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ABSTRACT

Large uncertainties in future climate change necessitate understanding of decadal-centennial variability
in past climate. Speleothems, which capture changes in the stable isotope composition (i.e., 3180 values)
of rainfall, have been widely employed to constrain hydroclimate variability in the past due to their
continuous growth and potential for high temporal resolution. However, the interpretation of speleo-
them proxies (i.e., geochemical and growth rate records) is still imperfectly constrained. One challenge
involves understanding the transformation from rainfall 380 to calcite 3'%0. A recent advance to address
this challenge is the development of proxy system models (PSMs), which translate climate variables to
speleothem calcite 3180 values. However, the complexity and applicability of each model varies. In order
to assess which speleothem PSMs are most suitable for simulating speleothem records, we evaluate four
commonly applied PSMs, which span a range of complexity (one simple, two intermediate-complexity,
and one complex model). The evaluation is based on a given model’s ability to simulate observed drip
3'80 time series using multi-year long cave dripwater and rainfall data sets from semi-arid central Texas
and tropical Borneo. The models are based on the running mean of rainfall 50 (RM model), dripwater
transit time (PRYSM model), StorAge Selection (SAS model), and combination of flow paths in karst
systems (Karstolution model). We explore the parameter settings of these models and evaluate them
employing the Root Mean Square Errors (RMSEs) metric. We find that for drip sites in semi-arid climates
with long residence times, model complexity of at least intermediate levels is required to simulate cave
dripwater 5'80 variability. The RMSEs of intermediate-complexity PSMs (PRYSM, SAS, and Karstolution)
are close to the range of analytical errors, while the RMSE of the simple RM model is far larger. For drip
sites in wet climates with short residence times, all four models, including the RM model, are capable of
simulating cave dripwater 3'0 well. In practice, we assert that the use of models of intermediate
complexity such as PRYSM may be required when detailed knowledge of variables such as groundwater
residence time for a given cave setting is unknown. Such PSMs are useful for global-scale studies due to
their broad applicability and simplicity. We also illustrate the use of comprehensive physical models,
such as Karstolution, for understanding cave processes like fractionation due to epikarst evaporation. The
poorer performance of the PSMs in semi-arid environments than their performance in humid envi-
ronments suggests that additional in-situ process studies are needed to improve simulations of relatively
dry cave systems and provide enhanced interpretations of speleothem reconstructions from these
environments.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

has critical implications for society, including food security, energy
production, and human health. Forecasting future hydroclimate

The future response of the hydrologic cycle to climate change necessitates a comprehensive understanding of the links between
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climate and the hydrologic cycle, which can be illuminated through
the study of past climate. Our understanding of past climate vari-
ability will be advanced by integrating paleoclimate data and
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paleoclimate modeling approaches. This requires the interpretation
of past climate from a climate archive (e.g., ice cores, sedimentary
rocks, tree rings, speleothems) (Evans et al., 2013; Dee et al., 2015a).
The accurate interpretation often necessitates nuanced knowledge
of the links between climate and proxy variability as well as the
processes affecting the preservation of proxy in each archive, and
potentially, at each site. Studies that draw on proxies from multiple
archives, therefore, need to tap an increasingly broad range of
expertise and may ultimately result in overgeneralized in-
terpretations. In contrast, Proxy System Models (PSMs) facilitate
the translation of climate data into proxy data, allowing a piece-
wise evaluation of climate signal transfers. PSMs will ideally
make proxy data more useable to the broader scientific community
and generate greater consistency in data-model comparison
methods across studies, including those that integrate global data
sets (e.g., Baker et al., 2019; James et al., 2015). To this end, this
study focuses on PSMs for cave dripwater 3180, which determines
speleothem calcite 5'30 values.

Speleothems are mineral deposits (principally calcite) formed in
caves and have been widely used to investigate past hydroclimate
variability, such as monsoon variability and glacial terminations
over orbital to interannual timescales (Bar-Matthews et al., 1999;
McDermott, 2004; Wang et al., 2001, 2008; Cheng et al., 2009, 2012,
2016; Carolin et al.,, 2013, 2016). Speleothems afford high dating
precision (approaching +0.1% of estimated ages) (Cheng et al., 2013)
and high temporal resolution. Thus, speleothems offer data-rich
archives for constraining hydroclimate variability in the past.

The translation of rainfall 50 into speleothem calcite 3'0
values can be compartmentalized into two steps: (1) trans-
formation of rainfall to cave dripwater §'80 values, and (2) pres-
ervation of cave dripwater 8'0 values in speleothem calcite (Baker
et al,, 2013; Wong and Breecker, 2015). In this study, we focus on
the former since we have multi-year long cave dripwater data but
without concurrent speleothem calcite data for all study regions.
(Indeed, we acknowledge that the second step is important and
cannot be neglected when interpreting speleothem 3180.) cave
dripwater 380 variability is dampened relative to that of local
precipitation due to attenuation of high precipitation events and
mixing of relatively young and old water in the vadose zone above
the cave. Further, cave dripwater 580 values may be biased toward
a season of preferential recharge or preferential speleothem growth
(James et al., 2015) or get elevated following evaporation during
infiltration. There have been extensive efforts to understand the
impact of karst processes on speleothem records by both cave
monitoring and modeling. Monitoring is widely used to estimate
drip types, residence time of dripwater, growth rate of speleothem,
and other key parameters for one cave or global caves (Moerman
et al,, 2014; James et al, 2015; Duan et al., 2016; Baker et al,,
2019). On the other hand, spatial and temporal variability in cave
dripwater 3'80 values are modeled using both empirical and con-
ceptual approaches. There are various iterations of a conceptual,
lumped parameter hydrologic model based on single and multiple,
interconnected linear reservoirs (Gelhar and Wilson, 1974;
Wackerbarth et al.,, 2010; Kirchner et al., 2001; Partin et al., 2013;
Baker et al., 2013; Dee et al., 2015a; Hartmann et al., 2014; Treble
et al,, 2019). These models represent hydrological processes that
offer explanatory insight but often require extensive parameteri-
zation. Empirical methods typically involve the convolution of
precipitation 3'®0 time series, require less extensive parameteri-
zation, and have high predictive power when trained with suffi-
cient data. However, the explanatory depth of empirical methods is
limited because model constraints are weakly related to the char-
acteristics and processes of the system. For example, the transit
time of dripwater is related to the usually unknown flow paths
within a cave. This study focuses primarily on empirical
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approaches, which are categorized as PSMs of intermediate
complexity (IC). Such IC models strike a balance between accessi-
bility and providing a representation of reality.

Here, we test the performance of several of these approaches
using two decade-long cave dripwater data sets from semi-arid
central Texas, USA (Pape et al., 2010; Feng et al., 2014; Hulewicz,
2015; Bunnell, 2019) and Borneo, Malaysia (Moerman et al., 2014;
Ellis et al., 2020) that span multiple cycles of wet and dry condi-
tions. Although previous work has developed approaches for
modeling the temporal variability of cave dripwater 3180 values,
the performance of these methods has yet to be assessed in con-
trasting environmental settings.

