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ABSTRACT

Geological archives provide the primary evidence for reconstructing Quaternary climate
variability, yet differences among proxy records are commonly interpreted using broad
archive categories. Such classifications can obscure the measurable controls governing the
recording and preservation of climate signals. Here, a generalized quantitative framework
is developed in which temporal resolution and signal fidelity depend primarily on accumu-
lation rate, sampling integration scale, post-depositional mixing, diffusive smoothing, and
ecological response time. Analytical formulations and numerical forward experiments show
that increasing effective temporal integration attenuates abrupt events, broadens transi-
tion durations, suppresses high-frequency variability, redistributes variance toward longer
timescales, and can generate apparent timing offsets between records responding to the
same forcing. The framework further shows that uncertainty reduction in multi-record com-
posites is limited when errors are correlated. Representative applications to Greenland
ice cores, Chinese speleothems, and North Atlantic marine sediments show how readily
available archive metadata can be translated into first-order estimates of effective temporal
resolution, climate-signal attenuation, duration inflation, and preserved climatic bandwidth.
These results indicate that Quaternary proxy records should be interpreted as filtered rep-
resentations of climate variability whose characteristics depend on archive-response pro-
cesses. Explicit integration of effective temporal resolution is essential for cross-archive
comparison, proxy synthesis, and model-data evaluation.
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» Generalized framework quantifies archive-specific temporal filtering.

Effective temporal resolution governs climate-signal preservation.

* Representative archives demonstrate practical framework application.

Temporal bandwidth enables quantitative proxy comparison.

» Framework improves proxy synthesis and model-data integration.

1. Introduction

Natural geological and biological archives provide di-
rect evidence for reconstructing Earth’s climate variability
beyond the instrumental period and encompass all Quater-
nary palaeoclimate reconstructions. Marine and lacustrine
sediments, ice cores, speleothems, peat deposits, corals,
tree rings, and other natural archives preserve evidence
of climatic fluctuations over seasonal to orbital timescales,
providing the foundation for understanding Quaternary en-
vironmental evolution [1, 2]. These archives have pre-
served abrupt climate transitions, glacial-interglacial cy-
cles, hydroclimatic variability, monsoon evolution, and
ecosystem responses across a wide range of temporal
and spatial scales [3]. Since each archive records only
selected components of the climate system through dis-
tinct physical, chemical, or biological processes, modern
palaeoclimate research increasingly relies on integrating
multiple proxy records rather than interpreting individual
archives in isolation. The development of large databases
and synthesis products has transformed palaeoclimate re-
search from individual site interpretation toward regional-
to-global synthesis, proxy-model comparison, and climate
field reconstruction [4-8].

Proxy records representing the same climatic event
often show substantial differences in amplitude, transition
duration, timing, spectral characteristics, and long-term
variance. Such discrepancies are generally attributed to
chronological uncertainty, regional climatic heterogeneity,
seasonal sensitivity, ecological complexity, proxy calibra-
tion limitations, or analytical uncertainty [9, 10]. Although
these factors contribute to inter-record variability, they do
not fully explain apparent synchronous climatic events,
often recorded with contrasting magnitudes or temporal
structures. However, an increasing body of theoretical, ob-
servational, and proxy-system modelling studies suggests
that many of these differences arise from the processes
through which climate information is recorded, modified,
preserved, and sampled within geological archives them-
selves [11-13]. Therefore, observed proxy records should
not be regarded as direct measurements of past climate
but rather as filtered representations whose characteristics
depend on archive-specific response processes.

One of the principal controls governing climate-signal
preservation is temporal integration, where environmen-
tal forcing is integrated over finite time windows during
proxy formation and subsequent archive evolution. For
stratigraphic archives, the effective temporal resolution of
an observation depends on the mathematical convolution
of environmental forcing with an archive-specific transfer
function. The resulting attenuation of climatic variability de-
pends on the combined influence of accumulation rate,
sampling interval, post-depositional mixing, molecular dif-
fusion, pore-water exchange, compaction, analytical aver-
aging, and ecological response lags, each of which broad-
ens the temporal bandwidth over which climate informa-
tion is recorded [14—16]. Similar filtering mechanisms op-
erate across a wide range of proxy systems, with their dif-
ferent physical origins. Ice-core isotope records are mod-
ified by firn diffusion [17], marine sediments are affected
by bioturbation and sediment mixing [13, 18], speleothem
proxies integrate hydrological residence times, and eco-
logical proxies such as pollen or diatoms commonly show
process-specific biological response lags and taphonomic
filters. Therefore, two archives with comparable effec-
tive temporal integration may preserve climate variabil-
ity in very similar ways despite different depositional en-
vironments. Records from the same archive type may
show substantially different behaviour if their accumulation
rates or post-depositional processes differ. This perspec-
tive changes the emphasis from archive identity to mea-
surable physical processes controlling effective temporal
resolution and climate-signal bandwidth.

The influence of temporal filtering has important im-
plications for several active areas of Quaternary science.
Reconstructions of abrupt climatic events including the
Younger Dryas, Dansgaard—Oeschger oscillations, Hein-
rich stadials, and the 8.2 ka event, are generally compared
using archives with different temporal bandwidths. High-
resolution Greenland ice cores preserve these events as
abrupt transitions occurring over years to decades [19—
21]. Many marine sediment records preserve the same
events as broader centennial-scale transitions due to lower
sedimentation rates and post-depositional mixing [22, 23].
Comparisons between speleothem and lacustrine records
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of Holocene monsoon variability reveal contrasting expres-
sions of the same climatic forcing, highlighting differences
in archive response time rather than necessarily indicating
contradictory climate histories [24]. These examples show
that temporal resolution is not merely a technical charac-
teristic of an archive but a first-order control on the climatic
information ultimately preserved.

Over the past decade, major advances in Proxy Sys-
tem Models (PSMs) have substantially improved under-
standing of how climatic information is transformed into
measurable proxy signals [11, 12]. Forward modelling
frameworks including SedProxy and PRYSM explicitly sim-
ulate archive-specific recording processes such as bio-
turbation, sediment mixing, seasonality, and proxy cali-
bration, improving quantitative interpretation of sedimen-
tary and lacustrine records [13, 25]. More recent develop-
ments include measurement-error proxy system models,
Bayesian forward-modelling frameworks, archive-specific
calibration strategies, and uncertainty-aware proxy synthe-
sis [26—29].

