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Abstract

We present four reconstruction estimates of Arkansas River baseflow and streamflow
using a total of 78 tree-ring chronologies for three streamflow gages, geographically
spanning the headwaters in Colorado to near the confluence of the Arkansas-Mississippi
rivers. The estimates represent different seasonal windows, which are dictated by the
shared limiting forcing of precipitation on seasonal tree growth and soil moisture—and
subsequently on the variability of Arkansas River discharge. Flow extremes that were

higher and lower than what has been observed in the instrumental era are recorded in

Funding information each of the four reconstructions. Years of concurrent, cross-basin (all sites) low flow ap-
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pear more frequently during the 20th and 21st Centuries compared to any period since
1600 A.D., however, no significant trend in cross-basin low flow is observed. As the
most downstream major tributary of the Mississippi River, the Arkansas River directly
influences flood risk in the Lower Mississippi River Valley. Estimates of extreme high
flow in downstream reconstructions coincide with specific years of historic flooding
documented in New Orleans, Louisiana, just upstream of the Mississippi River Delta. By
deduction, Mississippi River flooding in years of low Arkansas River flow imply excep-

tional flooding contributions from the Upper Mississippi River catchments.
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1 | INTRODUCTION

The Arkansas River is a major hydrological feature of the central United States (U.S.), from its headwaters in Colorado to the confluence of
the Arkansas and Mississippi Rivers. Freshwater is scarce for most of the basin, as evident by extensive and unsustainable groundwater with-
drawals in the region (Marston et al., 2015), and disputes over water rights (Naeser & Bennett, 1998). Reduced flows in the Great Plains sector
of the Arkansas River have been measured since the mid-20th Century, partly due to surface and groundwater withdrawals for irrigation
(Ferrington, 1993) and the impact of damming (Costigan & Daniels, 2012). These changes in the water budget have caused the river to become
intermittent in Kansas and Oklahoma, with significant damage to the local ecosystems (e.g., Dodds et al., 2004). As a result, the Arkansas River
exists as two separate surface streams at times, upstream and downstream of this extended central region of negligible flow.
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Tree ring-based reconstructions indicate that the Arkansas River has experienced high and low flows outside the range of observed

extremes in the past four centuries.

The main drivers of inter-annual variability for Arkansas River streamflow are local and regional precipitation (Qiao et al., 2017). The water
flowing in the river has the same source as the water being used for agriculture, and drought is a significant part of the climate-society inter-
actions across the watershed. Although the river is not used extensively as a freshwater source in the east, it plays an important role for nav-
igation and commerce. Extreme low and high flows can disrupt navigation (USACE, 2006) and it has been estimated that a 2-week disruption
of business at Port of Catoosa, Oklahoma, could cause economic losses of over $180 million (Pant et al., 2015).

Flooding around the Arkansas River is also a reoccurring problem. In 2019, Oklahoma experienced significant damages after historic
flooding and levee breaches in the month of May (Lewis & Trevisan, 2019). Flood levels were reached or exceeded on the lower Arkansas
basin for 11 consecutive years between 1941 and 1951. The Arkansas River also contributes significant amounts of water as a tributary to the
Mississippi River. Many of 20th and 21st Century New Orleans floods coincided with flooding and high flows of the Arkansas River, including
the Great Flood of 1927 and the costly inundation in 1973 (Belt, 1975).

Streamflow has been measured in the upper basin at Cafion City, Colorado, since the 1890s, but instrumental records do not begin in the
lower reaches of the basin until the late 1920s. These relatively short instrumental records, in combination with human interference through
construction on and along the river (Horowitz, 2010; Keown et al., 1986), limit our understanding of the long-term (multi-decadal or centennial
scale) natural variability of Arkansas River flow in terms of both the magnitude of extreme streamflow and low flow periods. While historical
accounts of hydroclimatic variability exist (e.g., Mock, 1991), many do not document the full range of conditions that have been, and could
feasibly be, experienced in the future.

Paleoclimatic reconstructions can provide longer perspectives. Tree rings have been used to extend the instrumental record of flow in many
basins across the U.S., including the Colorado (e.g., Meko et al., 2007), the Missouri (Ravindranath et al., 2019), the Potomac (Maxwell et al., 2017),
and the Delaware (Devineni et al., 2013) rivers, using methods of varying complexities. For western Arkansas River sites, proxy records in the form
of soils (England et al., 2010) and tree rings (Woodhouse et al., 2011) have been used to study the frequency of flood and drought. These estimates
aid in understanding long-term streamflow changes not only in the upper basin but have important implications for water resources several hun-
dred miles downstream. Despite several paleoclimatic studies in the eastern part of the basin (e.g., Cleaveland, 2000; Cleaveland & Stahle, 1989;
Torbenson & Stahle, 2018), there have been no attempts to reconstruct downstream Arkansas River flows.