Precipitation-amount-weighted averaging of the precipitation
5180 time series was successfully used to characterize seven years
of cave dripwater 5'80 in tropical Borneo (Moerman et al., 2014),
Meanwhile, Dee et al. (2015a) proposed a simple convolution of the
precipitation 3180 time series with dripwater transit time distri-
butions (i.e., the probability density function of the age of a pop-
ulation of water parcels exiting a system) in their PRoxY System
Model (PRYSM) open-source framework. An additional approach,
StorAge Selection (SAS) (Harman, 2015), quantifies transit time
distributions using functions that represent the way storage
(ranked by age) is selected and released to discharge. SAS accounts
for the effect of antecedent moisture conditions on shifts in flow
pathways and connectivity that determine the age distribution of
water exiting a system. Finally, we evaluate a high-complexity,
physics-based speleothem model, Karstolution (Treble et al,
2019), which is a multiple-component model employing several
flow pathways amongst water stores in karst systems. Our objec-
tives are to i) evaluate the added benefit of increased complexity in
each setting, and ii) provide an overview of the strengths and
weaknesses of each model, and thus guidelines for selecting an
appropriate PSM in paleoclimate studies.

2. Methods
2.1. Data

We expand cave dripwater 5'80 datasets at two central Texas
caves, Inner Space Cavern (IS) and Natural Bridge Caverns (NB)
(Pape et al., 2010; Feng et al., 2014; Hulewicz, 2015; Bunnell, 2019),
and a precipitation 3'®0 dataset following the methods of Pape
et al. (2010). The integrated dataset is shown in Table S1 (note
the new data in this study spans the period 2007 to 2014; the
“Source” column of Table S1 gives references for the source of each
data point). Dripwater was collected every 4—6 weeks from 1999
through 2018 at multiple drip sites in IS and from 1999 to 2014 in
NB, and bulk precipitation was collected approximately monthly.
Water was collected in glass vials without headspace. Rainwater
samples were collected employing a layer of mineral oil to limit
evaporation and were filtered before analysis. At the time of
collection, plastic (HDPE) vials were also filled for other analyses.
Plastic vials contained variable amounts of headspace depending
on volume limitations. All vials were sealed with Parafilm and
archived in refrigerated conditions.

The two Texas caves are located in areas where the climate
transitions from sub-humid to semi-arid. Summers are hot and
winters are mild. The annual average rainfall is 789 mm and
915 mm at NB and IS, respectively, but can vary significantly from
year to year (200—1500 mm) as the region frequently cycles
through extreme wet and dry periods. The caves developed in the
Edwards Plateau, which is a regionally extensive karstified Creta-
ceous carbonate platform. Drip sites are overlain by 40—60 m of
bedrock at NB and 20 m of bedrock at IS. Vegetation consists of
savanna with interspersed woodland patches, and soils are thin,
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averaging 20 cm.

We focus on two sites in each cave that represent dominantly
diffuse vs. conduit supplied drips based on drip rate variability,
where diffuse (conduit) sites are characterized by a low (high)
maximum drip rate and low (high) coefficient of variation. The drip
rates of sites NBSB and ISSR3 have coefficients of variation >50%
and are thus categorized as conduit-type sites (or seasonal drip
sites) (Smart and Friederich, 1986; Partin et al., 2012). Sites NBBC
and ISLM are categorized as diffuse-type sites (or seepage flow
sites). Measurements of cave dripwater 3'20 values were conducted
using a Gas Bench Inlet interface to a MAT 253 Gas Isotope Ratio
Mass Spectrometer in the Stable Isotope and Paleoclimate Analysis
(SPA) Lab at Skidmore College (Table S1). The precision of the in-
ternal water standard analyzed at the SPA Lab was better than
0.14%o for 880 (n = 11), based on twice the standard error. The
average offset between replicate analyses of sample duplicates in
the SPA Lab was 0.2%o. based on the measurement of 32 paired
analyses of 5'®0. Water collected in HDPE vials was analyzed in
cases where glass vials broke due to freezing during shipment to
the SPA lab. Comparisons (n = 4) of water sampled in glass and
HDPE at the same site and time documented offsets between water
collected and stored in glass and HDPE vials to be between 0.1 and
0.2%o for 3'80. In this manuscript, the precision of the dataset is
conservatively estimated to be 0.3%o for 3'%0, based on half the
95th percentile of replicate offset values. Finally, the offsets of 380
between the previously measured and re-analyzed samples at the
SPA laboratory mostly (10 of 11 samples) fall into this uncertainty
range for 3'%0.

Precipitation data were collected every 4—6 weeks over the
same time interval from the rooftop of the Jackson Geology
Building at the University of Texas at Austin (UT), which is located
between the cave sites. The average annual rainfall in the region
over the time period 1999—2018 is approximately 884 mm. Mea-
surements of precipitation 3180 values (n = 10) were conducted to
infill the existing precipitation stable isotope data set using a Gas
Bench Inlet interface to a MAT 253 Gas Isotope Ratio Mass Spec-
‘trometer in the Stable Isotope Lab for Critical Zone Gases at The
University of Texas, Austin. The 5'80 values of water standards in
this laboratory were reproducible within +0.1%0 (1c). Rainfall
amount data at UT (daily) is represented by the Camp Mabry station
rainfall data from the Global Historical Climatology Network
(GHCN) dataset (Menne et al.,, 2012). Although we do not have
monitoring of rainfall 880 of Texas caves, we use rainfall data at UT
to represent their rainfall data since they are relatively close to the
UT campus (IS is 30 km from UT, and NB is 80 km from UT). Cor-
relations between monthly rainfall amounts at UT, IS, and NB are
high (0.79—0.81, significant at the 95% level). As there are limited
continuous evapotranspiration data sets from 1999 to 2018, we
extract daily evaporation data at UT from the reanalysis dataset The
Modern-Era Retrospective analysis for Research and Applications,
Version 2 (MERRA-2) (Gelaro et al, 2017). Evaporation in the
dataset is mostly soil and canopy evaporation derived from the land
surface model — specifically, the Catchment model (Koster et al.,
2000) in the MERRA-2 system (Reichle et al., 2017). To investigate
how cave dripwater 3'®0 imprints hydroclimate variability, we
calculated the monthly rainfall anomalies (monthly values minus
climatological mean) at the Camp Mabry station.

The third data set, representing a tropical climate, was retrieved
from the published cave dripwater and precipitation dataset from
northwest Borneo presented in Moerman et al. (2014) and Ellis
et al. (2020), which spans the period 2006 to 2018. Dripwater
was collected every two weeks from three sites, Wind Fast (WF),
Wind Slow (WS), and Lang Second (L2), and precipitation was
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collected daily. All three drip sites are categorized as diffuse-type
based on their low drip rates and variability. The sites are located
in a tropical climate with little seasonality in temperature and
precipitation, and an annual average precipitation of 5000 mm. The
caves developed in a late Eocene to early Miocene shallow marine
carbonate platform (Melinau Limestone Formation), and drip sites
are overlain by 100 m of bedrock.

