditions, 
gives

   1 /Δage ,E RTTA e� (3)
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Equations 2 and 3 can be combined to define the accumulation-independent quantity:
    1 /Δage ,E RTTL e� (4)

with 




1E

Equation 4 can be used to directly link changes in observed firn properties (Δage, L) to changes in site tem-
perature, establishing a proxy relationship. Let T1 and T2 be the site temperature at two different climatic 
states, and Δage1 and Δage2 the corresponding Δage, and L1 and L2 the corresponding L. Then,
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Treating 2
1 2E T T T  as a constant, one can calculate the temperature difference:

 
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           

2
1 1

2 1
2 2

Δageln .
Δage1 T

RT LT T
LE� (6)

Equation 6 directly relates variations in Δage, L and temperature, allowing firn properties to be used as 
an ice core temperature proxy. E T  is the geometric mean temperature, but because  2 1E T T T  , it can be 
approximated by the arithmetic mean temperature, or even T1 or T2 itself. Equation 6 is valid in Greenland 
and Antarctica and for all climatic states.

To calibrate the framework using present-day observations (Section 2.2.2), it is useful to introduce the com-
mon assumption that accumulation scales with local site temperature via the saturation vapor pressure 
(Fortuin & Oerlemans, 1990), as

 / .E RTAA e� (7)

Here, EA is the apparent Arrhenius-type activation energy for the accumulation rate. This allows us to re-
write Equations 2 and 3 as:

  / ,E E RTT AL e� (8)

   


1 /Δage .E E RTT Ae� (9)

Last, the introduction of EA allows us to use Δage as a temperature proxy at sites where past L is unknown 
due to an absence of δ15N data:

 
   

 

2
1

2 1
Δ 2

Δageln ,
Δage

RTT T
E� (10)

with    Δ 1 .T AE E E E  Because Equation 10 relies on EA it should be interpreted with caution, as the 
T-A scaling is not constant in space and time (Fudge et al., 2016; Lee et al., 2020; Monnin et al., 2004). 
Whenever δ15N data are available, Equation 6 should therefore be used instead.

2.2.  Calibration of the Analytical Δage Framework

2.2.1.  Firn Densification Model Comparison

Here, I evaluate the mathematical framework by comparing it to established firn densification models. 
Figure 1 shows L and Δage as a function of T and A for four different firn models commonly used in ice 
core research (solid lines): the Herron-Langway (HL) model (Herron & Langway, 1980), the Barnola model 
(Barnola et al., 1991; Schwander et al., 1997), the Arnaud model (Arnaud et al., 2000; Goujon et al., 2003), 
and the Bréant model (Bréant et al., 2017). I then find the α and ET values that optimize the fit of the new 
framework to the densification models (see caption for details). The HL, Barnola, and Arnaud models can 
be well approximated with the framework, yet the Bréant model cannot due to the strongly curved isopleths 
that arise from the hypothesized existence of multiple activation energies in that model.

The α reflects the effective sensitivity of the model to A. For α = 0, L becomes independent of A (vertical 
L-isopleths in Figure 1). The Arnaud and Barnola models have low sensitivity to A (α = 0.24), and the HL 
model has a higher sensitivity (α = 0.39). The effective ET values are 15.5, 16.0, and 20.0 kJ mol−1 for the 
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Barnola, Arnaud, and HL models, respectively. These effective ET values give the temperature sensitivity 
when densification is defined in terms of accumulation rates; models tend to have a higher activation ener-
gy when defined in terms of overburden pressure (60.0, 60.0, and 42.8 kJ mol−1 for stage 2 in the Barnola, 
Arnaud, and HL models, respectively).