In this paper, we present estimates of past Arkansas River flow at three gaging stations: near the headwaters in the Rocky Mountains,
within the Great Plains in the central U.S., and above the confluence with the Mississippi River in the southeastern U.S. Four reconstructions
are produced for various seasonal windows representing the relationship between flow and tree growth variability expressed as the respective
correlations between local and extra-local precipitation. All reconstruction targets are important windows of the hydrological cycle of the
Arkansas River, at their respective locations, and for the river basin as a whole. The reconstructions are validated against hold-out instrumental
data outside the calibration period, as well as against historical accounts of extreme hydroclimatic events. The relative contribution of the
Arkansas River to flooding in the Lower Mississippi River Valley (LMRV) is also analyzed through these long-term records. Our results suggest
that conditions non-analogue to the 20th and 21st Centuries were experienced in the pre-instrumental study period and that cross-basin low

flows may have increased in the past century.

2 | DATA AND METHODS
2.1 | Instrumental data and streamflow separation

Daily streamflow data from the U.S. Geological Survey (USGS) were acquired for three gages along the Arkansas River (Table 1; Figure 1):
Canon City, CO (CNC); Tulsa, OK (TLS); and Little Rock, AR (LRO) from the USGS National Water Information System. Peak flow occurs in May
at LRO, and in June at CNC and TLS (Figure S1). The three USGS gage series have differing start and end dates but share a period of record
from 1928 to 1970, with the LRO station ending in 1970 prior to the completion of the McKellen-Kerr navigation system (Keown et al., 1986).
By combining USGS data at Little Rock with ongoing U.S. Army Corps of Engineers (USACE) daily instrumental flow data at this site (personal
communication Brian Breaker), the common gauged period was extended to 1928-1980. This common period of 1928-1980 was used for all
subsequent model calibrations, while flow records outside this common period were used for validation.

For each gage, daily baseflow separation was performed for the full length of record using the HYSEP sliding interval method (Sloto &
Crouse, 1996), one of several common methods (Lott & Stewart, 2016). This baseflow separation approach used in the context of tree ring-based
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TABLE 1 Information on flow gages used as reconstruction targets in this study

Drainage
Gage State Abbreviation USGS station no. Flow variable Month(s) area (km?)
Caron City Cco CNC-6-S 07096000 Stream June 8073
Tulsa OK TLS-5-B 07164500 Base May 192,580
Little Rock AR LRO-67-S 07263500 Stream June-July 409,218
Little Rock AR LRO-9-B 07263500 Base September 409,218

Abbreviation: USGS, United States Geological Survey.

Elevation (m)

0 500 1000 1500 2000 2500 3000

FIGURE 1 Location of the Arkansas River basin and the three instrumental gages, CNC (Cafnon City, Colorado), TLS (Tulsa, Oklahoma),
and LRO (Little Rock, Arkansas), used in this study. Black markers indicate available tree-ring chronologies.

reconstructions has been shown to be effective (Torbenson & Stagge, 2021) at separating slower reacting soil moisture tied to tree growth from
fast surface runoff. The HYSEP method estimates baseflow based on the minimum flow for any given day (centered), with an interval that is twice
the length of an assumed window (N) of surface runoff influence after a storm event (Pettyjohn & Henning, 1979). Here, N = 0.83 xA%2 where A
is the drainage area in square kilometers, resulting in windows of 5, 9, and 11days for the CNC, TLS, and LRO gauges, respectively. The resulting
time series were aggregated to produce a series of mean monthly baseflow and stormflow (total flow minus baseflow). Monthly and bi-monthly
flow series were correlated with gridded monthly precipitation from the Climate Research Unit (CRUTS3.14; Harris et al., 2014) for a common pe-
riod (1928-1980) to assess the spatial imprint and seasonal window of hydroclimatic influence on flow. While river regulation effects on baseflow
estimations may vary greatly (Kolton, 1995) and are typically site-specific (Sloto & Crouse, 1996; White & Sloto, 1990), potential effects are likely

minimized with greater window sizes and temporal averaging, that is, monthly baseflow estimates (Miller et al., 2015).

2.2 | Tree-ring data and predictor screening

At each of the three target gages, all available tree-ring chronologies from within a 250- (CNC, which has a higher number of nearby chronolo-
gies and more complex topography) and 500-km (TLS and LRO) radius were screened for significant correlations with baseflow and streamflow
at monthly and bi-monthly intervals for a common period of 1928-1980. The 1980 end date was chosen because of the collection date of many
of the available chronologies. In addition to publicly available tree-ring data from the International Tree-Ring Data Bank (Zhao et al., 2019), post
oak (Quercus stellata) collections from Oklahoma and Texas were remeasured for earlywood (EW) and latewood (LW) widths. Tree-ring chro-
nologies from a total of 170 sites (20 containing EW and LW measurements in addition to total-ring width) were screened against baseflow and
streamflow at the three gages. Any chronology that displayed a Spearman correlation >0.405 (p <0.005) with a given monthly or bi-monthly
flow variable was considered a potential predictor.