2.2. Models

Dripwater 3'80 variability at Texas and Borneo drip sites was
forward-modeled using four approaches, which increase from
lowest-complexity to highest-complexity. Brief descriptions of the
following models are introduced in Table 1 and Figure S1. Models
are partitioned into the environment (i.e., climate inputs) and
sensor models (i.e.,, model approaches, which describe proxy’s re-
sponses to climate forcing) according to Evans et al. (2013). Here,
we focus on dripwater 330 instead of calcite 3'%0; thus, we do not
discuss carbonate fractionation, speleothem growth rate, and age
uncertainties. We choose the following models because they are
widely used in the speleothem community and represent a hier-
archy of model complexity/types: a simple weighted-average al-
gorithm, a simple physical model, a travel time distribution model,
and a comprehensive physical model.

1. RM. The first approach simulates cave dripwater 5'0 by aver-
aging monthly precipitation 8'®0 values over the previous n
months weighted by monthly rainfall amount (i.e., backward
running mean (RM)):

S 1800 Py

m=i

S i P

(5]8

(1)

Ormi =

where 3'®0gy; is the simulated 3'%0 value of month i, 580y, is
monthly precipitation 3'80, P, is monthly rainfall amount, and n is
the number of months for averaging — the only free parameter in
the RM model. The monthly precipitation §'80 is the average of
daily rainfall amount-weighted precipitation 5'®0. This method is
the same as the autogenic model used in Moerman et al. (2014) for
simulating dripwater §'®0 in Borneo caves. The number of n
months is taken as the residence time of the cave dripwater.

2. PRYSM (Dee et al, 2015a). The second approach applies a
convolution to the monthly amount-weighted precipitation
3180 time series with a response function (i.e., a reaction of a
system in response to an external change) characterized by the
mean transit time of dripwater (Fig. S1) from the surface to the
cave, following the approach of Gelhar and Wilson (1974).
Conceptually, this approach simulates cave dripwater 3'80
values as a mixture of recharging precipitation 3'®0 values,
assuming a uniform distribution of water transit time. This
approach underlies the speleothem PSM in the open-source
framework for PRoxY System Modeling (PRYSM) described in
Dee et al. (2015a). PRYSM includes two model options: the well-
mixed model (Partin et al., 2013) and advection-dispersion
model (Kirchner et al., 2001; Wackerbarth et al., 2010). Both
model options assume that precipitation filters into a water
store; the subsequent outflow of this water store is cave drip-
water (Dee et al., 20154, 2017). The well-mixed model is mainly
dependent on the residence time (t) of water in that store. In



J. Hu, S.G. Dee, C.I. Wong et al.

Table 1
Model descriptions, data inputs and parameters.
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Models Data input Parameters How it works

RM Precipitation 3'%0 Months to average over Averaging precipitation 3'%0 of neighboring months, weighted by
Precipitation amount rainfall amount

PRYSM Precipitation 8'%0 Average transit time Convoluting precipitation 3'80 with a response function (depending on
Precipitation amount Peclet number (advection-dispersion model) the transit time)

SAS Precipitation 5'0 Shape parameter o Calculating dripwater 3'®0 flowing out of an epikarst store, which is

Precipitation amount
Evapotranspiration
Drip rate
Precipitation 820

Scale parameter A

Mean reservoir storage S,

Initial evapotranspiration storage Eq
Karstolution
(epikarst) and karst (ks1)

Flux rates among water stores (f;)

Epikarst evaporation (k_eevap, k_d18o_epi)

Precipitation amount
Evapotranspiration

Other parameters (https://github.com/swasc/

karstolution)

Sizes of water stores in soil (soilstore), epikarst

balanced by rainfall, evaporation, and dripwater. Water portions in
dripwater depends on water ages (described by a time-variant
probability distribution, here we use a gamma distribution)
Calculating dripwater 3'®0 flowing out of a karst water store, with
diffuse and conduit inflow from rainfall, soil store, and epikarst

principle, © can be estimated through tracer dispersion experi-
ments in the karst (McGuire and McDonnell, 2006), but in
practice, we can also compare the simulations with different ©
values to the cave monitoring data and then select t of the best-
fit simulation. This is realistic because t and the Peclet number
are the only free parameters in this model. The advection-
dispersion model is controlled by both residence time and the
Peclet number (i.e., the ratio between advection and diffusion of
water). A larger Peclet number means that advective transport is
more dominant than diffusive transport in fluids. Note that the
advective transport is always represented in the advection-
dispersion model, but not represented in the well-mixed
model. Thus, the Peclet number controls the relative impor-
tance of advection vs. diffusion transport in the advection-
dispersion model.

3. SAS (Harman, 2015). The third approach simulates dripwater
3180 values as a mixture of recharge precipitation 3'%0 values,
weighted by their (modeled) prevalence in the epikarst storage
and a non-uniform, time-varying storage age selection (SAS)
function, following Harman (2015). That is, the model simulates
water that is discharged at a drip site as a mixture of water with
young and old storage ages. The model also varies the propor-
tion of young vs. old water through time, as related to the
amount of storage in the hydrologic system. This approach
recognizes that connectivity of flow paths and the tendency for
water to use conduit vs. diffuse flow paths can change with
antecedent moisture conditions and rainfall amount. The model
does not physically simulate flowpaths in the karst system.
Instead, it is based on finding a probability distribution Qq
(called the “SAS function”) that describes how drip water is
‘selected’ from water of different ages in storage. The distribu-
tion of water ages in storage is captured in the age-ranked
storage St(T,t) (volume of water in the epikarst with an age
less than T at time t) whose evolution over time is governed by
the conservation of mass for water less than an age T:

.dir_‘gtit_)_zj(t) —Q(t)Qq(St,t) — E(t)Qe(St,t) — dS_Td(TT,_t)

(2)

The oxygen isotope ratio 8'0 in dripwater (Rq) and evapo-
transpiration (Rg) is the weighted average of water in storage that
arrived in the past from precipitation 3'°0 (Ry):

1
Ro(t)= JRj(r— To: )d9% 3)
0

1
Re(t) = ] Ry(t Ty, )do; (4)

0

here J is the rainfall rate, Q is the drip rate (expressed as volume per
time per effective recharge area), E is evapotranspiration rate, and
T,y is the age that satisfies Q= Q(S7(Ty,t),t). Fractionation due to
evapotranspiration is not considered here, so the 3'30 value asso-
ciated with ET is the same as the water store.