Parallel advances in paleoclimate data assimilation
(PDA) and climate field reconstruction (CFR) have in-
tegrated proxy observations with climate model simula-
tions to reconstruct past climate states, accounting for
observational uncertainty via Ensemble Kalman Filtering
and advanced data smoothers [30—34]. Proxy-system bi-
ases, coloured proxy noise, and archive-dependent un-
certainties can substantially influence climate reconstruc-
tions and proxy-model comparisons [35—-37]. These devel-
opments have significantly improved archive-specific inter-
pretation and uncertainty quantification.

Despite these advances, most existing approaches
remain archive-specific and require detailed parameter-
ization of individual proxy systems. Therefore, they are
not designed to provide a generalized quantitative frame-
work for comparing climate-signal preservation across het-
erogeneous geological archives. A transferable screen-
ing framework based on common physical controls would
complement existing Proxy System Models by providing
first-order estimates of effective temporal resolution before
detailed archive-specific modelling is undertaken.

This study develops a generalized quantitative frame-
work for evaluating climate-signal preservation in Quater-
nary palaeoclimate archives based on common physical
controls governing temporal integration. The framework
introduces practical metadata-based estimates of effec-
tive temporal resolution together with generalized relation-
ships describing amplitude attenuation and duration infla-
tion across archives characterized by contrasting filtering
mechanisms. Representative applications to Greenland
ice cores, Chinese speleothems, and North Atlantic ma-
rine sediments show how readily available archive meta-
data can be translated into first-order estimates of climate-
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signal preservation. Rather than replacing archive-specific
Proxy System Models, the proposed framework comple-
ments them by providing a transferable screening tool for
comparing heterogeneous archives within a common tem-
poral bandwidth.

2. Conceptual Framework and Methods
2.1. Framework Assumptions and Hypotheses

The proposed framework considers palaeoclimate
archives as dynamic systems that transform climatic forc-
ing into observable proxy signals. The objective is to iden-
tify the first-order controls driving climate-signal preserva-
tion, common across diverse Quaternary archives rather
than to reproduce archive-specific physical or geochemi-
cal processes. Accordingly, the framework adopts four sim-
plifying assumptions. (i) Climatic forcing is prescribed in-
dependently of the archive. (ii) Archive behaviour is ap-
proximated as a linear time-invariant system. (iii) Tempo-
ral filtering is represented by an effective response func-
tion. (iv) Chronological uncertainty and non-climatic noise
are treated independently from physical filtering. These
assumptions provide a generalized first-order description
of climate-signal preservation that is consistent with the
conceptual foundations of archive-specific Proxy System
Models while remaining intentionally independent of any
individual archive [11-13, 26]. The generalized sequence
through which climate information is transformed from forc-
ing to measured proxy signal is summarised schematically
in Figure 1. Each stage may introduce temporal integra-
tion, filtering, attenuation, or non-climatic modification that
influences the final observed record.

2.2. Climate Signals as Filtered Observations

The observed proxy record [ X,s(t)] is represented as
the convolution of the climatic forcing with the archive re-
sponse function [G(1)].

Kobs(t) = /jo Xaim (T)G(t — 7) d7 + £(t), (1)

where X.;m(¢) is the climatic forcing, G(t) is the effec-
tive archive response function, and «(t) represents the
combined effects of measured uncertainty, chronological
uncertainty and non-climatic noise. Applying the Fourier
transform produces Xous(f).

~

Xobs(f) = Xeim (/)G (f) +E(f). )

The hats denote Fourier transforms and f denotes fre-
quency. Equation (2) distinguishes climatic variability from
archive-dependent attenuation and provides the basis for
evaluating signal preservation in the frequency domain.
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Figure 1. Generalized conceptual framework illustrating the transformation of climate signals from external forcing to
observed palaeoclimate records. Coloured curves in the schematic panels represent the same climatic signal after pro-

gressively stronger temporal filtering (increasing Atesg).

2.3. Archive Transfer Function and Operational Bandwidth

The archive response is represented by the transfer
function G(f).
H(f) =G(f), 3)
H(f) represents the proportion of climatic variance trans-
mitted at each frequency. The effective bandwidth of an
archive is characterized by the cut-off frequency f., de-
fined by the half-power criterion, corresponding to the con-
ventional —3 dB point.

[H(f:)]* = 0.5. (4)

Frequencies exceeding f. are progressively attenuated
and contribute minimally to the observable proxy record.
The transfer function provides a generalized description of
frequency-dependent attenuation and forms the theoreti-
cal basis for interpreting the numerical experiments pre-
sented in Section 3.

2.4. Effective Temporal Resolution

The sampling-controlled temporal resolution is de-
fined by Equation (5).

(5)

where Ad is the sampling interval and R is the net accu-
mulation rate. Additional temporal smoothing produced by
sediment mixing or diffusion is represented as At,,.

L
E: (6)

where L is the effective mixing depth. Assuming that in-
dividual smoothing processes contribute additively at first
order, the effective temporal resolution is approximated

At'm =

by Ateg.
Ateff ~ Atg + Atm + Tad + Te, (7)

where At, is the sampling-controlled temporal resolu-
tion, At,, is the characteristic temporal smoothing asso-
ciated with sediment mixing or bioturbation, and r; and 7.
represent characteristic diffusion and ecological response
times, respectively. Equation (7) is not intended as a mech-
anistic derivation but as a first-order operational approx-
imation of the cumulative temporal smoothing imposed
by the principal archive-filtering processes. The individ-
ual terms are combined linearly to provide a conservative
heuristic estimate of the characteristic effective temporal
resolution governing climate-signal preservation across di-
verse archive types. This simplified formulation is adopted
to provide a transferable metric for inter-archive compari-
son rather than to describe the exact convolution of individ-
ual filtering processes, which may differ among proxy sys-
tems. Similar first-order effective timescale concepts have
been used in proxy-system and forward-modelling studies
to summarize the net influence of multiple smoothing pro-
cesses [10—12]. Throughout this study, geological ages are
expressed as ka BP (Before Present, referenced to 1950
CE), whereas yr and kyr denote durations or temporal in-
tervals used in the numerical experiments and archive-
response calculations.

2.5. Synthetic Climate Forcing

The synthetic forcing comprised four components: (i)
a zero-trend baseline, (ii) orbital- to centennial-scale os-
cillations, (iii) abrupt climate transitions represented by
Gaussian anomalies, and (iv) stochastic red noise fol-
lowing an AR(1) process. All realizations are generated
at annual resolution over a 12 kyr interval using a fixed

416



Gogoi and Bhuyan

computational time step (At = 1 yr) with fixed boundary
conditions to ensure numerical reproducibility. Parameter
values are summarized in Table 1. Synthetic climate forc-
ing is defined by Equation (8).

