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ABSTRACT: We developed Columbia River streamflow reconstructions using a network of existing, new, and
updated tree-ring records sensitive to the main climatic factors governing discharge. Reconstruction quality is
enhanced by incorporating tree-ring chronologies where high snowpack limits growth, which better represent the
contribution of cool-season precipitation to flow than chronologies from trees positively sensitive to hydroclimate
alone. The best performing reconstruction (back to 1609 CE) explains 59% of the historical variability and the
longest reconstruction (back to 1502 CE) explains 52% of the variability. Droughts similar to the high-intensity,
long-duration low flows observed during the 1920s and 1940s are rare, but occurred in the early 1500s and
1630s-1640s. The lowest Columbia flow events appear to be reflected in chronologies both positively and nega-
tively related to streamflow, implying low snowpack and possibly low warm-season precipitation. High flows of
magnitudes observed in the instrumental record appear to have been relatively common, and high flows from the
1680s to 1740s exceeded the magnitude and duration of observed wet periods in the late-19th and 20th Century.
Comparisons between the Columbia River reconstructions and future projections of streamflow derived from glo-
bal climate and hydrologic models show the potential for increased hydrologic variability, which could present
challenges for managing water in the face of competing demands.
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INTRODUCTION 56% of the total runoff from the region (Miles et al.,

2000). The PNW relies on Columbia River water for

hydropower, transportation, municipal water supply,

The Columbia River drains approximately 75% of agricultural irrigation, and fish habitat. The water
the Pacific Northwest (PNW) and accounts for 55- resources management system in the Columbia River
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Basin is sensitive to climatic variability (Miles et al.,
2000), in part because reservoir storage capacity is
limited to around 30% of annual flow (Bonneville
Power Administration, Bureau of Reclamation and
U.S. Army Corps of Engineers, 1995). Knowledge of
the plausible variations in streamflow is therefore
key to future strategic planning because economic
activity and individual livelihoods are related to
water availability (Lee, 1993; NRC, 1996). The histor-
ical record (A.G. Crook Company, 1993; Naik and
Jay, 2005) and modeling (Hamlet et al., 2013) indi-
cate that the Columbia River Basin experienced
drought-prone periods between about 1920 and 1941
(four separate three-year periods below median flow,
10 years below the 25th percentile including three
consecutive years below the 10th percentile) and,
more recently, between 2001 and 2005. Anomalously
wet periods occurred in the late 1940s until about
1956 and between 1995 and 2000. However, in most
cases, interannual variability punctuates these events
with anomalous years of opposite sign; that is, wet
years can occur during drought-prone periods and
dry years during wetter periods.

Instrumental climate records from the PNW show
that hydrologic “drought” is not simply a lack of water
on an annual basis, but can be either a lack of winter
precipitation stored as snowpack (Miles et al., 2000;
Bumbaco and Mote, 2010), or a lack of summer precipi-
tation — both of which differentially affect streamflow.
For example, Maurer et al. (2004) used the Variable
Infiltration Capacity (VIC) distributed hydrologic
model to demonstrate summertime (June to August —
JJA) streamflow in the PNW was variably dependent
on spring (March to May — MAM) snowmelt runoff
and a combination of summer precipitation and late
melting snow from year to year. Figure 1 shows the

relationships between annual Columbia River stream-
flow and both warm- (April to September — AMJJAS)
and cool-season (October to March — ONDJFM) pre-
cipitation, indicating a significant relationship only
between cool-season precipitation and annual stream-
flow during the instrumental record.

Paleoproxy reconstructions of hydroclimate can
extend records of river flow prior to historical gaged
observations (e.g., Smith and Stockton, 1981; Cook
and Jacoby, 1983; Meko et al., 2001; Graumlich et al.,
2003; Gedalof et al., 2004; Woodhouse et al., 2006).
Multicentennial to millennial streamflow reconstruc-
tions are particularly useful in documenting the long-
term variability in streamflow prior to gaged records,
and wusually demonstrate an increased range of
streamflow volumes at interannual to multidecadal
time scales compared to the historical record (Jain
et al., 2002; Woodhouse et al., 2006; Meko et al.,
2007). The extended range of natural variability in
hydroclimatic reconstructions is valuable for under-
standing baseline risks of protracted (10-50+ years)
high- and low-flow events providing direct implica-
tions for water resource management and planning
today (Woodhouse and Lukas, 2006a, b and Rice
et al., 2009). When used in conjunction with climatic
(Ault et al., 2013) and hydrologic models (e.g., Gray
and McCabe, 2010; Lutz et al., 2012), pre-gage-record
variability may provide improved accuracy of present
and future climate change related risk to water
resources (Hidalgo et al., 2009; Ault et al., 2013).