The portions of water parcels of different ages are dependent on
the assumed probability distribution functions. In this study, we
assume the SAS function for the dripwater, Qq, is a gamma distri-
bution, and the distribution is time-variant. That is, the cumulative
distribution function of age-ranked storage St is defined by Qq:

Qq(Sr,t) =T (St;2,5q) (5)

Sq=So+ 452 (6)

where T' is the incomplete gamma function, o is the shape
parameter, and S is the scale parameter. The mean of the distri-
bution is aSq, the value of which is indicative of the volume of water
turning over in the epikarst as precipitation makes its way to
become dripwater. We assume that the shape parameter (which
controls how skewed the distribution is) is fixed, but the scale
parameter Sq varies linearly with the variation of AS around its
mean value S, (a behavior consistent with previous catchment-
scale studies). S, is an unknown parameter that must be tuned,
and AS is calculated by tracking the epikarst water balance. The
dimensionless parameter A determines how fast Sq responds to
storage changes. Values of A < 1 suggest flow paths transmitting
younger water become more efficient under wetter conditions,
while A > 1 suggests older water become more mobile under wetter
conditions. In addition, the SAS function for evapotranspiration (ET)
from the epikarst must be specified, since it also affects the age
structure of stored water. However, fractionation due to evapora-
tion in soil and epikarst is not considered in SAS. Here the ET SAS
function was assumed to be a uniform distribution over the
youngest Eg mm of storage, reflecting root water uptake from
surface soils. We assume Eg = 500 mm, which is similar to the
values found in previous studies (Harman, 2015; Wilusz et al,
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2017). In this study, we acknowledge that the parameters we use
are not precisely optimized to get the minimum of RMSEs. Rather, a
range of values of o, S, and A were explored. We manually explored
multiple parameter spaces for each cave dripwater site to find
combinations that minimized RMSEs (please see details in Table S2)
and at the same time explored the physical meaning of each
parameter. The parameters include the (temporal) mean water
storage size S,, depth of root water uptake Eg, and two parameters
controlling the shape (¢) and scale sensitivity to epikarst storage (A)
of the dripwater SAS function.

4. Karstolution (Treble et al., 2019). The fourth approach employs
several reservoirs representing the soil, epikarst, and vadose
zone, along with monthly climate inputs, to simulate stalagmite
growth and geochemistry (Treble et al., 2019). The model
comprises two parts, to represent karst processes and in-cave
processes. Karstolution couples previous stalagmite and Kkarst-
based forward models KarstFor (Baker and Bradley, 2010;
Treble et al., 2013) and ISOLUTION (Deininger et al., 2012). The
former simulates karst processes and the latter simulates in-
cave geochemical processes. The karst processes include oxy-
gen isotope fractionation during evaporation, mixing amongst
water from matrix flow and conduit flow from water stores, and
overflow movement (water flows out of a water store when the
water level in this store exceeds a threshold). The model sim-
ulates various water pathways through soil water store, epikarst
store, and two underlying water stores before surface precipi-
tation reaches the cave ceiling. The model generates five
different types of stalagmites with different weights of their
water sources (e.g., water store, matrix flow, and overflow).
Thus, the model has multiple additional parameters that require
constraints compared to the previous three models evaluated in
this study. The Karstolution parameters used in this study are
listed in Table S3. Since Karstolution physically simulates flow
pathways and water stores, exploring its parameters provides
opportunities to learn and test hypotheses surrounding cave/
karst processes.

By evaluating this suite of modeling approaches, we employ a
tiered-analysis focusing on differences in complexity (Table 1).
PRYSM, SAS, and Karstolution models were executed using Python
scripts freely available via https://github.com/sylvia-dee/PRYSM,
https://github.com/charman2/mesas, and https://github.com/
swasc/karstolution, respectively. SAS was run using a daily time
step, while other models were run using a monthly time step.

3. Results
3.1. Texas caves

3.1.1. Cave dripwater §'%0

Variability in cave dripwater 5'30 values is muted relative to
variability in precipitation 5'80 values (Fig. 1a). This muted vari-
ability is consistent with existing cave monitoring studies at this
site (Pape et al.,, 2010; Feng et al., 2014) and other locations around
the world (Cruz et al., 2005; Lambert and Aharon, 2011; Partin et al.,
2012; Oster et al., 2012). Mean 330 values at three of the four drip
sites are consistent with the long-term amount-weighted mean
precipitation 3'80 value (—4.3%), whereas one site (NBBC) has a
larger average 5'80 value (—3.8%o; Fig. 2). Cave dripwater 5'0
values appear insensitive to large, inter-annual fluctuations of
moisture conditions above the cave (e.g., floods and droughts) and
tend to dramatically smooth the input climate signal on sub-annual
time scales (Fig. 1a). Only the drought during 2008—2010 and the
flood during 2010—2011, were preserved in cave dripwater 3'€0 of

.
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Rainfall 5*%0 (%) Cave dripwater 580 (%)

Drip rate (mL/min)

2001 2004 2007 2010 2013 2016
Year

Rainfall anomailes
{(mm/mon)

Fig. 1. Time series of precipitation and cave dripwater 3'®0 variability in Texas. (a) Cave
dripwater 3'®0 of four drip sites ISLM (green circles), ISSR3 (orange circles), NBSB
(purple circles), and NBBC (pink circles) in Natural Bridge Caverns (NB) and Inner Space
Cavern (IS). (b) Rainfall 3'®0 (gray circles) at the campus of the University of Texas,
Austin (UT) with the 12-month (unweighted) running mean of its rainfall 5'30 values
(black curve, monthly data). (c) Drip rates of four drip sites ISLM (green line), ISSR3
(orange line), NBSB (purple line), and NBBC (pink line). (d) Monthly rainfall anomalies
(gray line) at UT with its 12-month running mean (black line). Rainfall anomalies are
calculated by the monthly rainfall amount subtracting its climatological mean. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

conduit flow sites ISSR3 and NBSB (Fig. 1a, d). Cave dripwater 580
variation is typically less than 2%., whereas when moisture con-
ditions fluctuate between drought and flooding, precipitation 3'%0
values span a 10%o range. This indicates that cave dripwater 50
and probably speleothem 3'®0 in these caves does not register most
of interannual variability of droughts and floods (Pape et al., 2010).
In addition, it should be noted that cave drip rates are more sen-
sitive to different hydroclimate episodes than dripwater 3'80
(Fig. 1c, d). This implies reconstructions from the region’s speleo-
them 3'®0 may be best suited for reflecting longer-term changes
(e.g., decadal changes) in rainfall, while studies with the goal of
reconstruction of shorter-term variability may best be done at
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Fig. 2. Histograms of precipitation and cave dripwater 3'80 values highlight the limited variability in cave dripwater relative to precipitation 3'80 values. Colored lines are estimated
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conduit-dominated drip sites.