Four monthly/bi-monthly flow variables were identified as reconstruction targets based on the highest correlations with the tree-ring
dataset: June streamflow at Canon City (CNC-6-S); May baseflow at Tulsa (TLS-5-B); June-July streamflow at Little Rock (LRO-67-S); and
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September baseflow at Little Rock (LRO-9-B). This naming scheme is used here and throughout this paper represents “Gage-Month(s)-
Baseflow/Streamflow.” The final predictor sets for the two downstream/eastern gages (TLS and LRO) were produced using additional screen-
ing requirements. Due to overlapping search radii, some tree-ring chronologies display significant correlations with multiple reconstruction
targets. To limit the impact of shared non-hydrological variability from overlapping predictors, chronologies were only considered for the
westernmost (more upstream) gage and the earliest seasonal window. For example, if a chronology was significantly correlated with May base-
flow at Tulsa, it would not be considered for either of the Little Rock reconstructions. Likewise, if a chronology was chosen as a predictor for
June-July streamflow at Little Rock it would not be considered for the September baseflow reconstruction. Similarly, only one type of variable
(i.e., total-ring width, earlywood, latewood) would be considered at each site chronology. This series of rules is guided by the assumption that
earlier seasons and upstream locations will produce a signal hydrologically closer to the soil moisture driver recorded in the local tree-ring
proxy, thereby maximizing signal strength, and minimizing noise related to uncorrelated upstream flows, temporal autocorrelation in soil mois-
ture storage, and lag/attenuation effects from surface hydrologic routing. This rule is thereby assumed to be conservative, minimizing shared
variance and the likelihood of spurious downstream correlations.

2.3 | Model calibration

A principal components analysis was performed on the predictor set of tree-ring chronologies for each of the four reconstruction targets. The
first principal component (PC1) was entered into a generalized linear regression model for the period 1928-1980:

3<|0g<5ﬂOW,,-)) = fo + B, PCy, (1)

where 6 represents the estimated flow variable (baseflow or streamflow), for each year represented using subscript i. This generalized linear model
assumes flows are lognormally distributed, which was verified using distribution plots.

Due to differing start dates of individual predictor chronologies, nested calibration models were produced (using the maximum number of
available chronologies for any given year of reconstruction). The subsequent time series were spliced together with the shortest available nest
(and therefore the most possible predictor chronologies) representing any given year in the final reconstructions. As a result, the calibration
skill and associated uncertainty vary depending on what year in the reconstruction is considered, and the differing number of underlying

chronologies used for calibration.

2.4 | Validation

Validation of the reconstructions was performed with several different approaches. To assess signal robustness, calibration models for the
shortest nests (i.e., with the greatest number of chronologies) were also produced for split equal-length subperiods (1928-1954 and 1955-
1980) at each gage, using the same predictor set as for the full period calibration (1928-1980). The alternate period was used for verification
to assess the temporal stability of reconstruction skill. For gages that have observations prior to 1928, reconstructions were also compared
with these instrumental data.

All pre-instrumental estimates of flow presented below are of the full calibration period (1928-1980). These reconstructions of flow
were also correlated with gridded precipitation for the same seasonal windows identified as the lead hydroclimatic drivers of observed flow.
Observed and reconstructed correlations and associated spatial imprints for the common period (1928-1980) and pre-calibration recon-
structed data (1902-1927) were compared to confirm the flow reconstructions are capturing a historically appropriate footprint of the precipi-
tation driver. The correlations between flow at the three gages were then compared for instrumental and reconstructed data and assessed for
any bias in persistence between time series, and Fisher's Z-transformation was used to test the significance of differences between correla-
tions (Fisher, 1921). In addition, qualitative comparisons with historical documentation of flow variability across the basin were performed for

years of reconstructed extremes (e.g., 1826).

3 | RESULTS

The windows of strongest correlations between target instrumental flow and gridded precipitation are presented in Figure 2. June streamflow
at Canon City (CNC-6-S; Figure 2a) is driven by the preceding winter and spring precipitation (prior October-June) over the Four Corners
region, reaching maximum r-values just west of the gage in Colorado. May baseflow at Tulsa (TLS-5-B; Figure 2b), and June-July streamflow
at Little Rock (LRO-67-S; Figure 2c), are also correlated with cool-to-warm season precipitation drivers (November-May and December-July,
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FIGURE 2 Gridded correlations between precipitation and instrumental Arkansas River flow for: (a) CNC June streamflow and October-
June precipitation; (b) TLS May baseflow and November-May precipitation; (c) LRO June-July streamflow and December-July precipitation;
and (d) LRO September baseflow and July-September precipitation, for the period 1928-1980. Stars represent the location of the respective

gage.

respectively) for weather front patterns extending from northern Texas northeast to the Ohio River valley. September baseflow at Little Rock
(LRO-9-B; Figure 2d), the lowest and latest flow from a hydrologic standpoint, displays its strongest relationship with late summer precipitation
(July-September) and significant correlations are confined to the immediate surroundings of the river path upstream, suggesting a shorter and
more localized response. In each case, the regions of highest correlation between precipitation and observed instrumental flow approximate
a composite of the contributing upstream watershed area with the prevailing regional precipitation patterns. Each gauge's precipitation foot-
print is distinct enough to warrant separate reconstructions without controlling for temporal autocorrelation; note the tight clusters of high
correlation immediately upstream and low correlation (white spaces) in headwater catchments for lower gauges (Figure 2c,d).