2.2.2.  Modern-Day Spatial Patterns

Next, I calibrate the framework using modern-day observations of L and Δage at a range of sites, for which 
A and T are reasonably well constrained (Figures 2a–2c); the fitting is done only on those sites where all 
parameters (T, A, L, Δage) are known. For A (Figure 2a), the modern-day spatial pattern is well described 
by an apparent activation energy EA = 26.1 ± 2.5 kJ mol−1, per Equation 7. Figure 2a further shows the 
saturation vapor pressure at the condensation temperature (purple dashed line, see caption); condensation 
temperature is higher than surface temperature due to the strong Antarctic inversion (Connolley, 1996). The 
purple dashed line has a similar slope to the Antarctic data (black), confirming that to first order Antarctic 
accumulation is linked to vapor condensation in the warmest layer of the troposphere.

Fitting Δage and L shows that the former scales more strongly with temperature. From Equation 1, the re-
lationship  Δ A LE E E E  is expected, which is satisfied within uncertainty. Following Equations 8 and 9, let 

   Δ 1T AE E E E  and  L T AE E E E  ; inserting the fitted values and averaging the two equations gives 
    10.4 26.1 10.4T AE E E  kJ mol−1. Clearly the problem is under-constrained: rather than a single 

Figure 1.  Comparison to firn densification models. Isopleths of Δage (gray) and L (salmon) as a function of T and 
A at the site for a steady-state climate. The solid lines show the various densification models as specified at the top of 
each panel; the dashed lines provide the best fit using the simplified mathematical framework. The same Δage and L 
values are contoured in all panels, with numeric values given in upper left panel. Upper right panel shows modern-day 
climatic conditions at a wide range of well-characterized sites in Greenland and Antarctica (black dots). The α and ET 
values selected minimize the RMS offset between the firn model L and Equation 2; a constant scaling is applied such 
that Equation 2 gives an L identical to the firn model at T = −40°C and A = 8 cm a−1.
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optimal value of α and ET, the solutions fall on a line. The   , TE E  fitting parameters from the firn densifi-
cation models (Section 2.2.1) agree with the spatially calibrated framework within uncertainty (Figure 2d). 
This calibration exercise highlights a fundamental problem in firn densification modeling, namely that the 
model sensitivities to A and T are non-uniquely constrained by modern firn data alone due to the strong 
covariation of A and T in the climate system. The HL, Arnaud, and Barnola models fit firn density data 
equally well, yet they do so with very different effective sensitivities to A and T.

2.2.3.  Borehole Thermometry

In modern observations, L increases in a colder climate (Figure 2c), yet during the colder LGM, L actually 
decreases at several East Antarctic sites; this suggests a climate shift that does not follow the modern spatial 
T-A scaling. The LGM thus provides a unique opportunity for firn model calibration outside of the modern 
spatial pattern.

Borehole thermometry provides independent constraints on LGM surface temperature (Cuffey 
et al., 1995, 2016; Dahl-Jensen et al., 1998; Johnsen et al., 1995). Here, the focus is on Antarctica, using 
borehole thermometry estimates from Cuffey et al. (2016) for the WAIS Divide (WD) core and B21 for the 
EPICA Dome C (EDC) and Dome Fuji (DF) sites. In these studies, the temperature-water isotope scaling is 
calibrated by optimizing the fit to the observed borehole temperature profile; the methodology from Cuffey 

Figure 2.  Calibration of Δage framework. (a)–(c) Arrhenius plots for A, Δage and L with apparent activation energy 
derived from linear regression (gray line with uncertainty envelope). Sites are from Antarctica (black) and Greenland 
(green); all regressions are applied only to those sites for which all parameters (T, A, L, and Δage) are known. In a 
10,000 iteration Monte Carlo study all site data are perturbed randomly within their uncertainty prior to regression 
analysis; this suggests 2σ uncertainties of 2.5, 2.2, and 0.7 kJ mol−1 for EA, EΔ, and EL, respectively. The purple dashed 
line gives the slope H RT

