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Abstract Three recently published papers including Napier et al. (2022, https://doi.
org/10.1029/2021PA004355) utilize novel microanalytical approaches with varved marine sediments to
demonstrate the potential to reconstruct seasonal and inter-annual climate variability. Obtaining paleoclimate
data at a resolution akin to the observational record is vitally important for improving our understanding of
climate phenomena such as monsoons and modes of variability such as the El Nifio Southern Oscillation, for
which appraisals of past inter-annual variability is critical. The ability to generate seasonal and inter annual
resolution sea surface temperature proxy time series spanning a thousand years or more is revolutionary and
has the potential to fill gaps in our knowledge of climate variability. Although generally limited to sediments
from regions with oxygen depleted bottom waters, there is great potential to integrate shorter seasonal
resolution climate “snap shots” from other archives such as annually banded corals into composite time
series. But as paleoceanographic data are used more by the observational and modeling fields, we make the
case for conducting a thorough case-by-case assessment of the processes that influence the climate signal
recovered from proxies, using careful replication to validate new approaches. Understanding or exploring
the potential influence of processes which effectively filter the climate signal will lead to more quantitative
paleoceanographic data that will better serve the broader climate science community.

Plain Language Summary Year to year differences in the strength of climate phenomena like
monsoons and El Nifio drive droughts and floods with dramatic consequences for human society. The longest
records of measurements of climate generally only extend back to the 1800s, meaning we have a very short
period of data to assess the changing climate and test climate model predictions. To obtain longer records of
climate we use proxies which relate a variable we can measure in an archive such as the width of growth bands
of coral skeletons to a climate observation such as the temperature of the sea surface. Usually, proxy climate
records from marine sediments would provide sea surface temperature (SST) values that are the average of
some 100 or 1,000 years. However, a new technique to measure climate proxies at sub mm resolution now
allows for marine sediments, especially those that accumulate distinctive dark and light layers with changing
seasons, to be used in principle to produce SST proxy data for individual seasons and years. This enables
records of year-to-year differences that extend for thousands of years to be created. These records will
undoubtedly revolutionize our understanding of the climate system and how climate proxies work.

1. Main Text

Studies in the fields of paleoceanography and paleoclimatology often justify the expense of generating climate
proxy time series with the hope that the data will improve climate models and therefore future predictions to help
mitigate the effects of climate change. Tropical hydroclimate extremes cause disastrous droughts and floods,
yet future predictions of tropical precipitation are still wide-ranging despite recent improvements (Katzenberger
et al., 2021). Changes in the upwelling of nutrient-rich waters drive strong interannual variations in productivity
and fishery yields in many regions (Rykaczewski & Checkley, 2008). The influence of tropical ocean-atmosphere
coupling such as the El Nifio Southern Oscillation mode, on sea surface temperature (SST) variability is well
known (e.g., Fedorov & Philander, 2000; Roy & Reason, 2001) yet reanalysis SST data only covers the last
150 years (Huang et al., 2017). This short observational period limits the understanding of the character and
origin of decadal and slower climate variability (Ault et al., 2013; Laepple & Huybers, 2014). Therefore, extend-
ing the marine observational record with high resolution paleoclimate data is vitally important for improving our
understanding of climate phenomena and modes for which the inter-annual to multidecadal variability is of high
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societal relevance. To date, such data are usually obtained from archives such as banded coral skeletons, with a
few individual records being some 300 years long (DeLong et al., 2013; Linsley et al., 2006; Zinke et al., 2004),
and longer composite records extending to >400 years (e.g., Cobb et al., 2003; Hendy et al., 2002). Cross dating
methods employed in dendrochronology are now increasingly being employed with marine archives, generating
annually resolved records spanning a few centuries (Black et al., 2019) or longer (Reynolds et al., 2016). Varved
sediments offer annual resolution, but are mostly from lakes, with a few studies from marine settings investigating
changes in sediment composition as a qualitative measure of runoff or dust deposition (e.g., Deplazes et al., 2013)
with a centimeter sampling resolution producing a decadal temporal resolution (e.g., Giesche et al., 2019;
Staubwasser et al., 2003).