The histograms of precipitation and cave dripwater 3'80 (Fig. 2)
also show that cave dripwater 3'®0 is characterized by a much
lower variance than precipitation 5'30. In both IS and NB caves, the
conduit-type dripwater 5'80 has a larger variance than the diffuse-
type. In IS caves, the median of precipitation 3'%0 and dripwater
3180 at two sites are comparable (—4.5%0 and —4.3%o), but in NB
caves, the median of diffuse-type dripwater 3'80 (NBBC: —3.8%o) is
more positive than the median of precipitation and conduit-type
dripwater 3'80 (NBSB: —4.2%o). This difference is likely due to the
fractionation of evaporation in epikarst, a conclusion supported by
the simulation of Karstolution (see Section 3.1.2).

3.1.2. Proxy system model inter-comparison

Four PSMs of varying complexity were applied to simulate cave
dripwater 3'80 time series at several different drip sites, which
were then compared directly with the above-described cave
monitoring data (Fig. 3).

For the simulations of the RM model, we tested two cases, one
using a 12-month average and another using a 24-month average;
these values were chosen due to the fact that previous studies
(Wong et al., 2011; Bunnel, 2019) estimated the residence time of
dripwater of these two caves as 1-2 years. Since the rainfall
amount and precipitation 8'0 data used here are the same for the
four cave dripwater sites in Texas (we use precipitation 380 data at
the campus of UT Austin to represent precipitation 3180 in all caves,
Methods), all of the simulated dripwater 380 time series shown in
Fig. 3A are the same. Using the RM method, the simulated cave
dripwater 3'0 has larger variance (ranging from —7 to —3%o) than
the monitoring data (—5 to —3.5%0); the 12-month average model
features larger variance than the 24-month average model, which is
to be expected given that averaging over longer time decreases the
variance of the time series.

In PRYSM simulations, we tested both cases with residence
times of 12 and 24 months, respectively (consistent with the
parameter selection in the RM simulations), and set the Peclet
number to 1 (i.e., in the advection-dispersion model, advective
transport is equally important as diffusive transport.) (Fig. 3B). The
variability in the simulated cave dripwater 3'80 is lower than that
produced by the RM model. PRYSM successfully simulates the

correct amplitudes of major 3'®0 excursions, such as positive
anomalies in 2008 at ISLM, ISSR3, and NBSB, and negative anom-
alies in 2011 at ISLM, ISSR3, and NBSB. However, the simulated cave
dripwater 3'80 for NBBC deviates the mean of the observations by
about 1%.. As expected, the simulations with longer residence
times have smaller variance (Fig. 3B) because more old water mixes
with young water, which dampens the dripwater 3180 variability.
Moreover, the simulations produced by the well-mixed model
exhibit smaller 50 variance compared to the advection-
dispersion model (Figs. 3B and 6B), confirming that the explicit
simulation of advection facilitates faster water flows, resulting in
quicker responses to rainfall 3'%0.

The simulations of the SAS model are shown in Fig. 3C. Even
without precise calibrations (i.e., optimizing the model with one set
of parameters), the SAS model simulates a strong fit to the moni-
toring data. SAS not only reproduces the range contained in the
observations (~ 1%o at caves ISLM, ISSR3, and NBBC, and ~ 2% at
cave NBSB, Fig. 3C), but also accurately simulates major excursions
of cave dripwater 5'%0, especially for ISLM and NBSB (see, for
example, years 2007, 2009, and 2011, Fig. 3C). Small « values make
the distribution of dripwater age skewed — both very old and young
water have larger proportions, so the simulations with small a
values feature large variance (ISLM and ISSR3 in Figs. 3C and 6C).
Large A values indicate that more older water (i.e., the more well-
mixed water) comprises the outflow/dripwater, such that simula-
tions with large X values show lower variance (NBSB in Figs. 3C and
6C).

Finally, the simulations of the more complex process-based
speleothem model, Karstolution, are shown in Fig. 3D. We
explore the impacts of several parameters on the dripwater 380 in
Fig. 3D. Setting lower values of the flow from soil store to epikarst
(f1), soil store size (soilstore), drainage flux of the main karst water
store (f5), and larger main karst water store size (ks1) extends the
storage of water in various stores, which in turn extends the resi-
dence time of water in the karst system. These processes result in
lower variability of the simulated cave dripwater 3'80 in ISLM and
NBSB, providing a better match to the monitoring data (blue lines in
Fig. 3D). Furthermore, setting higher values of the isotopic evapo-
ration coefficient for epikarst store (k_d180_epi) and the fraction of
water in epikarst available to evaporate (k_eevap) in ISSR3 and
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Fig. 3. Comparison of simulated (lines) and observed Texas cave dripwater 3'80 (black circles) variability for the different modeling approaches. (A) The 12- (blue) and 24-month
(orange) amount-weighted running mean precipitation 5'®0 are shown in the top row. (B) PRYSM modeling using tau-values from 10 to 20 months are shown in the second row for
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NBBC (blue lines in Fig. 3D) results in a more accurate simulation of
cave dripwater 3'%0 in these two sites, especially considering the
high 3180 values observed at NBBC. This indicates that evaporation
in epikarst plays an important role in determining cave dripwater
00 of ISSR3 and NBBC. Moreover, the simulated cave
dripwater 3'®0 of ISSR3 and NBBC successfully captures the flood/
drought tranistions in 2007 and 2010 when comparing with rainfall
amount above caves (Fig. 1d).

To better quantify the performance of each model, we calculated

|

the root mean square errors (RMSEs) for each modeled cave drip-
water 3'80 time series. The result is synthesized in Fig. 4. The RM
model has the largest RMSEs for all simulations, while the RMSEs of
SAS and Karstolution are comparable (0.2—0.6%o for all drip sites
except NBBC). RMSEs for PRYSM are the smallest (0.01—0.25%o)
except for NBBC. The NBBC site is challenging for all models because
of its exceptionally high isotope ratios measured in the mean cave
dripwater 3'®0. This suggests that PRYSM, SAS, and Karstolution
can adequately simulate cave dripwater '0. While PRYSM
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provides some advantages compared to SAS and Karstolution, with
fewer inputs and parameter settings, the more complex models
provide more refined simulations of karst processes (e.g., flow
pathways, water store size, evaporation in epikarst). Thus, simu-
lations derived from both SAS and Karstolution provide opportu-
nities for thorough investigations of site-specific karst processes,
for example.