C
/  , with H the enthalpy of sublimation (51 kJ mol−1) and TC the condensation temperature 

following  0.67 88.9C SE T T  (Jouzel & Merlivat, 1984). (d) Firn thermal activation energy ET as function of α with 
uncertainty (green line with shaded area), results from firn model fitting (green dots) and recommended values 
(asterisk). (e) and (f) Calibration using LGM temperatures from borehole thermometry for WD (blue), EDC (yellow) 
and DF (red). For EDC, the average of two ice flow thinning scenarios (one with, and one without ice divide migration) 
is used (see B21). The model-data RMS misfit is minimized for α = 0.50.
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et al. (2016) differs slightly from B21 in that it also incorporates information about past L (from δ15N data) 
to improve the borehole temperature fit.

Combining Equation 6 with the spatial calibration result (   26.1 10.4TE E  kJ mol−1), the LGM-preindus-
trial surface temperature change is calculated at WD, EDC, and DF as a function of α and compared to the 
results from borehole thermometry (Figure 2f). Preindustrial and LGM estimates of Δage and L are taken 
from B21. The root-mean-square (RMS) offset between the borehole thermometry results and Equation 6 
is minimized for α = 0.50 (Figure 2e). Based on combined results from the spatial and LGM calibration 
studies, I recommend using values of α = 0.50 ± 0.05 and ET = 23.5 ± 2.2 kJ mol−1 in Equation 6 for paleo-
climate applications (Figure 2d, asterisk).

2.2.4.  Using the Framework Without δ15N Data

For ice cores or depth ranges where δ15N data are not available yet empirical Δage estimates are, Equa-
tion 10 can be used to estimate past T. The value of the denominator ΔE E  that minimizes the 7-site RMS offset 
between Equation 6 and 10 is ΔE E   = 46.6 kJ mol−1 (Figure 3a); note that, this is similar to Equation 6 denomi-
nator  1 TE E   = 47 kJ mol−1 because the L ratio is close to unity (range of 0.87–1.1 for the sevenn Antarctic 
sites). While Equation 6 works in both Greenland and Antarctica, the presented calibration of Equation 10 
only works in Antarctica as it relies on the temporal T-A relationship that may be different for the two ice 
sheets. Because the T-A scaling varies through time (Fudge et al., 2016), a conservative uncertainty for ΔE E  
of 10 kJ mol−1 is recommended.

2.3.  Recommendations for Use of the Δage Framework

I recommend users follow these steps in applying the framework:

1.	 �Estimate Δage empirically. This can be done in multiple ways: (a) Multi-core synchronization of both 
ice-phase (ideally volcanic) and gas-phase (ideally CH4) to a core that has a small and relatively well 
known Δage. (b) Matching ice-phase and gas-phase markers in a single core. For example, the δ15N-N2 
and δ18O-ice during Greenland Dansgaard-Oeschger events. (c) The Δdepth method developed by Par-
renin et al. (2012) that is built into the IceChrono software (Parrenin et al., 2015). (d) Present-day Δage 
can be estimated from firn air sampling data (ice age at the lock-in depth).

2.	 �If available, estimate the diffusive column thickness D from δ15N data using  15 3
10N / MgD RT  with 

ΔM being the mass difference (1 × 10−3 kg mol−1) and g being the gravitational acceleration. To find 
L, add a convective zone thickness to D; typically this zone is between 0 and 6  m thick (Kawamura 
et al., 2006). At low-accumulation sites, a geothermal correction may be applied: one can estimate the 
temperature difference between surface and L using Equation 9.17 from Cuffey and Paterson (2010), 
and add 3 m to L for every degree of geothermal temperature difference between the surface and lock-in 
depth.

3.	 �Establish the reference time. Using the modern-day site, conditions is recommended, because Δage and 
L can be estimated most accurately. This reference period has temperature T1 in Equation 6.

4.	 �Apply Equation 6 with α = 0.50 ± 0.05 and ET = 23.5 ± 2.2 kJ mol−1 if L data are available. If L data are 
unavailable, use Equation 10 with ΔE E   = 46.6 ± 10 kJ mol−1 (Antarctica only).