Xetim(t) = T(t) + Zn: A;sin(2mfit + ¢5) + > Ej(t) + N(t)

i=1 j=1
(8)
T'(t) is the long-term climatic trend, A;, f; and ¢; describe
oscillatory components, E;(t) represents abrupt climatic
events, and N(t) is stochastic noise. Synthetic forcing is
generated using a fixed computational time step (At = 1
yr) and convolved with Gaussian response kernels char-
acterized by standard deviations (o) ranging from 10 to
1000 yr. The Gaussian kernel width controls the degree
of numerical smoothing applied during the forward exper-
iments. A series of numerical experiments is carried out
by varying the Gaussian kernel width (o) and sampling
interval (At;) while maintaining identical climatic forcing
to isolate the influence of temporal integration on climate-
signal preservation. The synthetic forcing provides a con-
trolled benchmark for evaluating the influence of temporal
integration independently of archive-specific proxy-system
processes. In the synthetic forward experiments, the Gaus-
sian response kernel is parameterized by its standard de-
viation (og). For the purposes of these numerical experi-
ments, the study adopts the operational definition At.g =
og. This equivalence is a study-specific numerical con-
vention introduced solely to provide a common measure
of temporal smoothing and should not be interpreted as
a universally applicable physical relationship. For a Gaus-
sian response kernel, the corresponding full width at half
maximum (FWHM) is given by FWHM = 2.3550. In con-
trast, for natural archives, At.g is estimated independently
from measurable archive properties using Equation (7).
Therefore, the numerical experiments and the practical
archive applications employ the same operational descrip-
tor (Ateg), although obtained by different methods.

2.6. Chronological Uncertainty Propagation

Chronological uncertainty is represented using Gaus-
sian age perturbations to illustrate the influence of age un-
certainty on reconstructed climate signals independently
of physical archive filtering. The observed chronology is
represented as t(*).

t(k) = ttrue + 6t(k) (9)

5§k) denotes the kth realization sampled from the age-
depth covariance matrix, 5~ A/(0, Sage)-

The filtered archive state for each realization is de-
fined as X(E,’zl.
x® — /XchmG(t(k) —7)dr + ().

obs

(10)

An ensemble of 1000 realizations was adopted to gener-
ate uncertainty envelopes for the filtered climate signals.
Ensemble means together with 95% confidence intervals
(£20) were used to summarize chronological uncertainty.

Habitable Planet, 2026, 2(2), 413-431

2.7. Quantitative Performance Metrics

Framework performance is evaluated using two di-
mensionless indices; amplitude retention (R4) and Dura-
tion inflation (Dj).

Aobs
Ry = 11
A Aclim ) ( )
Dobe
Dy = ——. 12
! Dclim ( )

2.8. Numerical Experiments

Numerical experiments are conducted by convolving
the prescribed synthetic climatic forcing with Gaussian
response kernels having progressively increasing stan-
dard deviations (cg = 10-1000 yr). Increasing og rep-
resents progressively stronger temporal smoothing and,
within the synthetic forward experiments, is interpreted
as the corresponding effective temporal resolution (Ateg).
This study-specific convention enables direct comparison
between the numerical experiments and the metadata-
based estimates of At.g derived for representative Quater-
nary archives using Equation (7), without affecting the nu-
merical calculations or their interpretation. The response
width is systematically varied to represent archives span-
ning annual to millennial effective temporal resolutions.
Model behaviour is evaluated in terms of attenuation of
climatic-event amplitude, inflation of apparent event dura-
tion, redistribution of spectral variance, and the influence of
temporal filtering on the preservation of climate signals. All
simulations are performed using identical climatic forcing
so that differences among simulated records arose solely
from archive response characteristics. Convolution is per-
formed using the normalized Gaussian response kernel
while retaining the original time-series length throughout
the numerical experiments. To minimize boundary effects
associated with convolution, only the central portion of the
filtered time series is interpreted when evaluating event
amplitude and duration.

2.9. Practical Application

The practical applicability of the proposed framework
is evaluated using representative Quaternary archives that
encompass the principal mechanisms of temporal filter-
ing: the North Greenland Ice Core Project (NGRIP) ice
core, a Chinese speleothem record, and ODP Site 980 ma-
rine sediments. Published archive characteristics, includ-
ing sampling interval, accumulation rate, diffusion length,
and mixed-layer depth, are used to estimate effective tem-
poral resolution (At.g) for each archive. The generalized
relationships developed in this study are used to estimate
the expected attenuation of climatic-event amplitude and
inflation of apparent event duration. These representative
applications are intended to illustrate how readily available
archive metadata can be translated into first-order predic-
tions of climate-signal preservation rather than to replace
archive-specific proxy-system models.
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Table 1. Parameters used to generate the synthetic climate forcing used in the numerical forward experiments. The pa-
rameter values are selected to represent characteristic temporal scales commonly encountered in Quaternary palaeo-
climate records rather than any specific archive or geographical region. The synthetic forcing is intended to provide a
generalized benchmark for evaluating archive response, temporal filtering, and uncertainty propagation under controlled
conditions. Parameter ranges are chosen to encompass the effective temporal resolutions of annually resolved archives

(e.g., ice cores and tree rings) through low-resolution marine and lacustrine sediment records.

Mathematical

Parameter Symbol Definition/Value Units Purpose/Geological Justification
Covers the Late Glacial-Holocene transition,
Simulation duration T 12,000 yr including the Younger Dryas and Holocene
climatic evolution.
Fixed numerical integration time step used to
Computational time generate the synthetic climate forcing and perform
At 1 yr . ) L )
step forward simulations. It is independent of archive
temporal resolution.
Long-term climatic Zero baseline adopted to isolate archive filtering
T(t) 0 - L
trend effects from secular climatic trends.
Orbital-frequency 1 o aor I
component h 1/10,000 yr Represents long-period orbital-scale variability.
Millennial-frequency 1 Represents sub-orbital variability such as
f2 1/1000 yr ) ) ; e
component Bond-type or millennial climate oscillations.
Centennial- . .
frequency fs 1/200 yr—! Represents hlgh—frequeppy Holocene climate
variability.
component
Oscﬂ]ahon A, 1.0 (normalized) Dimensionless Equal amplitudes adopted to |39Iate
amplitudes frequency-dependent attenuation.
Phase angles & Random (0-27) rad Prevents grhﬁmgl phase alignment among
sinusoidal components.