Now, the full potential of varved marine sediments is being unlocked with novel microanalytical techniques to
produce SST records across varves at a seasonal resolution (Alfken et al., 2020; Napier et al., 2022; Wormer
et al., 2022). Although micro-analytical techniques have already been employed to map the elemental composi-
tion of varve layers (e.g., Blanchet et al., 2021), it is the ability to measure temperature proxies at seasonal reso-
lution that completely changes the scope of what can be achieved with varved sediments. Not only is an essential
climate variable (Bojinski et al., 2014) driving tropical hydroclimate being reconstructed, but by utilizing the
seasonal metronome which produces a regular annual maximum and minimum in SST in most locations, years
can potentially be more reliably counted and a robust year-by-year age obtained. For example, sub annual reso-
lution geochemical time series are used to support the annual density banding of corals, which can sometimes
produce spurious or double-density bands (e.g., DeLong et al., 2013; Felis et al., 2000) and to help identify annual
layers in ice cores using elements like calcium (e.g., Rasmussen et al., 2006). In the Napier et al. study an age
model is produced by counting years in the SST proxy which appears consistent with varve counting and 2'°Pb
dates.

The annual progression of SST in the tropics is not simply driven by changes in solar insolation but is influ-
enced by ocean-atmosphere interactions which are different in each ocean basin (Li & Philander, 1996, 1997).
Wind-induced upwelling and mixing can act to cool SST, and such processes lead to interannual variability in
SSTs that can be used as a marker to test proxy reconstructions during the observational period. When and where
interannual variability is large, proxy records should be compared with instrumental data for coherence at the
interannual level. Under ideal circumstances, interannual signals in long records from varved sediments could
enable shorter records from archives like corals to be more accurately placed in time than is possible using radi-
ometric dating techniques alone, potentially producing regional stacked records (Figure 1).

The great potential of this technique is to generate long continuous sub-annual resolution SST records on
the order of 1,000 years. With 5,000 years of varved sediments at this location in the Arabian Sea (von Rad
et al., 1999a, 1999b) and even longer varved sections at other locations (Schimmelmann et al., 2016), records of
annual resolution >1,000 years long will fill an important data gap at this frequency range to better understand, for
example, if climate models are reliably capturing climate variability at centennial and longer timescales (Laepple
& Huybers, 2014). The currently poor annual resolution data coverage from most marine settings (Tierney
et al., 2015) can now be greatly improved and soon there could be comparable marine records to terrestrial ones
like the 6,700 years record of tree ring oxygen isotopes from East Asia (Yang et al., 2021). Marine sediments with
varves occur at many places on continental shelves and in marginal seas where bottom water oxygen has been
depleted by enhanced productivity related to upwelling (e.g., Peru margin), or where circulation is restricted in
enclosed basins (e.g., Cariaco Basin, see map in Schimmelmann et al. (2016)). Not all unmixed marine sediments
are varved, as varves are produced by a strong seasonality in sediment delivery (Hughen, 2013), meaning other
locations with high sedimentation rates not disturbed by bioturbation could potentially produce annual resolution
records.

Another important advance is in the detail obtained with the new resolution of these microanalytical techniques
about the recording of the proxy signal itself. Proxies are by definition imperfect records of climatic variability;
they go through different filter stages (Dee et al., 2015; Dolman & Laepple, 2018; Evans et al., 2013): (a) the
sensor (e.g., the geochemical paleothermometer which is also sensitive to some degree to secondary factors), (b)
the heterogenous production of the sensor carrier in time and space (e.g., seasonal bias or depth habitats), (c)
archiving by sedimentation and mixing by bioturbation, where important diagenetic processes can also occur
which can alter, for example, via dissolution, or even form the proxy signal in the case of authigenic phases, and
(d) the observation by measuring properties of a discrete interval and volume of a sediment core. By applying
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Figure 1. Example of the hierarchy of observational and proxy data time series possible with varved marine sediments; comparison of observations of summer
monsoon season (JJAS) homogenous All India Rainfall (Kothawale & Rajeevan, 2017), dust deposition in the Red Sea recorded by annual banded coral skeletons
(Bryan et al., 2019a, 2019b) and the varve thickness runoff proxy data from the N. Arabian Sea (von Rad et al., 1999a, 1999b). The annual Ba/Ca seawater and rainfall
data have a weak correlation R = 0.21, p < 0.05 after linear detrending. There is no statistically significant correlation between annual Ba/Ca seawater and the varve
thickness data after detrending calling for a better process understand of the proxy signals.