5.	 �The state of the firn is determined by the average climate over a previous number of years roughly equal 
to Δage. Assign the interval midpoint age to the temperature estimate: use the ice age at the depth of 
the gas feature used to empirically estimate Δage, and subtract Δage/2 (equivalently, use the gas age and 
add Δage/2)

6.	 �In Greenland ice cores, consider whether your data point is close to steady-state (e.g., at the end of a 
stable climatic period). If not, discard.

7.	 �Propagate the uncertainty in L, Δage, α, and ET to get the uncertainty of the calculated temperature 
anomaly.
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3.  Discussion
3.1.  Three Case Studies

3.1.1.  Case 1: Antarctic-Wide Last Glacial Maximum Temperatures

First, I revisit the LGM temperature reconstruction from B21 (Figure 3a). The current method with Equa-
tion 6 provides a good fit to the borehole estimates at WD, EDC and DF, which is by construction given that 
the borehole estimates were used in the calibration. The current method also provides a good fit to the B21 
firn-densification modeling at the other four sites. The Δage and L estimates used here are identical to those 

Figure 3.  Δage-based temperature reconstruction: three case studies. (a) Seven-site comparison of the results by 
Buizert et al. (2021), Kahle et al. (2021), Tierney et al. (2020), Werner et al. (2018), and PMIP4 (Kageyama et al., 2021); 
a 2°C uncertainty is assigned to the Werner and Tierney reconstructions. WD, WAIS Divide; SDM, Siple Dome; TAL, 
Talos Dome; SP, South Pole; EDML, EPICA (European Project for Ice Coring in Antarctica) Dronning Maud Land; 
EDC, EPICA Dome C; DF, Dome Fuji. (b) Borehole-based reconstruction for WAIS Divide in blue with uncertainty 
envelope (Cuffey et al., 2016), Δage-based WD estimates using Equation 6 as black dots with error bars. (c) Borehole-
based GISP2 reconstruction in orange (Cuffey & Clow, 1997), firn-densification based GISP2 reconstruction in green 
with uncertainty envelope (Buizert et al., 2018), Δage-based GISP2 estimates using Equation 6 as black dots with error 
bars. Equation 6 uncertainties are founded by adding in quadrature the uncertainties related to α, ET, Δage, and L.
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used in B21; this comparison demonstrates that the current simplified Δage framework provides nearly 
identical results to a full firn modeling study, yet with significantly less work involved.

The spatial pattern of LGM cooling in Antarctica is attributed to the pattern of LGM-preindustrial elevation 
changes (Buizert et al., 2021; Werner et al., 2018). For comparison, Figure 3a further shows independent 
LGM surface cooling estimates based on water isotope diffusion lengths in the South Pole ice core (Kahle 
et al., 2021), paleo data-assimilation (Tierney et al., 2020), PMIP4 climate model simulations (Paleoclimate 
Model Intercomparison Project Phase 4; Kageyama et  al.,  2021), and traditional interpretation of water 
isotopes calibrated via the spatially calibrated slope (Werner et al., 2018). The smaller magnitude of LGM 
cooling in East Antarctica as found by B21 agrees well with the independent estimates from PMIP4 and 
Tierney et al. (2020). Note, however, that the latter two studies find less low-latitude LGM cooling than was 
recently reconstructed using groundwater noble gas ratios (Seltzer et al., 2021).

3.1.2.  Case 2: WAIS Divide Temperature History

Second, I apply Equation 6 to the Antarctic WAIS Divide ice core (Figure 3b). With a large ice thickness 
(3,450 m) and high accumulation rate (22 cm a−1 ice equivalent), WD has the optimal characteristics for 
borehole thermometry (Cuffey et al., 2016). Empirical WD Δage constraints from B21 are found by combin-
ing volcanic and CH4 stratigraphic matching to Greenland ice cores (Svensson et al., 2020; Veres et al., 2013); 
estimates of L are derived from the WD δ15N record (Buizert et al., 2015).