3.1 | Tree-ring predictor selection

In total, 78 tree-ring chronologies passed screening to be considered predictors. The set of predictor chronologies include a range of differ-
ent species and variables (Table S1). Total-ring width records of Douglas fir (Pseudotsuga mensiezii), Ponderosa pine (Pinus ponderosa), and
Engelmann spruce (Picea engelmannii) dominate the predictor pool at the Colorado CNC gage (total n = 36). At Tulsa (TLS-5-B; n = 9) and for
the Little Rock June-July streamflow model (LRO-67-S; n = 26), post oak and bald cypress (Taxodium distichum) are the most common species.
For September baseflow at Little Rock (LRO-9-B) only six chronologies make up the predictor set, all of which are shortleaf pine (Pinus echi-
nata) latewood width records. Correlations between target flow and individual predictor chronologies range, depending on calibration nest, at
CNC-6-S (r=0.410-0.536; mean = 0.462); TLS-5-B (r = 0.407-0.556; mean = 0.467); LRO-67-S (r = 0.411-0.657; mean = 0.518); and LRO-9-B
(r=0.417-0.727; mean = 0.510). CNC and TLS do not have overlapping search radii due to the distance between the two gages. Eight of the
nine chronologies chosen for TLS were also significantly correlated with the LRO-67-S target but were withheld from the LRO-67-S recon-
struction due to selection rules outlined in the Methods. No chronologies were withheld from the LRO-9-B reconstruction because each was

unique to this late-season baseflow reconstruction.
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3.2 | Model calibration and validation

The four reconstructions explain shifting amounts of variance in the target flow variables, ranging from 35.8% at Tulsa (TLS-5-B) to 69.5% of
June-July streamflow at Little Rock (LRO-67-S) (Figure 3). The calibration reduction of error (CRE) statistic suggests that all reconstructions
are skillful in estimating past flow (Table 2). The split-period models indicate a relatively stable signal for three of the four reconstructions, with
positive verification coefficient of error (CE) and verification reduction of error (RE) for both periods. The exception is LRO-9-B, for which the
early calibration model (1928-1954) does not display positive verification CE and RE during the later period (1955-1980). However, the full
calibration model explains over 57.8% of the variance in September flow and captures years of both extreme high and low flows (Figure 3g).
Because the chronologies were screened for the full period of overlap (1928-1980), the split calibration (Table 2) cannot be considered fully
independent verification but rather a test of signal stability. Overall, the predictors appear stable for both subperiods with the exception for
the early calibration of LRO-9-B, which fails to produce positive verification CE and RE.

The reconstructions span varying periods of time due to differing lengths of predictor tree-ring chronologies. Reconstruction estimates for
1600-1980, with associated explained variance and number of predictors, are presented in Figure 4. The longest nests start in 837 A.D. (CNC-
6-S), 998 (TLS-5-B), 997 (LRO-67-S), and 1581 (LRO-9-B), but it is worth noting that most of the early estimates are significantly less skillful.
The TLS-5-B and LRO-9-B reconstructions drop below 30% explained variance prior to 1650 and the associated errors increase accordingly.

Comparing the reconstructions to gridded precipitation data for the calibration period produces correlation maps (Figure 5) that are
highly similar to those based on the instrumental data. Although the spatial patterns differ (e.g., CNC-6-S has a more spatially extensive and
significant imprint over the Rocky Mountains, Figure 5a than the instrumental, Figure 2a) and there are some differences in magnitude of
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LRO; and (d) September baseflow at LRO. The scatterplots (right) show calibration residuals (black) and pre-calibration residuals (gray).

85U8017 SUOWILLIOD A1) 8|ceoljdde ayy Aq peusenob a1e saolie VO ‘85N JO Sa|n 10j ARIq1T8UIUO A8]IM UO (SUONIPUOD-PU-SLLBY WD A8 |1 ARe.q1jBul [UO//SANY) SUONIPUOD pue SWie 1 8y} 885 *[2202/0T/LT] o Akeidi8uljuo A(1M ‘811ued yosessay abueyd Aol Aq 890ET'889T-2SLT/TTTT OT/I0P/L0Y A 1M ArIqIBUIIUO//SCNY WO.) pepeojumod ‘0 ‘889T2ZS.LT



PRE-INSTRUMENTAL PERSPECTIVES ON ARKANSAS RIVER CROSS-WATERSHED

FLOW VARIABILITY ;‘%: WATER RESOURCES J AW R AJ_7
eX

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

TABLE 2 Statistics of reconstructions presented (CRE = calibration reduction of error)

Calibration Verification
r? CRE r? CE RE
CNC-6-S
1928-1980 0.431 0.431 / / /
1955-1980 0.562 0.479 0.442 0.044 0.083
1928-1954 0.431 0.489 0.569 0.141 0.173
TLS-5-B
1928-1980 0.358 0.358 / / /
1955-1980 0.332 0.332 0.362 0.407 0.428
1928-1954 0.453 0.387 0.471 0.276 0.277
LRO-67-S
1928-1980 0.695 0.686 / / /
1955-1980 0.747 0.747 0.668 0.634 0.643
1928-1954 0.646 0.683 0.776 0.683 0.692
LRO-9-B
1928-1980 0.578 0.192 / / /
1955-1980 0.163 0.271 0.478 0.169 0.169
1928-1954 0.759 0.459 0.074 -0.015 -0.015

Abbreviations: CE, coefficient of error; RE, reduction of error.
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FIGURE 4 Reconstruction of Arkansas River for (a) June streamflow at CNC; (b) May baseflow at TLS; (c) June-July streamflow at LRO;
and (d) September baseflow at LRO. The lower panels display the number of predictors in black, and the gray line indicates the variance
explained by the different nests of each reconstruction.

correlation, the overall agreement is evident. Furthermore, the 1902-1927 pre-calibration estimates display similar patterns and magnitudes
(Figure 5b,d,f,h). These results can be considered independent verification of the reconstruction estimates without calibration and support the
notion that the reconstructions provide robust information on base- and streamflow prior to the 20th Century for selected seasonal windows.