3.2. Borneo caves — A tropical complement

As a complementary analysis in a contrasting climate, we
simulated cave dripwater 3'®0 for Borneo caves, as originally
published in Moerman et al. (2014) and Ellis et al. (2020). The re-
sults suggest that all four models, including the RM model, simulate
Borneo dripwater 880 well, especially for drip sites WF and WS
(Fig. 5). The average RMSEs of these simulations are all less than
0.2%o, substantially out-performing the simulations of Texas cave
dripwater, whose average RMSEs are approximately 0.3—1.7%o. This
difference is largely due to the short residence time of dripwater in
Borneo caves, which is estimated to be 3 months (Moerman et al.,
2014), compared to 12—24 months for the sites studied in Texas
caves. The relatively short residence time makes the cave dripwater
3'80 much more responsive to precipitation 8'®0 changes on
shorter time scales. A shorter residence time also serves to limit the
contributions of complicating karst processes, such as mixing,
before cave drip and calcification. There are notable offsets be-
tween dripwater 3'80 of Lang’s cave (L2) and its simulations from
RM and PRYSM. Moerman et al. (2014) used a two-box mixing
model (one with the residence time of 10 months and another with
invariant water 5'80) to simulate L2. Our simulation by SAS shows
that increasing the epikarst store size (changing S, from 500 to
3600 mm) can also resolve the model-data discrepancy (Fig. 5C). In
addition, in Karstolution, decreasing the drainage flux rate of the
karst water store achieves a similar result (Fig. 5D). Taken together,
these simulation results indicate the drip site L2 either has a larger

water store size, or an exceptionally slower drainage flux rate of the
water store source than WF and WS.

4. Discussion
4.1. Texas caves

The simplified PSM which employs a running mean (RM model)
does not adequately simulate cave dripwater 3'0 measured in-situ
in four Texas cave drip sites. The RM model overestimates the
variability of observed 3'30 values, though it simulates the mean
values correctly. However, all of the intermediate-to-
comprehensive models (PRYSM, SAS, and Karstolution) simulate
cave dripwater 3'80 well (RMSEs are within 0.3%o of the analytical
error range, except for NBBC), and capture the variance of observed/
measured 5'80 (Fig. 6) and the amplitudes of several major isotope
excursions (e.g., positive anomalies in 2008 at ISLM, ISSR3, and
NBSB, and negative anomalies in 2011 at ISLM, ISSR3, and NBSB. See
Fig. 3 for reference).

Since PRYSM requires fewer parameters to be tuned than SAS
and Karstolution, PRYSM may prove practical for simulating cave
dripwater and speleothem 8'0 over a network of sites where the
karst information is poorly constrained or inconsistent amongst
sites. For example, PRYSM could be used to simulate a network of
caves in similar subtropical climates. However, if site-specific hy-
drology is known, SAS and Karstolution provide robust simulations
compared to observations for the four drip sites, and minimize the
model-data RMSE in all cases. SAS and Karstolution are thus
particularly useful for site-specific constraints or in-situ data-
model comparisons focused on local hydrology. Moreover, Kar-
stolution physically simulates flow pathways and water stores; its
parameters have intuitive physical meaning, facilitating in-
vestigations of cave processes including water store sizes, floW
rates between water stores, and epikarst evaporation. The model’s
parameters allow the user to partition the impacts of these various
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processes. For example, by exploring the parameters controlling
evaporation fractionation in epikarst (Fig. 3D), we conclude that
epikarst evaporation cannot be ignored for sites ISSR3 and NBBC,
especially for explaining the higher mean values of dripwater 5'%0
in NBBC.

To constrain the individual impacts of various model parameters
on the simulated dripwater 3'80, a suite of probability distribution
functions of dripwater 5'%0 for different sets of parameters are

given in Fig. 6. These parameter sets are selected from Fig. 3 and
their RMSEs are shown in Fig. 4. The RM model (Fig. 6A) simulates a
larger spread in 8'®0 than the observations, while a longer running
mean window (24 months) decreases the variance of simulated
dripwater 3'30. For PRYSM (Fig. 6B), the variance of the well-mixed
model is closer to the observed dripwater §'80 in the “diffuse” cave
drip site ISLM, while the variance of the advection-dispersion
model provides a closer match to observations in the “conduit”
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cave drip sites. This suggests that the well-mixed model in PRYSM
may be more suitable for diffuse drip sites, while the advection-
dispersion model is more suitable for the conduit drip sites,
matching our physical understanding of how these models repre-
sent flow paths and mixing. For SAS (Fig. 6C), the shape parameter ¢,
describing the probability function of age ranks in groundwater has
large impacts on the variance of dripwater 3'80: setting it to 0.5
instead of 1.0 results in a more highly skewed dripwater age dis-
tribution, with a larger proportion of very young water, but also
larger contributions of very old water. This produces a better fit
with the variance of observations. In addition, the parameter A
controlling the size of water storage strongly influences the vari-
ance of dripwater 3'®0. Larger }, indicating more mobilization of
older water under wet conditions, provides the closest model fit to
the NBSB record. For Karstolution (Fig. 6D), larger drainage flux (f5)
increases the variance of dripwater 5'0 (ISLM and NBSB), and a
larger fraction of epikarst water available for evaporation frac-
tionation (k_eevap) makes dripwater 3'80 more positive (ISSR3 and

10

NBBC). This result indicates the importance of considering frac-
tionation during evaporation of epikarst in Texas caves.

This work underscores the importance of considering differ-
ences between conduit-type drip sites and diffuse-type drip sites in
the choice of a PSM. Dripwater 3'80 of conduit-type sites has larger
variance than diffuse-type sites. This is expected as conduit-type
sites are more connected to the surface, so they are more respon-
sive to rain events and thus contain larger signal variance (Wong
et al, 2011). The PRYSM simulation shows that its well-mixed
mode is more suitable for diffuse-type sites and the advection-
dispersion mode is more suitable for conduit-type sites (Fig. 6B).
The differences between the two modes is due to the response
functions in PRYSM. The advection-dispersion mode has a shorter
but stronger response to rainfall events than the well-mixed mode,
and these features essentially capture the differences between
conduit-type and diffuse-type sites. The conduit-type sites are
characterized by a shorter water residence time, while the diffuse-
type sites typically exhibit longer residence times, allowing water
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of various ages to mix. Given this functionality of PRYSM, we note
that users should employ the well-mixed mode for diffuse-type
sites and the advection-dispersion mode for conduit-type sites.

4.2. Borneo caves

The Borneo caves, which are located in a high-precipitation,
tropical climate regime, yield inherently different results
compared to simulations for Texas caves. All four models, including
the RM model, simulate cave dripwater 3'80 with accuracy (Fig. 5).
The average RMSEs of these simulations are all less than 0.2%o,
substantially out-performing the simulations of Texas cave drip-
water. The result implies that the selection of appropriate PSMs
depends on the structure of the cave, specifically the residence time
of water in the cave system. Drip sites in Borneo caves have shorter
residence times and potentially simpler flow pathways. This likely
accounts for the success of the simplified model in simulating
tropical dripwater 3'0 compared to the drier, subtropical Texas
caves in this study. Rainfall may directly diffuse through soil and
epikarst and reach the ceiling of Borneo caves with little mixing
with water stores of different ages. Site L2 may have more
complicated flow pathways than WF and WS, but we can still
simulate it by simply adding a mixing reservoir (Moerman et al.,
2014)

The climate at the cave site may also have an impact. In tropical
humid regions such as Borneo, there is likely little evaporation of
water stored in the karst system; in contrast, in arid or sub-arid
regions, evaporation of water stores in the karst system drives
large changes in dripwater 3'80 via evaporative enrichment of the
water isotopes. A more complex model is required to estimate the
impacts on the dripwater caused by evaporative and storage/mix-
ing processes, evident from the Karstolution simulations. For a cave
in a humid climate with relatively short residence times, a simple
running weighted-average model is sufficient to simulate cave
dripwater 3'80, and thus, likely sufficient to model the resultant
speleothem calcite 5'80. For caves with longer residence times (>6
months) and in sub-arid regions, intermediate complexity models
such as PRYSM, SAS, and Karstolution are necessary to simulate
cave dripwater 3'80 with fidelity. In addition, Borneo drip sites
register interannual hydroclimate variability such as ENSO
(Moreman et al., 2014) due to their short residence times, while
Texas drip sites may not faithfully record interannual hydroclimate
variability. This difference informs the interpretation of speleothem
records from different climatic regions.