The Δage and borehole reconstruction methods agree within uncertainty at all depths considered (Fig-
ure 3b); this is not an independent validation of the Δage method because the WD borehole reconstruction 
was used as part of the calibration. The Δage method confirms much of the millennial-scale climate change 
of the glacial period derived from δ18O of ice. Surprisingly, the Δage method finds no Antarctic cold reversal 
(ACR, 14.7–12.8 ka BP), however an ACR cannot be ruled out due to the larger uncertainty at this time, 
and the violation of the steady-state assumption. The Δage method systematically finds around 1.5°C lower 
temperatures during marine isotope stage 3 (MIS 3, 27–60 ka BP). This mismatch is consistent with the fact 
that the empirical WD Δage values from B21 during this period are about 70 years greater than earlier cal-
culations using the borehole-based WD temperature reconstruction (Buizert et al., 2015). The Δage method 
further suggests a slightly different structure for the WD Holocene temperature trend, with higher temper-
atures around 8 ka, and lower temperatures at the Holocene onset and deglaciation.

3.1.3.  Case 3: GISP2 Temperature History

Third, I apply Equation 6 to the Greenland GISP2 ice core (Figure 3c), where the first reliable borehole tem-
perature reconstructions were made (Cuffey & Clow, 1997; Cuffey et al., 1995). Data-based Δage constraints 
are derived from the (layer-counted) age difference between the δ15N (gas phase) and δ18O (ice phase) sig-
nals associated with abrupt climate change; estimates of L are derived from the GISP2 δ15N data (Seierstad 
et al., 2014). Empirical Δage estimates at the onset of abrupt climate change events are used, at which point 
the firn column should be close to steady state.

The Δage method provides good agreement with independent prior reconstructions from borehole ther-
mometry (Cuffey & Clow, 1997) and detailed dynamical firn modeling (Buizert et al., 2014, 2018). The Δage 
method finds a Younger Dryas (12.8–11.6 ka BP) temperature that matches both other methods. During MIS 
3, the Δage method agrees with the borehole-based reconstruction. At the onset of the Bølling-Allerød (14.7 
ka BP), the method disagrees with the borehole calibration, yet it agrees with the firn-based reconstruction. 
This is not surprising given that both firn-based reconstructions rely on the same δ15N data. Note that the 
method presented here is at least an order of magnitude less work than a full dynamical firn densification 
study.

3.2.  Lessons on Firn Densification Physics

The new method provides a consistent way to compare and quantify densification model steady-state be-
havior (Figures 1 and 2d). The Barnola and Arnaud models have lower accumulation sensitivity than the 
HL model (smaller α, steeper L-isopleths). Of these three, the HL model is closest to the calibration of α 
based on independent observations from LGM borehole thermometry. Therefore, I here suggest that the 
Herron-Langway model has the most accurate response to climate variability, and therefore should be 
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the preferred model in modeling of past firn properties. Indeed, the Barnola and Arnaud models produce 
LGM-preindustrial temperature changes much smaller than those reconstructed from borehole thermom-
etry at EDC and DF (Figure 2e and B21, Figure S9). To better constrain α, detailed studies are needed at 
sites that deviate strongly from the average T-A scaling (Figure 2a), that is, high T-low A or low T-high A. 
Taylor Dome, Antarctica, would be a promising candidate site for such a study because it has a large spatial 
gradient in A at a fairly constant T (Morse et al., 1999).

The Bréant model is a modified version of the Arnaud model with a complex temperature response due to 
the use of three activation energies (1.5, 75, and 110 kJ mol−1). The simple Δage framework cannot capture 
its response adequately (Figure 1). B21 shows that the Bréant model gives comparable LGM temperature 
solutions to the HL model at the WD, DF and EDC sites, in agreement with borehole thermometry. It thus 
appears to be a valid alternative to the HL model. However, at low T, the Bréant model relies on activation 
energies much lower than those of known physical firn process. This low value is not needed to fit modern 
observations, but rather an attempt to fit LGM δ15N data at East Antarctic sites (e.g., EDC) when forcing the 
model with a large (∼9°C) LGM-preindustrial temperature change.