Abrupt event . _ Represents rapid climate transitions comparable
function B() Gaussian anomaly to the Younger Dryas or 8.2 ka event.
Abrupt.event A 254 Dimensionless Represent§ a pronounced C|Ima.tIC excursion

magnitude relative to background variability.
Abrupt event Characteristic duration of abrupt climate
. Oe 100 yr o
duration transitions.
Backgrrﬁéjgg noise N(t) AR(1) process - Represents persistent climatic variability.
Noise standard 5% of total signal o Represents moderate proxy and environmental
. ON . /o . . . . . ™
deviation variance noise while maintaining signal detectability.
Standard deviation of the Gaussian response
Gaussian kernel kernel used to simulate archive-dependent
) oG 10-1000 yr :
width temporal smoothing. Larger values represent
progressively stronger smoothing.
Temporal interval between successive archive
Sampling interval At 1-200 yr observations used to define the sampling
component of temporal resolution.
First-order operational estimate of the cumulative
Effective temporal Derived using .‘e”‘p°Fa' smcl)qthlngllmp.osed by samp"T‘g
resolution® Ateg yr integration, mixing, diffusion, and ecological

Equation (7)

response. Used for interpretation rather than as a
direct numerical input.

* The computational time step (At), sampling interval (At,), Gaussian kernel width (o¢), and effective temporal resolution (Atef)
represent distinct quantities. At defines the numerical discretization of the simulations, At characterizes the temporal spacing of
archive observations. Within the synthetic forward experiments only, At.« is operationally taken to be equal to o¢; this convention
is adopted for numerical implementation and does not imply a general physical equivalence for natural archives.
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3. Results
3.1. Impact of Temporal Smoothing

Forward modelling shows that increasing effective
temporal smoothing (At.g) systematically changes the ob-
servable structure of climate signals. When smoothing is
weak (10-30 yr), the filtered series closely resembles the
original signal, retaining much of the short-period variabil-
ity and preserving the abrupt event near the centre of the
record (Figure 2). As At.g increases into the centennial
range and beyond, higher-frequency fluctuations are pro-
gressively damped, and the signal becomes increasingly
dominated by lower-frequency structure.

At the strongest smoothing levels (300-700 yr), the
record cannot resolve decadal to multi-decadal variabil-
ity. Instead, the filtered signal is dominated by broad
centennial- to millennial-scale fluctuations. Although the
abrupt negative excursion remains identifiable, its peak
amplitude is reduced and its boundaries become progres-
sively less distinct. These simulations show that increasing
effective temporal smoothing systematically suppresses
short-period variability while preserving broader climatic
structure.

Habitable Planet, 2026, 2(2), 413-431

3.2. Decline in Event Amplitude

The magnitude of transient events decreases mono-
tonically with increasing At.s (Figure 3). Relative peak
amplitude is highest under weak decadal smoothing and
declines rapidly as the effective averaging window en-
ters the centennial range. Beyond this threshold, additional
smoothing continues to reduce peak magnitude, although
at a slower rate.

These results show that increasing effective tempo-
ral smoothing produces predictable attenuation of transient
climatic events, with the greatest reduction occurring as
At.g increases from decadal to centennial timescales.

3.3. Smoothing Inflates Apparent Event Duration

Numerical experiments show that increasing Ates
broadens the apparent duration of abrupt climate events
(Figure 4A). With increasing smoothing, transitions be-
come more gradual, and the duration of threshold ex-
ceedance is substantially prolonged.

Comparison of the numerical simulations with the an-
alytical broadening model (Figure 4B) shows close agree-
ment across the investigated range of effective temporal
smoothing. Both approaches show that apparent event du-
ration increases systematically with increasing At.g, indi-
cating that duration inflation follows a predictable relation-
ship with temporal integration.

o
[6)]
1

= = +True signal
10 yr
30 yr

Normalized anomaly
o
1

o
a
L

-1.5

100 yr
=300 yr
700 yr

T T
4800 5000
Time (yr)

T
4400 4600

5200 5400 5600

Figure 2. Forward-modelled response of a synthetic climate signal to increasing effective temporal smoothing (Ates).
Weak smoothing preserves short-period variability and the sharp expression of the abrupt event. Stronger smoothing
progressively suppresses high-frequency fluctuations, reduces peak magnitude, and enhances the relative prominence

of longer-timescale structure.
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Figure 3. Decline in relative peak amplitude with increasing effective temporal smoothing (At.g). Short-lived climate
events are progressively attenuated as the averaging window increases from decadal to centennial and millennial scales.
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Figure 4. Broadening of abrupt climate events with temporal smoothing. (A) Simulated increase in apparent event
duration with increasing effective temporal resolution (At.g). (B) Numerical forward-model results compared with the
first-order analytical broadening relationship represented by Equation (7), showing close agreement over the investi-
gated range of temporal smoothing.
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3.4. Variance Redistribution

Spectral analysis shows a systematic redistribution of
variance across frequency bands with increasing effec-
tive temporal smoothing (At.s) (Figure 5). Under weak
smoothing (10-30 yr), a substantial proportion of the to-
tal variance is concentrated at periods shorter than 100
years. As At.g increases into the centennial and millen-
nial range, short-period variance decreases progressively,
whereas the relative contribution of centennial (100—1000
yr) and millennial (>1000 yr) variability increases.

At the highest smoothing levels, low-frequency vari-
ability dominates the filtered signal. This increase is rela-
tive rather than absolute because higher-frequency vari-
ance is preferentially removed during temporal filtering.
Therefore, the remaining variance is increasingly concen-
trated within longer-period components of the signal.

3.5. Effect of Correlated Errors

Theoretical stacking experiments show that compos-
ite uncertainty decreases with increasing numbers of
records, although the rate of reduction depends strongly
on the correlation structure of the underlying errors (Fig-
ure 6). When errors are independent (p = 0), uncertainty
decreases approximately according to the inverse square-
root relationship expected from statistical averaging.

Habitable Planet, 2026, 2(2), 413-431

As inter-record error correlation increases, uncer-
tainty reduction becomes progressively weaker. For
strongly correlated cases (p = 0.75), additional records
provide only modest reductions in uncertainty, and com-
posite uncertainty approaches an asymptotic limit.

3.6. Contrasting Archive Responses to an Abrupt Climate Event

A conceptual abrupt climate event illustrates how
identical climatic perturbations may be expressed differ-
ently in archives possessing contrasting effective temporal
resolutions (Figure 7). The high-resolution archive closely
preserves the abrupt onset and termination of the im-
posed event, whereas the low-resolution archive records
a broader, attenuated anomaly with more gradual transi-
tions.

