A sequential Bayesian approach for the estimation of the age-depth relationship of Dome

Fuji ice core

Disclaimer! The following review deals with the statistical aspects of the article, not on geophysics nor

glaciology.

Summary The article presents a new model for the relationship between the age and the depth of
the Dome Fuji ice core. The model is a state space model, with observations (y,).>1 and hidden states
(3)2>0. The index z represents the depth (surface is z = 0). The hidden states are made of the age £, (in
years, the variable of interest) and of the annual rate A, of accumulation of snow, at depth z. Conditional
on a state x, = (&, A,), the next state x,41 = ({241, A2+1) is given by a non-linear transformation of x,
plus some random noise (Gaussian and log-Gaussian). This transition distribution is parametrized by 6,
assumed unknown. Inference about the states (z.).>o is performed using observations (y).>1, through
the measurement distributions p(y, | z,, ) assumed Gaussians, also parametrized by 6. The model deals
with missing data for some depths z. Joint inference of 6 and (z.),>0 given (y.).>1 is achieved using
particle Markov chain Monte Carlo methods, which constitute the state of the art in the context of
non-linear state space models. Numerical results show the approximated marginal distributions of the
parameter 6 given y;.., as well as the inference on the hidden states (x).>0 given (y,).>1 under parameter

uncertainty, i.e. the distribution p(zo.; | y1.2) = [ p(zo.2 | y1:2,0)p(6 | y1..)db.

General comments The proposed model seems novel. The formulation as a generic state space model
(referred to as sequential Bayesian model in the article, see remark below) is powerful, in that it readily
allows various modifications of the model to be envisioned: other forms of the thinning factor ©,, or of
the accumulation rate A,, or of the distributions for the noises v,, 7., €,, w,. The inference method
described in the article (particle MCMC) would be able to deal with such modifications. Therefore, the
article proposes a rather generic and scalable approach. Note that Bayesian methods and Monte Carlo
approaches have already been applied to the context of glaciology, according to a quick google search
(see [, 2]), but state space models seem to have been so far restricted to linear Gaussian models (and
thus inferred with Kalman filters, see [5]). Thus, the present article constitute a significant step forward,
catching up with modern statistical methodology.

The description of the model is fairly clear and self-contained (although see remarks below). The
article successfully demonstrates that the method can be applied to obtain various outputs from the
model: the posterior distribution of the parameters, and estimation of the age-depth relationship under
parameter uncertainty.

A slight concern about the paper: little validation of the results is presented. Some of the marginal
distributions of the parameters are compared to results previously obtained in the literature, noting that

some are consistent with the literature, and some are different, with the comment (page 954, lines 17-19):

It should be noted that these two results were based on different modeling for the accumulation

rate, and thus it should not be expected that they would necessarily provide similar results.

Indeed different results are to be expected, but it would be good to think of some criterion to evaluate the

performance of the models in an objective way. In which way is the proposed model better than previous



ones? External validation of the results would perhaps be a convincing way to promote the approach,

and here are a few things that come to mind.

e The prior distribution on the parameters should be very explicitly described (all the results depend
on it). Then, the posterior distribution could be compared to the prior, for instance using overlaid
kernel density plots. This would give a visualization of how much information is gathered on the

parameters from the data. Perhaps some parameters are easier to estimate than others?

e A simulation study on synthetic data generated from the model would also be informative. How
precisely can we identify the model parameters using synthetic dataset (using the same number of

observations as in the real dataset)?

e The model quality could be evaluated based on its predictive performance: for instance, the param-
eters could be inferred using the first 80% data points, and the remaining 20% data points could be
predicted. Certainly other criteria could be envisioned, such as Bayes factors. In fact the statistical

literature is quite rich on this topic (see [6]).

e Some aspects of the model seem more arbitrary than others: Gaussian distributions for the noise
distributions, the accumulation rate is a random walk process (why not an autoregressive process?).
The article could either justify these modelling assumptions in more details, or test various model
modifications in practice. The resulting models could be compared, again, using predictive criteria

or Bayes factors.

To conclude, the article proposes an interesting model with an application to a real dataset, and rely on
modern computational methods to perform inference. The prior distribution should be written explicitly,
along with enough implementation details for the results to be reproducible (see some remarks below).
Some objective way of assessing the quality of the model would be welcome. Other than that, my remarks

are just suggestions.