4.3. Selection of PSMs

All four models discussed in this study have advantages and
disadvantages in simulating cave dripwater 3'¥0 and possibly
speleothem 580,

The RM model is very convenient to use due to its simplicity and
is accurate for drip sites with short residence times (<6 months)
and simple flow pathways. RM can simulate dripwater 3'30 at
Borneo sites WF and WS. However, the accuracy of RM decreases
for caves with long residence times and complex flow pathways,
such as the Texas caves studied here. Given the simplicity of RM, it
is also useful for estimating residence times which best fit moni-
toring data by exploring possible ranges of residence times.

PRYSM is also convenient to use, and only requires two pa-
rameters - residence time (tau) and Peclet number. It is also easily
coupled to GCM outputs, facilitating the translation of climate
model simulations to pseudo-stalagmites §'80. Our results
demonstrate that PRYSM simulates dripwater 30 in better
agreement with available data compared to the RM model, and
reduces RMSE compared to more complex, comprehensive models

=
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SAS and Karstolution. However, PRYSM falls short in simulating
drip sites with complex flow pathways (e.g., simulation of site L2).
In addition, PRYSM does not allow the user to explore cave/karst
processes and combinations of different flow pathways. Thus, we
recommend PRYSM specifically for applications simulating global
pseudo-speleothem 3'80 using climate model simulations as
inputs.

SAS is a comprehensive model designed for simulating solute
transport in hydrodynamic systems. If it can be coupled with a
model of in-cave carbonate fractionation like ISOLUTION, SAS can
also simulate pseudo-stalagmite 8'80. Based on our evaluation, SAS
can simulate cave dripwater 880 well after manually tuning the
four main parameters listed in Table 1. Thus SAS provides a strong
option for simulating local dripwater §'0. SAS also provides
additional information surrounding the transport of different ages
of water in the cave, which can be readily constrained using SAS for
parameter optimization problems. Moreover, SAS can extend our
understanding of the water balance of groundwater (which it re-
quires as input). After tuning its parameters with cave monitoring
data, we can use SAS to estimate the volume of water stored in
catchments/underground in the past and future that is actively
turning over and contributing to drip water recharge.

Karstolution is a comprehensive physics-based model made for
simulating stalagmite 5'®0. Based on our evaluation, Karstolution
can simulate cave dripwater 5'20 if parameters are properly tuned.
Akey advantage of Karstolution is the ability to constrain cave/karst
processes such as flow rates between water stores, sizes of water
stores in the karst system, and fractionation due to epikarst evap-
oration. The model physically simulates mixing/diffusion processes
and flow pathways. It can be also employed to test hypotheses on
cave/karst processes. For example, we used Karstolution to confirm
the importance of epikarst evaporation in drip sites ISSR3 and
NBBC. Though there are many site-specific parameters required to
run Karstolution simulations, it is useful for cave-specific hydrology
studies.

4.4. Choices of parameters in PSMs

Both RM and PRYSM require an estimation of the water resi-
dence time in karst systems, which cannot be directly measured via
cave monitoring. Though in principle, residence time can be esti-
mated through tracer dispersion experiments in the karst (McGuire
and McDonnell, 2006), we can also estimate it based on the ge-
ometry of the cave, porosity, and drip rates. Partin et al. (2012) gave
an example of quickly estimating the residence time (7):

(7)

Tz(s )-F

where V is the bedrock volume, which can be estimated by the cave
depth and the size of the cave cone, ¢ is the porosity of the above
soil and epikarst, S is the area of the cave ceiling, d is the average
distance between drips on the ceiling, and F is the average drip rate
of drip sites. We can apply this estimated residence time to the RM
model and iterate to find the best fit. Indeed, the RM model itself is
a tool to determine the residence time (e.g. Ellis et al. (2020)).
There are four main parameters (listed in Table 1) to tune for
running SAS. We suggest tunning the parameters one by one based
on our understanding of each parameter instead of tunning all
parameters together. For example, as shown above, adjusting to
larger A values reduces the variance of dripwater 8'0. If further
optimization of parameters is needed, the DiffeRential Evolution
Adaptive Metropolis (DREAM) algorithm (Vrugt, 2016) can be
applied to find the parameter set for the best fit model following

Vo
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Wilusz et al. (2017).

Karstolution is best run by adjusting parameters one by one
based on local physical understanding for each parameter. For
example, as shown above, setting low values of drainage flux of the
karst water store (f5) decreases the variance of dripwater 5%0; a
high fraction of epikarst water available for evaporation (k_eevap)
makes the mean of dripwater 3'%0 more positive. Tuning these
parameters is alsc an opportunity to better understand the cave/
karst processes in the study drip site.

4.5. Caveats and future perspectives

We note important caveats of this work: we are evaluating how
PSMs simulate cave dripwater 3'80 instead of speleothem 880, so
future work is needed to evaluate the capability of models in
simulating in-cave processes such as equilibrium and kinetic frac-
tionation during the formation of speleothems. Secondly, the
analysis presented here using four unique models underscores the
fact that it is still challenging to simulate cave dripwater 5'80 in
sub-arid and arid climates. Future investigations are needed to
study how these PSMs perform in different climate regimes,
beyond the two regimes examined here. Furthermore, it should be
noted that the parameters of these PSMs have not been fully
optimized to minimize RMSEs. We explored different sets of pa-
rameters to explore the sensitivity of simulated dripwater to these
parameters, but future work is needed to constrain optimal pa-
rameters for each model.

In addition, there are other Kkarst/speleothem models not dis-
cussed in this study. For example, global karst hydrology models
such as VarKarst-R (Hartmann et al,, 2015) simulate large-scale
karstic groundwater recharge and incorporate karst processes
(Baker et al., 2019). These models can be coupled to climate models
and modified to simulate global cave dripwater and speleothem
380, Similar to Karstolution, model KarstMod (Mazzilli et al., 2019)
can also physically simulate karst discharge and be used to analyze
cave/karst processes. Since this study focuses on evaluating models
against monitored dripwater 3180, in-cave carbonate fractionation
is not discussed herein.