The numerical experiment shows that increasing tem-
poral integration alone modifies the observed duration,
amplitude, and transition gradient of an identical climatic
event. The differences arise solely from variations in ef-
fective temporal smoothing while the underlying forcing re-
mains unchanged. Increasing effective temporal smooth-
ing systematically attenuates peak amplitude, broadens
apparent event duration, redistributes variance toward
longer-period variability, and limits uncertainty reduction
under correlated errors. These behaviours are reproduced
consistently across the forward simulations and provide
the quantitative basis for the practical applications pre-
sented in the following section.
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Figure 5. Redistribution of variance fraction across frequency bands under increasing effective temporal smoothing
(Atest). Progressive filtering suppresses variability at periods shorter than 100 years and increases the relative contribu-
tion of centennial (100—1000 yr) and millennial (>1000 yr) variability.

421



Gogoi and Bhuyan Habitable Planet, 2026, 2(2), 413-431

0.9

o
o®
1

e
\‘
1

o
o)}
1

o
a
1

—O0— =0
0= p = 0.25
p=0.50
=0 =0.75
= = = Ideal independent

Relative composite uncertainty
=
1

©
w
1

=)
(V)
1
T

01 1 1 1 1 I
0 5 10 15 20 25 30
Number of records
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attenuated anomaly because of stronger temporal integration.
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4. Practical Application of the Generalized Temporal-
Filtering Framework

To evaluate the practical application of the pro-
posed framework, it is applied to three representa-
tive Quaternary archives that encompass the princi-
pal mechanisms of temporal filtering encountered in
palaeoclimate research: diffusion-dominated Greenland
ice cores, sampling-dominated Chinese speleothems, and
bioturbation-dominated North Atlantic marine sediments.
These archives are selected because together they span
nearly two orders of magnitude in effective temporal res-
olution and represent the dominant classes of archive-
dependent climate-signal filtering. The objective of these
worked examples is not to reproduce individual proxy
records or replace archive-specific Proxy System Models,
but to examine how readily available archive metadata can
be translated into first-order estimates of effective tempo-
ral resolution (At.g), climate-signal attenuation, and dura-
tion inflation using the generalized framework developed in
this study. All parameter values are derived from published
archive characteristics, allowing the workflow to be readily
transferred to other Quaternary records.

Increasing effective temporal resolution systematically
alters the preservation of climatic events by reducing their
observed amplitudes and progressively broadening their
apparent durations (Figure 8). These generalized relation-
ships allow readily available archive metadata to be trans-
lated directly into first-order predictions of climate-signal
attenuation and duration inflation across diverse Qua-
ternary archives. Rather than replacing archive-specific
Proxy System Models, the framework provides a practical
screening tool for evaluating archive comparability based
on common temporal-filtering processes.
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Increasing effective temporal resolution also sys-
tematically redistributes the preserved climatic variance
across different frequency bands (Figure 9). Under weak
temporal filtering, most of the preserved variance remains
concentrated at periods shorter than 100 years, indicating
that high-frequency climatic variability is retained with lit-
tle attenuation. As effective temporal resolution increases
into the centennial range, the contribution of short-period
variability decreases progressively, whereas centennial-
scale variability becomes increasingly dominant. Under
the strongest temporal filtering, high-frequency variabil-
ity is largely removed and the preserved signal becomes
dominated by millennial-scale climatic variability.

These systematic changes explain the contrast-
ing spectral characteristics of representative Quaternary
archives (Figure 9). NGRIP retains most climatic vari-
ance at periods shorter than 100 years because its ef-
fective temporal resolution remains only a few years. Chi-
nese speleothems occupy an intermediate position where
centennial-scale variability becomes increasingly impor-
tant while much of the short-period variability is attenu-
ated. ODP Site 980 preserves predominantly millennial-
scale variability because prolonged temporal integration
suppresses higher-frequency climate fluctuations. These
representative applications show that differences among
archives arise not only from depositional environment but
also from the temporal bandwidth over which climatic in-
formation is preserved. Therefore, two archives respond-
ing to identical climatic forcing may preserve very different
portions of the climatic spectrum solely because of differ-
ences in effective temporal resolution.
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Figure 8. Practical framework for estimating archive-dependent climate-signal filtering. (A) Amplitude attenuation as a
function of effective temporal resolution (At.g) for reference climate events of 50, 200 and 1000 years duration. (B)
Inflation of apparent event duration with increasing At for the same event lengths. Symbols indicate representative
worked examples from the NGRIP ice core, a Chinese speleothem record, and ODP Site 980 marine sediments.
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Figure 9. Representative application of the generalized temporal-filtering framework to Quaternary palaeoclimate
archives. Curves illustrate the predicted redistribution of spectral variance with increasing effective temporal resolution
(Atesr). Orange symbols denote representative archive positions based on published estimates of effective temporal res-
olution for the North Greenland Ice Core Project (NGRIP), Chinese speleothems, and ODP Site 980 marine sediments.
Increasing At progressively suppresses high-frequency (<100 yr) variability while enhancing the relative contribution
of centennial (100—-1000 yr) and millennial (>1000 yr) climate variability.

4.1. NGRIP Greenland Ice Core: Diffusion-Controlled Filtering

The North Greenland Ice Core Project (NGRIP) pro-
vides a representative example of a diffusion-dominated
archive in which effective temporal resolution is controlled
primarily by annual accumulation and firn diffusion. Annual
layer thicknesses in deep NGRIP ice are approximately
1.1 cm yr~', while isotopic diffusion lengths reported for
comparable Greenland ice range from approximately 3.5
to 6 cm depending on ice properties and impurity content
[14, 19]. Using a representative sampling interval of 1 cm,
the sampling component of temporal resolution is approxi-
mately 0.9 years.

Ad 1
=5 =117 0.9 yr.
Diffusive smoothing contributes an additional effective
timescale of approximately 3-5 years.

At

g
Ta = R 32B5 Y

Such values place NGRIP within the high-resolution re-
gion of the generalized attenuation and duration-inflation

relationships (Figure 8). Because effective temporal inte-
gration remains minimal, climatic events lasting several
decades to centuries retain almost their full original ampli-
tudes while experiencing negligible duration inflation. The
corresponding position in Figure 9 indicates that most pre-
served climatic variance remains concentrated at periods
shorter than 100 years, explaining Greenland ice cores’
record of abrupt climatic transitions and high-frequency cli-
mate variability.

4.2. Chinese Speleothem Record: Sampling-controlled Filtering

The Chinese speleothem record of Cheng et al. [24]
represents a sampling-dominated archive in which tempo-
ral resolution is governed primarily by growth rate and ana-
lytical sampling because post-depositional diffusion is neg-
ligible after calcite precipitation. It provides a useful exam-
ple because its chronology and sampling strategy are ex-
ceptionally well constrained. The published temporal res-
olution varies between approximately 70 and 200 years,
with average values of about 85-120 years. In the ab-
sence of significant post-depositional smoothing, the effec-
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tive temporal resolution can be approximated by the sam-
pling resolution itself.