Remarks

e The language is clear. The general descriptions of the model and of the methods are fine, but the
article should allow readers to reproduce the results; it is not the case here by lack of implementation
details (lack of details on the prior distribution), details on the proposal distribution ¢(6’ | 0), etc).
Perhaps an appendix could give all the values used in the implementation that are not specified in

the main text.
e Inconsistent notation: 580 or 6180, or §'%0(2) data.

e State space models are called “sequential Bayesian models” in the article, which is non-standard and
a bit misleading, because nothing is really “Bayesian” about them (Bayes formula is just used to
obtain the recursion formula for the filtering distributions). “Bayesian” usually refers to inference
methods treating parameters as random variables, and does not refer to models. Hence, non-
Bayesian approaches could have been applied to the model of the article. Another common term

for state space models is “hidden Markov models”.



The model description is split into Section 2 & 3, starting in “continuous time” and with the
description of O, (Section 2), and then switches to discrete time and to the description of A, and
of the measurement distributions (Section 3). These sections could perhaps be combined in one

section.

page 945: Equation (14) should read
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according to Equation (12)...7

page 946: when there are multiple observations 680 within an interval of one meter, a mean is
used (presumably, without modifying the standard deviation ag}). This seems unfair, as when there
are more observations, the uncertainty should be reduced. One simple approach would be to use
the mean of the observations at each meter, but with a variance o2 divided by the number of

observations.
Again, the prior distribution on the parameter 6 should absolutely be specified somewhere.

page 948: why isn’t o included in the parameter 7 More details should be given on this. Does the

method fail if this parameter was included in 7 What are the values given to it, in the end?

In the proposed model, the transition is non-linear (because of the term 1/A4,0,) but the noise
distributions are Gaussian (if we use the parametrization z, = (§,,log A,) instead of x, = (&,, A,)).
Thus, a “locally optimal” particle filter approach could be implemented, that is, instead of prop-
agating the particles using p(z,4+1 | x,,0) and weighting using p(y,+1 | .+1, ), one could sample
from p(x,41 | T2, Y241,0) and weight the particles using p(y,+1 | -, 0); these two distributions are
Gaussian. This is called the optimal proposal scheme in [I]; it could reduce the variance of the

likelihood estimator.
page 951, line 11: “using the SMC” + algorithm 7

page 952, line ~5: perhaps give the formula for the likelihood estimator, since it is quite central in
the particle MCMC method?

page 952, not much details is given on the tuning of the proposal distribution ¢(6’ | 8). How is the

variance tuned? Using preliminary runs?

page 952, Equation (35) and onwards: it is not very clear that only the likelihood estimator p(y1.7 |
0*) on the numerator is calculated at each step, and that the one in the denominator is kept fixed.
The method would not be valid if both the numerator and the denominator estimators were drawn

at each step.

page 953, line 13: “this greatly reduces the computational cost”: does this refer to the memory cost

instead of the computational cost? Is the memory cost a problem here?

page 953, line 13: “p(y1.x | €)” should be p(y1.. | 0)?



e End of section 4: perhaps mention other particle MCMC methods. In particular, some variations
such as particle Gibbs, and particle Gibbs with ancestor sampling (see [3]), would be applicable

here and could significantly improve the performance.

e Section 5: some comments could be made on the correlations between the components of the
posterior distribution. If they are not close to zero, perhaps some pairwise scatter plots would be

informative.

e Section 5: some indication that the Markov chains have mixed would be appreciated, for instance
using traceplots instead of histograms. There is no indication in the text that multiple chains, with
the same tuning parameters and starting from various points, lead to similar results. By the way,
how were the Markov chains initialized? And how long was the burn-in period? Why was a sample

kept every fifth iteration and not at every iteration?

e On the dataset: how large is it? Can it be plotted in some way? Can it be downloaded somewhere?
It seems that the maximum depth is Z = 2,500m, and that there are a few dozen age markers (from
Figure 2); it should be described in the text.

e page 956, on the computational cost: there should be some mentions of parallel computing, which
could make 250,000 iterations with 5,000 particles much faster to run than 1,250,000 iterations with
1,000 particles. There is a rich literature on how to implement particle filters on parallel computing

hardware.

e Figure 7-9 could be replaced by traceplots of the chains, starting from a few initial points, and plots

of the average acceptance rates against number of particles, for a fixed proposal ¢(6' | 9).
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