In terms of observations, rainfall amount and rainfall 380 were
monitored only at one site (Austin) to represent all cave sites in
Texas, due to limitations associated with conducting continuous
monitoring at multiple sites. This likely imparts some systematic
bias in our results, although rainfall amount data at each site is
highly correlated to rainfall at the Austin site (Please see the
Methods section for the correlations). The observational daily
evapotranspiration data is also not monitored in-situ; thus, we
extracted a regional average from a reanalysis data set. Finally, the
significantly different characteristics of cave dripwater 3'%0 in the
two close caves in Texas explored in this work underscores the
importance of cave monitoring in interpreting speleothem records.
We suggest expanding the monitoring of in-situ rainfall and
evaporation when designing cave monitoring in arid and semi-arid
climates (although this is clearly challenging to achieve, especially
for the monitoring of evaporation). For example, automated evap-
oration pans are costly compared to plain evaporation pans.
Expanding cave monitoring and speleothem model evaluations for
cave systems in dry climates would enable progress toward, for
example, identifying missing physical processes in speleothem
models and improve their performance.

4.6. Implications for paleoclimate studies
The cave dripwater 3'®0 data from Texas suggests that

interannual-scale hydroclimate events, including droughts and
floods, may not be preserved in all regional dripwaters, nor in
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speleothem 3'0 (Pape et al,, 2010; Feng et al,, 2014; Hulewicz,
2015; Baker et al., 2019; Bunnell 2019). The interannual vari-
ability in precipitation is largely smoothed out by groundwater
mixing and cave processes; only droughts and floods lasting for
several years imprint on the cave dripwater 3180 (though we
acknowledge this time series is short compared to the timescale of
the speleothem hydroclimate record). This indicates that speleo-
them 8'80 in subtropical regions, prone to drought conditions and
variable hydroclimate, may only register long-term (i.e. decadal)
hydroclimate shifts, and may not be suitable for investigating
drought variability at interannual time scales. This conclusion is
limited to this set of drip sites and should be tested for more drip
sites in both karst systems (Inner Space Cavern and Natural Bridge
Caverns) and other karst systems in subtropical regions.

5. Conclusions

Speleothem oxygen-isotope values are widely used to constrain
past low-frequency variability in the hydrological cycle. To better
understand speleothem records, speleothem PSMs directly transfer
climate variables to speleothem 3'®0, giving us quantitative
frameworks for comparing paleoclimate data to climate model
outputs. However, the proper use of speleothem PSMs requires a
verification of their reliability and usefulness for a variety of sci-
entific questions.

To this end, the paper aims to evaluate which speleothem PSMs
are most suitable for simulating speleothem records in different
climate regimes. Long term monitoring data (19-year cave drip-
water data sets from semi-arid central Texas, United States, and 13-
year dripwater from Borneo, Malaysia) facilitates a tiered inter-
model comparison approach. We used a hierarchy of PSMs of
varying complexity to evaluate the fidelity of PSMs in capturing
isotope hydrology. For Texas caves, which are located in subtropical
to sub-arid regions, we show that the most simplified model (RM)
can capture the mean values of cave dripwater 380, but fails to
simulate the amplitudes of dripwater 5'80 variability. Conversely,
other IC models, PRYSM, SAS, and Karstolution, can simulate the
variance of dripwater 8'80 and major excursions of 3'80 well, with
RMSEs close to reported analytical (measurement) error (+0.3%o).
The well-mixed mode of PRYSM is more suitable for diffuse-type
drip sites, and the advection-dispersion mode is suitable for
conduit-type drip sites. For the Borneo caves (representing a
tropical, humid climate), the RM model simulates cave dripwater
3'80 with similar RMSE to those of IC models. This is likely due to
the wet climate and short residence time of water in the vadoze
zone. The short residence time in these caves limits the require-
ment for the model representation of complex karst processes,
which “lowers the bar” for models to simulate dripwater 3'80 with
accuracy.

We envision that these results will help guide model-user
choices in selecting an appropriate speleothem model for a cave-
related study. Firstly, if the residence time and mean climate of a
given cave or set of caves are well-constrained via cave monitoring,
that information can be used to guide the selection of an appro-
priate PSM. If cave dripwater 3'80 responds to precipitation 50
quickly (i.e., short residence time <6 months) and the cave is
located in a wet, tropical climate, the RM model is a defensible
choice for simulating dripwater 5'20. By contrast, caves with long
residence times (>6 months) likely require intermediate speleo-
them PSMs like PRYSM to simulate speleothem 3'80. PRYSM also
only requires inputs of precipitation amount and precipitation 5180,
and contains fewer parameters to tune compared with SAS and
Karstolution. More complex models like SAS (with a carbonate
fractionation model like ISOLUTION) and Karstolution can most
accurately simulate speleothem 5180 (with RMSEs close toO
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analytical errors) but require tuning large sets of parameters. Sec-
ondly, selecting a PSM depends on the user’s scientific application
and question. Investigations of highly-constrained cave sites with
long-term cave monitoring data may uniquely benefit from the use
of complex models such as SAS and Karstolution, especially in
water-scarce regions where high-level constraints on local hy-
drology are sorely needed. In addition, to thoroughly understand
cave/karst processes in a particular cave, Karstolution is useful due
to the greater number of physical processes simulated. However,
for applications simulating global pseudo-speleothem 3'®0 using
climate model simulations as inputs, PRYSM is recommended given
its relative ease of tuning and few parameters; despite its
simplicity, PRYSM simulates the necessary physical processes in
karst systems yielding realistic simulations of dripwater §'80.
Finally, for the simulation of global pseudo-speleothem 8'80, we
note that PRYSM is not the only option. Global karst hydrology
models like VarKarst-R can also simulate large-scale Kkarstic
groundwater recharge and incorporate karst processes.

This paper delineates a framework for the broader paleoclimate
data-model comparison community to identify and distinguish
between the various PSMs that have recently been published. Given
the recent advancements of global datasets of paleoclimate records
(Emile-Geay et al., 2017; Atsawawaranunt et al., 2018; Konecky
et al, 2020), isotope-enabled climate models (Schmidt et al.,
2005; Risi et al, 2012; Dee et al, 2015b; Yoshimura, 2015;
Nusbaumer et al.,, 2017; Brady et al., 2019; Stevenson et al., 2019),
and paleoclimate reanalysis products employing novel data
assimilation techniques (Hakim et al., 2016; Steiger et al., 2018;
Tardif et al., 2019), the necessity of suitable PSMs bridging climate
variables and paleoclimate proxies is ever-growing. We envision
broader use of PSMs in paleoclimate data-model comparison and
cutting-edge applications in paleoclimate data assimilation
(Comboul et al, 2015; Dee et al., 2016; Steiger et al., 2017),
expanding the retrieval of climate signals from both paleoclimate
proxies and model simulations in a common language.
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