85U8017 SUOWILLIOD A1) 8|ceoljdde ayy Aq peusenob a1e saolie VO ‘85N JO Sa|n 10j ARIq1T8UIUO A8]IM UO (SUONIPUOD-PU-SLLBY WD A8 |1 ARe.q1jBul [UO//SANY) SUONIPUOD pue SWie 1 8y} 885 *[2202/0T/LT] o Akeidi8uljuo A(1M ‘811ued yosessay abueyd Aol Aq 890ET'889T-2SLT/TTTT OT/I0P/L0Y A 1M ArIqIBUIIUO//SCNY WO.) pepeojumod ‘0 ‘889T2ZS.LT



TORBENSON ET AL.

ﬂ—ﬁ: WATER RESOURCES J AW R A

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

(b) CNC-6-S
1902-1927

(d) TLS 5-B
1902-1 927

, < - 7(\ \‘ ‘> \
A8 Fﬁx' - RN -l \ \\
Sl A { @LRO-67-8 *) ) 7 LRO67-S )|
SIS 19281980 . | 0 N o7 1902-1927 7
A ] ﬁ@ L v a4y S

4

AN et T )
CU o T (@ LRO-9-B ) 1;?)2 1995 )
SN 1928-1980 . \ = f -
LY Nl { N~ LY\ 1[,( -

Correlation (r)

-08 -06 -04 -02 0 02 04 06 08

FIGURE 5 Asfor Figure 2 but for reconstructed flow, for the 1928-1980 calibration period (a, c, e, g), and the 1902-1927 verification

period (b, d, f, h).

The approach of not allowing chronologies to be predictors at multiple sites was taken to limit non-climatic overlap of shared variance between

the reconstructions. The relationships between target instrumental flows are similar to those of the reconstructions (Table 3), and no differ-

ence is statistically significant (p>0.05). Maps of precipitation correlations indicate that the respective reconstructions are mainly recording

the local hydroclimatic drivers of flow at the selected seasonal window. As such, we are confident that the reconstructions, and the basin-wide

variability in flow, do not contain exaggerated spatial relationships and/or bias.
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TABLE 3 Correlation matrix of reconstructed flow for the calibration period, 1928-1980. The same inter-gage correlations for the
instrumental data are given in parenthesis. No statistically significant differences were observed between instrumental and reconstructed
correlations

CNC-6-S TLS-5-B LRO-67-S LRO-9-B
CNC-6-S X
TLS-5-B 0.375 (0.414) X
LRO-67-S 0.242 (0.362) 0.566 (0.520) X
LRO-9-B 0.021 (-0.067) 0.164 (0.117) 0.290 (0.299) X

4 | DISCUSSION

The Arkansas River flows through diverse landscapes and ecotones, and the predictor sets for the four reconstructions reflect a wide range
of bioclimatic relationships. In the mountains of Colorado, cool season precipitation contributes to the snow cover regardless of precipitation
intensity (i.e., theoretical storm vs. baseflow). Months later, snowmelt causes peak flows at Cafion City during the month of June (the month
of reconstruction) and the same meltwater accessible to local trees is a limiting factor of their growth (e.g., Woodhouse, 2003). This flow gen-
erating mechanism that depends on snowmelt provides theoretical support for why total streamflow rather than baseflow in June is captured
at this site.

May flow at Tulsa is largely driven by early spring rainfall over the southern Great Plains (Figure 2b). Intense rainfall events are less benefi-
cial to many of the tree species growing in Oklahoma and northern Texas, likely due to both tree physiology and inundated surface runoff not
infiltrating into the soil column for which trees access the water (Stahle & Cleaveland, 1988). As a result, the post oak chronologies from this
region display higher correlations with baseflow than with streamflow and the number of potential predictors (based on significant correla-
tions) are also greater for baseflow. The precipitation window closest related to June-July streamflow at Little Rock spans late winter to mid-
summer, likely connected to the less pronounced seasonality of precipitation in comparison to flow upstream. Tree-ring chronologies chosen
as predictors for LRO-67-S include several records used previously in reconstructions of summer PDSI, most notably in the North American
Drought Atlas (Cook et al., 1999). Conversely, September baseflow and the short window of precipitation influence (Figure 2d) limit the pre-
dictors to only short leaf pine latewood chronologies, which have an exceptional summer hydroclimate signal (Schulman, 1942; Torbenson
& Stahle, 2018). The limited verification statistics for the more recent period (Table 2) may be attributed to the changes in instrumental data
and increased human influence on flow since 1950. The conservative approach in testing the proxy records against both flow and extra-local
precipitation variability guards against influences of teleconnection-like forcings, e.g., the El Nifio Southern Oscillation (ENSO), that may not
have been stable throughout the study period (e.g., Torbenson et al., 2019).