Ateg = 85—120 yr.

These values place the archive within the intermediate
temporal-filtering regime (Figure 8), where centennial-
scale climatic events experience only modest attenua-
tion whereas shorter climatic fluctuations become progres-
sively smoothed. Duration inflation remains modest, al-
lowing major Holocene climatic transitions to retain their
overall temporal structure despite partial suppression of
higher-frequency variability. As illustrated in Figure 9, the
preserved climatic variance shifts progressively from pe-
riods shorter than 100 years towards centennial variabil-
ity, explaining the smoother appearance of speleothem
records relative to annually resolved ice-core archives.

4.3. ODP Site 980: Bioturbation-Controlled Filtering

Marine sediments provide a contrasting example be-
cause temporal resolution is commonly limited not only by
sampling strategy but also by biological mixing within the
sediment column. ODP Site 980, a widely used North At-
lantic palaeoclimate archive, shows an average sedimen-
tation rate of approximately 15.2 cm kyr—' over the interval
considered here [38]. For a representative sampling inter-
val of 1 cm, the sampling component of temporal resolution
is approximately 66 years.

1
= {55 X 1000~ 66 yr.
However, bioturbation typically mixes several centimetres
of sediment in North Atlantic hemipelagic environments.
Assuming a representative mixed-layer depth of 5 cm
[13, 39], the bioturbation-induced smoothing timescale be-
comes approximately 329 years. The assumed mixed-
layer depth is illustrative rather than site-specific; users can
substitute locally constrained values where available.

At

5
Aty = 25 % 1000 ~ 329 yr.

Therefore, the combined effective temporal resolution is
approximately 400 years.

Ateg =~ 395 = 400 yr.
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Such large effective temporal resolution places ODP Site
980 within the strongly filtered region of the generalized
attenuation and duration-inflation relationships (Figure 8,
Table 2), where abrupt climatic events are substantially at-
tenuated and their apparent durations become markedly
inflated. Under these conditions, only a small proportion
of the original amplitude of a representative 200-year cli-
matic event is retained. The corresponding position in Fig-
ure 9 shows that most preserved climatic variance occurs
at millennial rather than centennial or decadal timescales,
demonstrating how sediment mixing and bioturbation pref-
erentially preserve long-period climate variability while
suppressing shorter climatic fluctuations. Representative
calculations for the three worked examples are summa-
rized in Table 2.

Although the numerical values presented here are
representative rather than site-specific, the workflow
is directly transferable to any Quaternary archive for
which sampling interval, accumulation rate, and princi-
pal smoothing mechanisms are known. Users may sub-
stitute site-specific parameters to obtain archive-specific
estimates of effective temporal resolution and expected
climate-signal preservation.

4.4. Implications for Archive Comparison

The representative applications show that increasing
effective temporal resolution systematically modifies both
the amplitude and spectral characteristics of preserved
climate signals. High-resolution archives such as Green-
land ice cores retain most short-period climatic variabil-
ity with minimal attenuation or duration inflation, whereas
intermediate-resolution speleothems preferentially pre-
serve centennial-scale variability. Low-resolution marine
sediments largely retain only millennial-scale climatic vari-
ability because stronger temporal integration suppresses
shorter-period fluctuations. Together, Figures 8 and 9
show that readily available archive metadata can be trans-
lated into quantitative first-order estimates of climate-
signal attenuation, duration inflation, and preserved cli-
matic bandwidth, thereby providing a practical basis for
evaluating whether different Quaternary archives can be
meaningfully compared at a given temporal scale.

Table 2. Application of the generalized temporal-filtering framework to representative Quaternary archive types. Effec-
tive temporal resolution (At.g) is estimated from published archive characteristics, and the corresponding amplitude
retention and duration inflation are obtained from the generalized lookup relationships developed in this study for a rep-

resentative 200-year climatic event.

Archive Dominant Filtering Process EASZ:?;?,;’ R’:‘tr:ipr: ::‘:; ) Inlf:::triit:lo(nx )
NGRIP ice core Diffusion 5 ~100 1.00
Chinese speleothem Sampling integration 100 ~88 1.12
ODP Site 980 marine sediment Bioturbation + sampling 400 ~14 2.24
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5. Discussion
5.1. Physical Controls on Climate-signal Preservation

The principal outcome of this study is that climate-
signal preservation in Quaternary archives is governed
primarily by measurable physical processes controlling
temporal integration rather than by archive type alone.
Conventional classifications such as marine sediments,
ice cores, speleothems, peat deposits, and lacustrine
records provide useful geological descriptions, but they
do not uniquely determine temporal resolution or climatic
fidelity. Even archives belonging to the same category
may preserve climate variability very differently because
of variations in accumulation rate, sampling interval, diffu-
sion, sediment mixing, ecological response time, or post-
depositional alteration. Archives formed within entirely dif-
ferent depositional environments may show comparable
signal preservation when their effective temporal resolu-
tions are similar.

The numerical experiments and representative appli-
cations presented in this study show that effective tempo-
ral resolution provides a common quantitative descriptor
linking these diverse archive-specific processes. Rather
than treating archive identity as a proxy for data quality
or climatic fidelity, the framework emphasizes measurable
physical controls that determine the temporal bandwidth
over which climatic information is preserved. This general-

[
1
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ized relationship between effective temporal resolution and
preserved climatic bandwidth is summarized conceptually
in Figure 10. This perspective provides a transferable ba-
sis for comparing heterogeneous Quaternary records and
for identifying the timescales over which climatic variability
can be reconstructed with confidence.

Tree rings and Greenland ice cores occupy the
highest-fidelity end of the conceptual spectrum because
rapid accumulation and minimal post-depositional mod-
ification preserve much of the original climatic variabil-
ity. Speleothems occupy an intermediate position ow-
ing to hydrological integration and analytical sampling,
whereas lacustrine and marine sediments preferentially
retain longer-timescale variability because sediment mix-
ing and lower accumulation rates progressively suppress
higher-frequency climate signals.