micro analytical techniques to varved sediments (with no bioturbation) the filtering by stages 3 and 4 has been
removed or greatly reduced and hence more can be learned about filters 1 and 2, or the parts of 3 and 4 remaining.
Napier et al. (2022) report that the UK37 SST measured across the varved sediments does not have the full annual
amplitude, being muted in range compared to the observations (Figure 2). The authors suggest this is likely
because of the seasonal deposition of the molecules carrying the UK37 signal, which are too small to sink alone
and thus require packaging into larger particles to be deposited. This raises an often overlooked and complex topic
involving the transition between filters 2 and 3, which influences any proxy carried by small particles including
clays and organics which would remain suspended unless they aggregate, flocculate (Schieber et al., 2007), or are
consumed and defecated to form larger sinking particles (e.g., Le Moigne, 2019). This involves the interaction
of physical transport processes and the dynamics of biological productivity with the excess density provided by
CaCO; and lithogenic particle inclusions adding ballast that enhances sinking while the overall abundance of
particles is a strong factor in determining export fluxes (Xiang et al., 2022). As the export of organic carbon from
the photic zone controls the efficiency of the biological carbon pump, this is an area of intense research activity
with some recent studies highlighting the role viruses play in releasing sticky substances (Yamada et al., 2018)
which can enhance aggregation and export (Laber et al., 2018) and mucospheres produced by dinoflagellates
for foraging that package and export smaller organisms (Larsson et al., 2022). The varves at this location are
formed of carbonate poor dark regions (background sedimentation) and carbonate rich light layers produced by
strong winter sedimentation events (Liickge et al., 2001) that have been observed by sediment traps (Schulz &
von Rad, 2014).

With so many physical, chemical and ecological factors involved, developing a fully mechanistic understand-
ing will be a lengthy process. In the meantime, we can use forward models to investigate what combination of
seasonal production and temporal smoothing before deposition, perhaps through lateral advection across the
shelf (e.g., Mollenhauer et al., 2007), could produce the filtered SST records observed. To demonstrate this, we
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Figure 2. The potential effect on high resolution proxy records of mixing in the water column prior to archival in laminated
sediments. (a) Monthly ERSST for 1900-2000 as used in Napier et al. (2022). (b) A pseudo Uk37 record generated from the
ERSST data using the proxy forward model “sedproxy,” simulating a mean period of 3-month mixing of the alkenone-bearing
coccolithophores and particles in the water column before they are archived in the non-mixed, varved, sediment. Random
Gaussian measurement error of 0.23°C (1sd) was added to each modeled sea surface temperature value.

have used “sedproxy” (Dolman & Laepple, 2018) to forward model the UK37 SST using the observational SST
data as the starting point (Figures 2a—2d). This exercise reveals that the muted SST signal could result from the
mixing of the signal before deposition (in the water column and/or sediment reworking) and is difficult to recon-
cile with a seasonal production bias alone which should shift values to warmer or cooler temperatures. Future
work should explore the effects of winter deposition events on the formation of varves and the archiving of the
elemental climate signal. Forward modeling, in which proxy filtering processes are sequentially added, might
be used to identify which combination of processes best produce the observed proxy time series and which filter-
ing processes need better observational constraints to potentially distinguish between them.