Ultimately, the information gained from proxies is limited by the signal recorded in the trees. The separation of streamflow into its baseflow
and stormflow components can improve the strength of signal in some tree-ring chronologies, as exemplified by the TLS-5-B and LRO-9-B
reconstruction and other watersheds (Torbenson & Stagge, 2021), but this is not the case for all chronologies and stream gages. For CNC-6-S
and LRO-67-S, streamflow is recorded equally/stronger than baseflow, likely to be explained by both the seasonality of regional hydroclimate
(and subsequent impact on the hydrological cycle) and species-specific responses to soil moisture.

4.1 | Persistence in flow across space and time

All four reconstructions display significant skill in estimating instrumental flow, or components of flow, for the calibration period (Table 2).
Correlations between the tree-ring based estimates of flow with seasonal gridded precipitation (the season most closely tuned to respective
flow during the calibration period) suggest stable relationships for pre-calibration years (Figure 5). However, because the Arkansas River has
an underlying watershed structure linking upstream to downstream sites with nested catchment areas, a full evaluation of the four reconstruc-
tions must also consider correlations between stations in addition to the predictors-target perspective. Because the flow signal recorded by
the trees is driven by local precipitation, it is assumed that correlations between reconstructions at selected seasonal windows would be lower
than for the instrumental data, which also incorporates upstream precipitation influence. If correlations between individual reconstructions
are higher than for their instrumental counterparts, it is possible that biological persistence has introduced bias to the basin-wide perspective.

As shown by the correlations between the reconstructed time series of flow (Table 3), reconstructed pairings display similar, and in some
cases lower, magnitudes of correlation to the instrumental data. An example of how the localized signal in the tree-ring record differs from the
instrumental data is evident for the LRO-67-S reconstruction. While the correlation between the reconstruction and precipitation is limited to
the region surrounding the stream gage (Figure 5e,f), the instrumental flow record at Little Rock also displays significant correlations with pre-
cipitation variability upstream over the river's headwaters in Colorado (Figure 2c). The only correlation in the reconstructions for pairings with
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r>0.3isrecorded for TLS-5-B and LRO-67-S (Table 3), and even here the difference is non-significant. Nonetheless, the predictor chronologies
used for LRO-67-S undoubtedly contain some late spring precipitation signal and the carryover into the June-July reconstruction is to a certain
degree unavoidable. However, residual analysis suggests that there is some skill, albeit modest, in the independent time series (i.e., TLS-5-B
minus LRO-67-S) for downstream flow prediction.

Furthermore, a general agreement exists between the co-occurrence of low (<25th percentile) and high (>75th percentile) flow in the
instrumental and reconstructed data for the 20th Century, as measured by the number of gages (of the four considered) beyond these low/
high thresholds (Figure 6). The reconstructions mimic the decadal-to-subdecadal shifts in basin-wide conditions from the 1940s (high flows) to
the early 1950s (low), and the years around 1960 (high). The co-occurrences of high flows in the mid-1970s (including 1973) are also faithfully
recorded by the reconstructions. Therefore, we argue that the co-occurrence of low/high flow in two or more reconstructions is indicative
of inter-basin/multi-season extremes. Co-occurring low and/or high flows (and opposite sign extremes) for the pre-calibration and calibration
periods are presented in Figure 7.

4.2 | Pre-instrumental examples of co-occurring extremes

The four reconstructions of Arkansas River flow span differing lengths of time but are all well-replicated from 1600 onwards. The most ex-
treme low and high flows for 1600-1980 are recorded prior to the 20th Century for all four estimates (Table 4). Although flow at Cafion City
has been measured since the late 19th Century, measurements in the eastern part of the basin do not start until the late 1920s. The agree-
ment between eastern reconstructions (TLS-5-B, LRO-67-S, and LRO-9-B) and gridded precipitation data prior to the calibration period is an
important validation of the skill of past estimates (Figure 5). Historical records provide further verification of the reconstructions, including
years of extreme flow.

Despite targeting somewhat different seasons, the CNC-6-S estimates are highly correlated (r=0.799 for 1600-1980) with the Woodhouse
et al. (2011) reconstruction, which provides a longer and more detailed account of pre-instrumental extremes. The similarity between the two
reconstructions is likely due to an overlapping pool of tree-ring chronology predictors. Among years that stand out near the headwaters is the
low flow of 1851, a year previously highlighted as an exceptional drought along the front range of the Colorado Rocky Mountains (Woodhouse
et al., 2002).