The practical applications presented in Section 4
show that effective temporal resolution can be estimated
directly from readily available archive metadata. There-
fore, first-order predictions of amplitude attenuation and
duration inflation can be obtained without detailed archive-
specific modelling. Although simplified, this approach pro-
vides an operational framework for evaluating the temporal
comparability of palaeoclimate archives prior to more de-
tailed proxy-system investigations.
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Figure 10. Conceptual comparison of temporal bandwidth preservation in major Quaternary palaeoclimate archives.
High-resolution archives such as ice cores and tree rings efficiently preserve high-frequency variability. Lacustrine and
marine archives capture lower-frequency climatic variability efficiently due to stronger temporal integration and post-

depositional smoothing.
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5.2. Implications for Abrupt Climate Events

One of the clearest consequences of archive-
dependent temporal filtering is its influence on the appar-
ent expression of abrupt climatic events (Figure 7). The
representative applications developed in Section 4 show
that differences in effective temporal resolution alone can
substantially modify the observed amplitude and dura-
tion of climatic transitions despite identical underlying forc-
ing. Therefore, abrupt climate events preserved in differ-
ent archives cannot necessarily be compared directly with-
out considering the temporal integration characteristics of
each archive. This principle has important implications for
the interpretation of major Quaternary climate events, in-
cluding the Younger Dryas, Dansgaard—Oeschger oscil-
lations, Heinrich stadials, and the 8.2 ka event. Green-
land ice-core records preserve many of these events with
annual-to-decadal resolution because diffusion lengths re-
main small relative to accumulation rates, whereas marine
sediment records frequently integrate the same climatic
transitions over centuries because of lower sedimentation
rates, sampling integration, and bioturbation. The contrast-
ing expressions observed among these archives need not
imply contradictory climate histories but may instead re-
flect predictable differences in archive response.

This interpretation does not suggest that temporal fil-
tering is the sole explanation for discrepancies among
palaeoclimate records. Regional climatic heterogeneity,
proxy-specific sensitivity, ecological response, and chrono-
logical uncertainty remain important contributors to ob-
served variability. The present framework shows that
archive-dependent temporal integration represents a first-
order control that should be evaluated before invoking
more complex climatic mechanisms. Apparent differences
in transition duration, event sharpness, or rates of environ-
mental change should therefore be interpreted within the
context of effective temporal resolution rather than archive
type alone.

5.3. Implications for Holocene Hydroclimate Reconstructions

The generalized framework also provides useful in-
sights into the interpretation of Holocene hydroclimate
reconstructions derived from multiple archive types. Re-
gional syntheses commonly integrate speleothems, lacus-
trine sediments, peat sequences, marine records, and
other hydroclimatic proxies to reconstruct monsoon evo-
lution and continental moisture variability. These archives
differ substantially in their dominant filtering mecha-
nisms despite often responding to similar climatic forc-
ing. Speleothems generally preserve relatively high tem-
poral resolution because post-depositional diffusion is
negligible following calcite precipitation, whereas lacus-
trine records commonly integrate catchment storage, sed-
iment mixing, ecological response, and broader chrono-
logical uncertainty. Therefore, differences between cave
and lake records at centennial timescales do not necessar-
ily imply conflicting hydroclimate histories but may instead
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arise from differences in effective temporal resolution and
archive response time.

The practical workflow developed in this study pro-
vides a direct means of estimating these effects directly
from archive metadata. Rather than relying solely on
qualitative comparisons of proxy records, effective tem-
poral resolution can be incorporated explicitly into inter-
archive comparisons to determine the temporal bandwidth
over which meaningful climatic agreement should be ex-
pected. This approach offers a practical basis for improv-
ing regional hydroclimate syntheses and for identifying the
timescales over which different proxy systems can be inter-
preted consistently. This conceptual transition from high-
frequency to low-frequency signal preservation across dif-
ferent archive types is illustrated schematically in Fig-
ure 10.

5.4. Timescale Dependence of Proxy Agreement

Agreement among proxy records is fundamentally de-
pendent on the temporal bandwidth preserved within in-
dividual archives (Figure 10). Increasing effective tem-
poral integration progressively suppresses high-frequency
climatic variability while preferentially preserving longer-
period climate signals. Therefore, archives character-
ized by contrasting effective temporal resolutions are ex-
pected to diverge most strongly at annual-to-centennial
timescales but converge progressively at millennial and or-
bital timescales. This generalized behaviour shows high-
resolution archives such as ice cores and tree rings re-
taining much of the original high-frequency climatic vari-
ability, whereas progressively stronger temporal filtering
in speleothems, lacustrine sediments, and marine sedi-
ments shifting the preserved climatic information towards
longer timescales (Figure 10). This generalized bandwidth
perspective complements the numerical experiments by
providing an integrated conceptual view of climate-signal
preservation across the principal classes of Quaternary
archives.

The progressive separation of the preservation curves
shows that archive comparability depends primarily on
shared temporal bandwidth rather than archive identity
alone. Archives with similar effective temporal resolutions
are expected to preserve comparable components of cli-
matic variability even when formed in entirely different de-
positional environments. Archives belonging to the same
geological category may preserve very different climate
signals if their effective temporal resolutions differ substan-
tially owing to variations in accumulation rate, sampling
strategy, diffusion, or post-depositional mixing. This be-
haviour is consistent with previous spectral investigations
indicating strong dependency of recoverable climatic infor-
mation on archive response functions and preserved tem-
poral bandwidth. The present framework extends these
concepts by providing a generalized metadata-based ap-
proach for estimating first-order temporal filtering with-
out requiring archive-specific forward modelling. However,
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improved agreement at longer timescales should not be
interpreted as evidence that all low-frequency variabil-
ity is equally reliable. Centennial- and millennial-scale re-
constructions are influenced by chronological uncertainty,
proxy calibration, regional climatic heterogeneity, and non-
stationary archive behaviour. Therefore, effective tempo-
ral resolution represents one component of a broader un-
certainty framework rather than a complete description of
proxy reliability.

These results suggest that palaeoclimate records
should be compared within their shared temporal band-
width rather than solely according to archive type or
nominal sampling resolution. Evaluating proxy agreement
within comparable temporal scales provides a more phys-
ically meaningful basis for interpreting apparent conver-
gence and divergence among Quaternary climate records.

5.5. Implications for Proxy Synthesis and Data Assimilation

The increasing availability of regional and global
palaeoclimate databases has transformed Quaternary re-
search from individual site interpretation towards multi-
proxy synthesis and climate field reconstruction. Large
collaborative initiatives such as PAGES2k, Temp12k, and
other global proxy compilations integrate records from di-
verse archive types to reconstruct spatial and temporal
patterns of past climate variability. While these syntheses
have substantially improved understanding of Earth’s cli-
mate evolution, they also combine archives possessing
markedly different temporal resolutions, sampling strate-
gies, and archive-response characteristics.