A correlation exists between Calcium concentration and firn density on the cm-scale, yet there is no mecha-
nistic understanding of this link (Freitag et al., 2013; Hörhold et al., 2012). Including the hypothesized dust 
softening effect in simulations of glacial-interglacial firn dynamics does not systematically improve the fit to 
observations (such as δ15N); in many cases, it worsens the fit (Bréant et al., 2017; Buizert et al., 2015, 2021). 
In the cores investigated here, Ca concentrations range from ∼0.8 ppb in the Holocene at WD (Markle 
et al., 2018) to over 400 ppb in stadials at GISP2 (Mayewski et al., 1997). Yet, a simple scaling law with two 
tunable parameters (α, ET) appears capable of capturing the T-Δage relationship in these cores within the 
uncertainty of the reconstructions (Figures 3b and 3c); this supports the idea that Ca concentrations have at 
most a minor influence on glacial-interglacial firn dynamics.

3.3.  The δ15N Model-Data Mismatch in Antarctic Glacial Climates

Previous firn densification studies have reported difficulty in fitting the relatively small glacial firn col-
umn thickness indicated by δ15N in East Antarctic sites (Bréant et al., 2017; Capron et al., 2013; Landais 
et al., 2006). Here, I follow recent studies that suggest that using realistic forcings for LGM T and A, densifi-
cation models can successfully fit LGM δ15N in East Antarctica (Buizert et al., 2021; Kahle et al., 2021). This 
section briefly explores the δ15N model-data mismatch.

The original paper on this topic suggests that uncertainty in the model forcing, particularly accumulation, 
is a likely origin of the mismatch (Landais et al., 2006). With advances in empirical Δage estimation and L 
derived from δ15N data, one can obtain accurate A estimates via Equation 1. Because Equation 1 is built into 
the Δage framework, all solutions found via Equation 6 are automatically consistent with past A. Theoreti-
cal firn models with accumulation sensitivities  0 1E  are tested (Figure 2e), and none of these obtain a 
LGM-preindustrial temperature difference of 9°C at EDC as found via the spatial-slope calibration method 
(Masson-Delmotte et al., 2010). Thus, the δ15N model-data mismatch cannot be solved via uncertainty in A 
as long as a 9°C T forcing is applied. Using T forcing at DF and EDC consistent with borehole-thermometry 
estimates can provide a consistent solution over a range of α (Figures 2e and 2f). This is the main solution 
to the δ15N mismatch problem, in the view of the author.

Model physics also plays a role. The calibration study finds that the Arnaud and Barnola models have low 
sensitivity to A (small α, see Figure 2d), which results in high LGM δ15N even when forced with relatively 
small LGM cooling. This observation agrees with Capron et al. (2013) who, using the Arnaud/Goujon mod-
el, suggest that the model is insufficiently sensitive to A. The extensive use of the Arnaud/Goujon model in 
the literature has thus likely contributed to the perception of a glacial model-data mismatch in δ15N.
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4.  Concluding Remarks
The ice core gas age-ice age difference, or Δage, is a powerful proxy for past surface temperature. The ana-
lytical framework presented here allows past temperature to be calculated directly from reconstructed firn 
properties (Δage and L). A calibration study further suggests that in particular the Arnaud and Barnola 
models underestimate the sensitivity of firn densification to accumulation rates.

This work emphasizes the need for understanding the physical environment of snow deposition in ice 
cores. High resolution CH4 and δ15N-N2 records along the full ice core depth should be a high priority for all 
ice core projects, as well as firn air sampling to document present-day firn characteristics.
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