Although there are only instrumental measurements of flow since 1928 at the two eastern gages, a wealth of historical information (includ-
ing newspaper reports and personal accounts) from almost a century prior is available. Reconstructed estimates that stand out include the high
flows of 1904 for TLS-5-B, a year during which Tulsa experienced spring flooding (Patton, 1989). Water volumes subsided somewhat down-
stream but reconstructed values for other years indicate sustained high flows at Little Rock over several months (as indicated by the LRO-67-S
and LRO-9-B reconstructions; Figure 7). In 1844, estimated May baseflow at Tulsa and both June-July streamflow and September baseflow at
Little Rock were all high. Historic records mention heavy flooding in the state of Arkansas along the river and that additional heavy rains fell
in July (Hickmon, 1920). The nearby White River is also thought to have seen significant flooding (Meko & Therrell, 2020). Flow in Colorado
was also above average in 1844, the last year before the extensive western Great Plains drought (Woodhouse et al., 2002; Figure 7). In 1836,
Arkansas experienced early flooding in April (Hickmon, 1920), not picked up by LRO-67-S which reconstructs total streamflow several months

Counts
(instrumental)

Counts
(reconstructed)

_4 1 1 1 1 1 Ii 1 1 1

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

FIGURE 6 Counts of gages below and above the respective 25 (red) and 75 (blue) percentiles of flow (1928-1980) for the instrumental
(top); and reconstructed (bottom) data.
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FIGURE 7 Temporal distribution of low (<5th, 10th, and 25th percentiles) and high (>75th, 90th, and 95th percentiles) flows for four
reconstructions based on the 1928-1980 calibration period for respective target. Arrows indicate years mentioned in the text.

TABLE 4 The 5years of most extreme high and low flow for respective reconstruction, 1600-1980

CNC-6-S TLS-5-B LRO-67-S LRO-9-B
Year cfs Year cfs Year cfs Year cfs
Low 1685 812.69 1855 519.34 1736 17,513.88 1620 2393.56
1851 869.61 1911 697.39 1911 18,929.79 1614 2861.75
1880 883.31 1895 886.25 1767 19,236.87 1663 2977.65
1654 954.39 1918 1006.82 1901 21,203.68 1954 3113.61
1729 985.22 1801 1031.06 1737 23,296.49 1980 3364.35
High 1720 5268.36 1826 47,928.53 1680 379,659.61 1739 26,642.55
1839 4610.00 1975 24,064.03 1811 315,759.88 1950 25,267.19
1828 4569.92 1678 20,119.17 1945 286,549.65 1959 24,423.54
1921 4389.20 1836 17,247.04 1935 277,868.20 1906 22,231.76
1869 4371.64 1843 16,877.72 1957 268,681.27 1905 21,628.77

Abbreviation: cfs, cubic feet per second.

later in June-July. This extreme year was recorded by the TLS-5-B reconstruction, however, 1 month later and upstream, as the fourth highest
May baseflow for the period 1600-1980 (Table 4). Less than two decades prior, in 1826 at Tulsa, extremely high baseflows are reconstructed,
with magnitudes almost double that of the next highest flood estimate for the reconstruction period. Spring flooding on the river was docu-
mented in the historical record, causing failure of mail delivery in May and late summer (Hickmon, 1920).

Transportation was also hampered in 1834, but this time due to low flows (Hickmon, 1920), which coincides with the 6th lowest year in the
June-July reconstruction for Little Rock (LRO-67-S; Figure 7). Similarly, 1829 is highlighted as an anomalous year in the historical records: the
Arkansas River at Little Rock was not navigable due to scarce precipitation (Hickmon, 1920). The LRO-67-S estimate for 1829 is less than 65%
of the long-term mean. Other notable years of low flow include 1838 (LRO-67-S and LRO-9-B; Figure 7) and 1839 (LRO-67-S), which may have
been among the driest years of the central U.S. in recent centuries and may have exacerbated the devastation during the Trail of Tears (Perdue
& Green, 2007; Torbenson & Stahle, 2018).
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Prior to the 19th Century and the presence of historical records, there are several years of note that may provide scenarios of hydrologic
variability that fall outside the range of the instrumental period. Similar conditions to the 1834 and 1838 low flows in the eastern part of the
basin, and possibly more extreme, are indicated by the reconstructions for 1767 (Figure 7). Stretches of extended low/high flows are also
recorded. For example, TLS-5-B estimates 7 years between 1800-1900 with higher flows than 1908—a year of devastating flooding in Tulsa
(Patton, 1989), for which TLS-5-B records higher flows than all but one of the reconstructed values during the calibration period (1928-1980).
No such high flows occurred during the 18th Century. The 18th Century did see many extended periods of low flow, however, including con-
secutive years of flow below the calibration mean during the periods 1720-1728 and 1751-1759 (the latter overlapping with extended low
flows in the upper Missouri River; Frederick & Woodhouse, 2020). Conversely, the low late summer baseflow experienced in Little Rock over
the past 40years (post-calibration, Figure 3d) have no equivalent in the 1600-1980 reconstruction period (with the possible exception of a
decade around 1615, which in part occurred during above-mean flows for June-July and Tulsa May baseflow; Figure 7). This may be a bias
of the relatively short calibration period that does not contain as extreme low flows or variability in river regulation among pre- and post-
calibration periods.