The present framework suggests that proxy synthe-
sis should explicitly account for effective temporal reso-
lution in addition to chronological uncertainty and proxy
calibration. Combining records with fundamentally differ-
ent temporal bandwidths may suppress high-frequency cli-
matic variability and alter the apparent timing or duration of
reconstructed events. Therefore, stacked reconstructions
should be regarded as bandwidth-weighted representa-
tions of past climate rather than direct averages of inde-
pendent observations. The generalized relationships de-
veloped in this study (Figures 8-10) provide a practical
first-order basis for implementing such bandwidth-aware
comparisons. These considerations are equally relevant
for palaeoclimate data assimilation, where proxy observa-
tions are combined with climate-model simulations to re-
construct past climate states. Incorporating estimates of
effective temporal resolution into proxy weighting schemes
offers a practical means of improving archive comparability
and reducing inconsistencies arising from unequal tempo-
ral filtering.

5.6. Relationship to Proxy System Models

The generalized framework presented here is in-
tended to complement rather than replace archive-specific
Proxy System Models (PSMs). Existing forward models,
including SedProxy, PRYSM, and related archive-specific
approaches, explicitly simulate physical, chemical, and
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biological processes governing proxy formation. These
models provide detailed mechanistic descriptions of in-
dividual archive systems but require substantial archive-
specific parameterization and calibration. The framework
developed in this study focuses on the physical pro-
cesses that are common to many Quaternary archives,
namely temporal integration, sampling, diffusion, and post-
depositional smoothing. Rather than reproducing individ-
ual proxy records, the objective is to provide general-
ized first-order estimates of effective temporal resolu-
tion, climate-signal attenuation, and duration inflation us-
ing readily available archive metadata. These comple-
mentary approaches address different scientific objec-
tives. Archive-specific Proxy System Models remain in-
dispensable where detailed site-scale reconstruction is
required, whereas the generalized framework developed
here provides a rapid screening methodology for evaluat-
ing archive comparability before undertaking computation-
ally intensive forward modelling. Therefore, the framework
may assist archive selection, guide interpretation of multi-
proxy datasets, and identify situations where more detailed
proxy-system analyses are warranted.

5.7. Implications for Model-Data Comparison

Meaningful comparison between geological proxy
records and climate-model simulations requires both
datasets to represent comparable temporal bandwidths.
Earth system models routinely resolve interannual to
decadal variability that may not be preserved in geologi-
cal archives because of temporal integration during depo-
sition, post-depositional modification, and analytical sam-
pling. Therefore, direct comparison between raw model
output and proxy observations may exaggerate apparent
disagreement by comparing fundamentally different repre-
sentations of the climate system. The generalized frame-
work provides a practical means of identifying the tempo-
ral bandwidth over which proxy observations are expected
to retain climatic information. Applying archive-equivalent
temporal filtering to climate-model output prior to compar-
ison provides a more physically consistent basis for evalu-
ating model performance. Therefore, the framework offers
a methodology for improving proxy-model comparisons
without replacing more sophisticated archive-specific for-
ward models.

5.8. Limitations and Future Directions

The framework presented here is intentionally sim-
plified and should be regarded as a first-order approx-
imation of climate-signal preservation. Real proxy sys-
tems frequently show nonlinear responses, threshold be-
haviour, seasonal bias, ecological adaptation, time-varying
accumulation rates, hiatuses, and archive-specific calibra-
tion uncertainties that are not explicitly represented in the
generalized formulation. Effective temporal resolution may
vary substantially through time within individual records
owing to changes in sedimentation rate, accumulation his-
tory, or post-depositional processes. The additive repre-
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sentation of temporal integration adopted here also as-
sumes that individual smoothing mechanisms contribute
independently to effective temporal resolution. Although
this approximation provides a practical basis for gener-
alized archive comparison, interactions among diffusion,
sediment mixing, ecological response, and analytical sam-
pling may be considerably more complex in individual
proxy systems.

Future developments should integrate the general-
ized framework with archive-specific Proxy System Mod-
els, Bayesian chronological approaches, and measured
age-depth uncertainties to provide more comprehen-
sive representations of climate-signal preservation. Ex-
tension of the framework to asymmetric response func-
tions, time-dependent accumulation histories, nonlinear
archive behaviour, and geographically distributed proxy
networks would further improve its applicability to regional
and global palaeoclimate synthesis. Application to well-
characterized observational datasets will also provide op-
portunities for quantitative evaluation of the extent to which
temporal filtering contributes to apparent disagreement
among Quaternary climate records.

6. Conclusions

This study develops a generalized quantitative frame-
work for evaluating climate-signal preservation in Quater-
nary palaeoclimate archives based on the common physi-
cal processes governing temporal integration. Rather than
treating archive type as the primary determinant of climatic
fidelity, the framework shows that effective temporal reso-
lution, controlled by measurable properties such as accu-
mulation rate, sampling interval, diffusion, sediment mix-
ing, and ecological response time, provides a transferable
basis for comparing heterogeneous geological archives.

Numerical experiments show that increasing tempo-
ral integration systematically attenuates abrupt climatic
events, inflates apparent event duration, suppresses high-
frequency variability, and redistributes climatic variance
toward longer timescales. These predictable effects pro-
vide a physical explanation for many apparent differences
among proxy records that respond to the same under-
lying climatic forcing. The representative applications to
Greenland ice cores, Chinese speleothems, and North At-
lantic marine sediments show that readily available archive
metadata can be translated into first-order estimates of
effective temporal resolution and expected climate-signal
preservation without requiring detailed archive-specific for-
ward modelling. Together with the conceptual synthe-
sis, these representative applications indicate that archive
comparability is governed primarily by shared effective
temporal resolution rather than archive identity alone.

The framework has important implications for Qua-
ternary palaeoclimate research. It provides a practical
methodology for evaluating archive comparability prior to
proxy interpretation, supports more robust comparison
of records with contrasting temporal characteristics, and
offers a physically consistent basis for multi-proxy syn-
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thesis and proxy-model comparison. Rather than replac-
ing archive-specific Proxy System Models, the proposed
methodology complements them by providing a general-
ized first-order screening tool that can guide archive se-
lection, identify potential limitations arising from tempo-
ral filtering, and improve interpretation of heterogeneous
palaeoclimate datasets.

Although intentionally simplified, the framework estab-
lishes a unified conceptual and quantitative basis for as-
sessing climate-signal preservation across diverse Qua-
ternary archives. Future developments integrating archive-
specific process models, Bayesian age modelling, and
time-dependent archive behaviour will extend its applica-
bility. As palaeoclimate research increasingly relies on in-
tegrated proxy networks and large community databases,
explicit consideration of archive-dependent temporal filter-
ing will be essential for producing more consistent recon-
structions of Earth’s past climate variability.
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