While these new methods have huge potential, the complexity of the system means that many analytical and
statistical steps are necessary, which introduces the possibility of inadvertently introducing artifacts. The analyt-
ical possibilities to measure a time-series at ultra-high resolution do not imply that the climate signal can be
recovered at the same resolution and noisy data can also lead to apparent cycles that might be mis-interpreted
as seasonal climate changes (Laepple et al., 2018; Rice, 1945). For example, in Napier et al. (2022) the Uk37
timeseries was bandpass filtered in order to count seasonal peaks. By then assigning consecutive peaks to the
central month of the seasonal cycle an apparent annual cycle could be created even if the original signal is pure
noise (Figure 3). This seems to be less of a problem in the Santa Barbara basin sediments where the SST is much
cooler (Alfken et al., 2020) than in the Arabian Sea (Napier et al., 2022). Careful consideration and modeling of
these analytical steps will be one way to check whether we are misinterpreting artifacts as climate, but in some
cases, it may still be hard to distinguish climate from noise. However, we still have the fundamental tool of the
scientific method to fall back on: replication. Careful replication of other high-resolution proxies has been used
to assess their reliability as a proxy for climate (e.g., corals; Sayani et al., 2019, tree rings; Biintgen et al., 2012,
and ice-cores; Miinch & Laepple, 2018) and we recommend such replication be applied to records from varved
marine sediments in the future. Even further, we should aim to quantitatively test our understanding of the proxy
signal at different steps of the proxy formation. Replication inside one core allows to determine the variability due
to measurement uncertainty and (sediment) archive heterogeneity (Zuhr et al., 2022). Comparison of different
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Figure 3. Illustration of the potential issues with bandpass filtering before counting peaks, employing the age-model tuning
procedure performed by Napier et al. (2022) on random data not containing any cyclicity. (a) We first simulate a 100-years
long timeseries with 10 points per year from temporally autocorrelated noise and place it on a nominal depth scale, assuming
a mean of 1.5 mm per year. (b) We then apply a bandpass filter centered at the frequency of 1 year and automatically identify
local maxima in this filtered timeseries. Similar to Napier et al. (2022), a tuned age-model is then established by assuming
that each peak represents the center of 1 year. (c) The raw timeseries is then interpolated onto this tuned age model. (d)
The power spectral density of the tuned timeseries shows a clear peak at the annual frequency, whereas the original noise
timeseries does not. This shows that such a statistical processing step can create an artificial seasonal cycle as even on random
timeseries peaks will on average be identified at the center frequency of the bandpass filter.
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proxies for the same physical variable such as temperature measured in the same sample or core (Groeneveld
et al., 2019; Ho & Laepple, 2015) allows to test the interpretation and attribution of the climate signal in the
proxies. Comparison of replicates of nearby cores with similar sedimentary conditions additionally shows the
effects of age-model and sampling uncertainty and comparing nearby replicates from different sedimentation
settings (e.g., in different water depths) reveals the effect of site-specific sedimentary conditions such as signal
preservation. Finally, a comparison of the proxy signal with instrumental data includes the effect of all signal
formation steps (Alfken et al., 2020; Miinch et al., 2017) but is limited to very short time-periods. While such
studies require considerable efforts and are not possible on all occasions, they are crucial to test our understanding
often implemented in proxy forward models and identify the right model complexity for the interpretation of the
proxy signal and the reconstruction of the climate signal.

The work of Napier et al. (2022) and others (Alfken et al., 2020; Wormer et al., 2022) is a great example of
advances in analytical and computational technology revolutionizing our research capabilities. Currently some
10 m of sediment core can be subjected to micro-analysis in 1 year of laboratory work and as technology advances
and becomes more widely available this will likely increase. As proxy climate data at a resolution akin to the
observational data becomes increasingly available, the paleoceanography and paleoclimatology community has
the opportunity, and responsibility, to assess the proxy data as fully as possible, using numerical frameworks
such as “sedproxy” and theoretical frameworks such as the spectral error model “PSEM” (Dolman et al., 2021;
Kunz et al., 2020) to understand the signal of proxy climate data. To facilitate this will require more information
on seasonal and interannual particle fluxes and proxy carriers from sediment traps, tows and pumps from the
water column in specific regions. Such research is resource intensive and would require a strong community
effort to achieve this. However, this should be a priority as it will ensure the paleo-proxy data are widely used
by the broader climate science community, contributing to the improvement of climate models to help focus the
mitigation of climate change.

Data Availability Statement

The data used to produce Figure 1 are available at Bryan et al. (2019a, 2019b), Kothawale and Rajeevan (2017)
and von Rad et al. (1999a, 1999b). The R code and data used to produce Figures 2 and 3 are available at Dolman
and Laepple (2023).
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