4.3 | Arkansas River contributions to LMRV flooding

The importance of Arkansas River flow variability on downstream flood risk is well documented (e.g., Keown et al., 1986). The flooding of New
Orleans in 1973 coincided with high flows on the entirety of the Arkansas (Figure 7), undoubtedly a compounding factor in combination with
high flows from the Upper Mississippi River Valley. Perhaps, the most relevant of the four reconstructions is LRO-67-S, which is closest to the
confluence of the Arkansas-Mississippi rivers and also represents the stream gage having the season of highest flows. The ‘Great Mississippi
Flood’ of 1927 falls just outside of the 1928-1980 calibration period (Barry, 2007) and ranks in the 95th percentile of reconstructed LRO-67-S
flow. Flows of similar magnitude are estimated for 1908—a year during which waters were above the flood stage for over 100days at the
confluence of the Arkansas-Mississippi rivers (Hoyt & Langbein, 1955). Prior to the 20th Century, high flows are estimated for several known
flood years on the lower Mississippi. The June-July streamflow reconstruction at Little Rock indicates three consecutive years of extreme flow
in 1882 (>90th percentile), 1883 (>95th percentile), and 1884 (>80th percentile)—1882 and 1883 saw extensive flooding in the LMRV (Hoyt
& Langbein, 1955; O'Brien, 2002).

The reconstructions presented here can inform on the relative contributions of Arkansas River flow to flood conditions in the LMRYV, and by
deduction, may also indicate when documented LMRV floods were driven by high flows from the Missouri and/or the Ohio Rivers when high
flows are absent in the Arkansas River. The Arkansas River typically contributes 15%-20% of the annual Mississippi River peak flow measured
at Vicksburg, MS (USGS gage 07289000), though extreme years may increase this proportion to 30%-40%. Major New Orleans flooding
in 1851 coincides with low Arkansas River flows, suggesting that flooding originated elsewhere in the larger watershed. Among early 19th
Century floods in New Orleans, 1816 and 1828 stand out (Colten, 2000). In 1828, high waters on the Arkansas River are recorded in LRO-67-S
and these high flows are likely to have contributed to the record-breaking flood in New Orleans. During 1816, however, the Arkansas River
was low (~10th percentile) and the month-long flooding of the Mississippi was likely caused by above-mean flows from the Upper Mississippi
River Valley.

Paleoclimate studies have indicated that the flood frequency of the Lower Mississippi River has increased due to human engineering
(Munoz et al., 2018). It has also been suggested that ENSO plays a role in the frequency and magnitude of flooding (e.g., Munoz & Dee, 2017).
Because the most robust and stable impact of ENSO on precipitation is recorded in the U.S. Southwest, it is plausible that some of the ENSO
signal in the LMRYV flooding stems from Arkansas River input. This hypothesis is further supported by ENSQO's reversed precipitation signal
over the Ohio River basin (e.g., Torbenson et al., 2019), which is one of the largest tributaries to the Mississippi River by volume. Combining
information from reconstructions of individual tributary flows may offer additional information about these processes and how inter-basin
agreement/disagreement can produce scenarios of low and/or high flow for the Lower Mississippi.

Previous studies have produced flow reconstructions of the Missouri (e.g., Frederick & Woodhouse, 2020; Ravindranath et al., 2019)
and White rivers (Cleaveland, 2000; Cleaveland & Stahle, 1989; Meko & Therrell, 2020), and flood event chronologies based on ana-
tomical anomalies in annual rings exist for the White (Meko & Therrell, 2020) and lower Mississippi Rivers (Therrell & Bialecki, 2015).
Although there is some spatial overlap of precipitation influence for the Arkansas and White rivers, our reconstructions display inde-
pendent variance similar to the instrumental data (LRO-67-S vs. White River-678-S, Cleaveland, 2000, r = 0.755; instrumental data for
the same variables r = 0.741). Tree-ring records tuned to local hydroclimate variability have also been produced in basins of eastern
tributaries (e.g., Maxwell et al., 2015). The Arkansas River reconstructions described here add to the list of high-resolution paleocli-
matic information on past hydroclimatic variability for basins that drain into the Mississippi River. Future work should focus on merging
this information for a more complete record of streamflow contributions from major tributaries for a long-term understanding of lower

Mississippi River variability.
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5 | CONCLUSIONS

The four reconstructions of base- and streamflow presented here display a strong signal of the same local and extra-local precipitation that
drives flow variability at the respective flow gages. Furthermore, these spatial patterns of precipitation show good separation between each
of the four seasonal reconstruction targets, allowing for unique reconstructions. Baseflow appears more closely tuned to tree growth for two
of the four targets. The correlations between reconstruction pairs are not significantly different from that of the respective instrumental data,
suggesting that there is no overestimation of persistence across space and/or seasonal windows or of spurious inflation of shared covari-
ance. Low and high flows, beyond the magnitude of that which has been captured by the instrumental record, have occurred throughout the
Arkansas River basin in the three centuries prior to 1900. These estimates offer additional scenarios of extreme flow at individual gages, but
also co-occurring extreme flows across the watershed. Such co-occurring extremes in the reconstructions are assumed to stem solely from
spatial persistence of the hydroclimatic drivers (i.e., precipitation) due to the nature of the proxies.

Arkansas River influence on flooding in the LMRV is evident in the century prior to instrumental flow data. Several of the historic floods
of New Orleans align with exceptionally high estimated flows during the 19th and early 20th Centuries. Known flood years for which the
Arkansas River reconstructions display low flows indicate that upstream tributaries were the main drivers of downstream inundation. This
information, combined with other proxy records from the Mississippi River watershed, may shed light on long-term flood risk and subsequent

water management and mitigation strategies for the future.
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