A previous reconstruction of Columbia River flows
by Gedalof et al. (2004) extended back to 1750 CE
and showed periods of sustained low flows in the late
1770s, early 1800s, 1840s, late 1880s, early 1920s,
and 1930s. They described the 1840s as possibly
exceeding the magnitude and duration of the back-to-
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FIGURE 1. Left: Mean Water Year Flow in the Columbia River at The Dalles, 1916-1998 Naturalized USGS Gage and Modeled Variable
Infiltration Capacity (VIC) at The Dalles, Oregon. Right: Relationship between naturalized streamflow and VIC basin-average gridded (1)
cool-season (Oct.-Mar.) precipitation (solid, 7> = 0.83) and (2) warm-season (Apr.-Sep.) precipitation (open, 7% = 0.04).
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back early 20th Century droughts (i.e., 1920s-1940s).
Wise (2010) reconstructed upper Snake River (the
Columbia’s major southern tributary) streamflow,
and showed the drought of the 1620s-1640s was simi-
lar in duration but greater intensity than the 1920s
and 1930s drought. Malevich et al. (2013) recon-
structed water-year precipitation for Klamath River
drainage, a basin located to the south of the Colum-
bia, and Meko et al. (2014) developed a streamflow
reconstruction for the Klamath River at Keno, Ore-
gon (OR). They describe a severe drought in the 17th
Century and suggest it was of similar magnitude to
the early-20th Century event, but the 11th and late
12th Century droughts were more severe than any in
the instrumental period. Lutz et al. (2012) developed
a cool-season precipitation and warm-season stream-
flow reconstruction for the Yakima River (a Columbia
tributary in the eastern Cascades) back to 1614 CE
that also indicates low flows during the 17th Century
and 19th Century of comparable severity to the early
20th Century. Given the economic importance of
water in the Columbia River Basin, the severe
droughts indicated in these regional streamflow
reconstructions illustrate the need to develop an
updated Columbia streamflow reconstruction as far
back in time as the proxy record will permit to better
estimate the intrinsic, climatically forced variability
in the basin’s water resources. Herein, we improve
and extend previous work by developing a new
Columbia River flow reconstruction that more fully
incorporates the major seasonal controls on hydro-
logic variability, and integrates a large number of
new and updated regional tree-ring records.

To date, reconstructions of streamflow in the west-
ern United States (U.S.) have relied primarily on
chronologies developed with water-limited trees
(Meko et al., 1995, 2001, 2014; Graumlich et al.,
2003; Woodhouse et al., 2006; Wise, 2010). The sea-
sonality of water limitation varies with species and
climate (Wettstein et al., 2011; St. George and Ault,
2014), but streamflows are affected by water avail-
ability in both winter and summer in much of the
west. In the PNW, tree growth in some chronologies
is negatively correlated with snowpack (e.g., Peterson
and Peterson, 2001) because the duration of snow-
pack limits the growing season length. Of the PNW
hydroclimate reconstructions described above, only
the Gedalof et al. (2004) reconstruction attempted to
include tree-ring chronologies directly limited by
snowpack within a streamflow reconstruction,
although they screened for chronologies negatively
associated with annual Palmer Drought Severity
Index (PDSI) as an indirect approach to include
snowpack sensitivity. In Pederson et al. (2011), a net-
work of snow-sensitive tree-ring proxies along the
American Cordillera was developed by screening
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chronologies directly against April 1st Snow Water
Equivalent (SWE) measurements to produce snow-
pack reconstructions in watersheds of the American
West. The approach demonstrated how both water-
limited growth suppression and snowpack-induced
growth suppression (i.e., snowpack limited) could be
used in tandem to accurately reconstruct basin-level
snowpack histories. In this study, we use existing,
updated, and new “water-limited” and “snowpack-lim-
ited” tree-ring chronologies to reconstruct annual
Columbia River streamflow at The Dalles, OR. We
then compare the new streamflow reconstructions for
the Columbia River to existing hydroclimatic recon-
structions from the surrounding region and results
from global climate and hydrologic models to assess
potential future changes in water resources compared
to the river’s historical range of variability.

METHODS

To reconstruct Columbia streamflow, we (1)
obtained naturalized streamflow data at The Dalles,
OR, and gridded climate data for the Columbia Basin
region; (2) obtained and screened existing and new
chronologies for fidelity to Columbia streamflow; (3)
used the screened tree-ring chronologies as predictors
in multiple regression models and reconstructions of
Columbia flow; and (4) evaluated the quality of each
reconstruction. As a variant of (3), we also used
Empirical Orthogonal Function/Principal Components
analysis (EOF/PC, e.g., Preisendorfer, 1988) to derive
leading modes of variability from the chronology net-
works that were then used to produce reconstructions
based on the spatial patterns (and their principal
component time series) explaining the most variance
over the entire network of tree-ring chronologies.

Streamflow Data

For this work, we used the streamflow gage at The
Dalles, OR, for two reasons. First, the gage integrates
flow from the majority of the Columbia River Basin at
a single point. Second, past studies have constructed
careful analyses of historical and naturalized flows
over a long period, which is a key consideration for cal-
ibrating reconstructions from paleoproxies, particu-
larly in a regional climate with strong decadal
variability. Naturalized annual flow at The Dalles, OR
(USGS gage 14105700), has been estimated between
1858 and 1998 (A.G. Crook Company, 1993; Naik and
Jay, 2005). From 1858 to 1877, railroad workers mea-
sured spring peak flow using stage height, and annual
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flows have been reconstructed from these records
using regression relationships between annual flow
and observed peak flow. From 1878 to 1928, natural-
ized monthly flow was estimated by Naik and Jay
(2005) from gaged daily observations, and from 1928
to 1998 naturalized monthly flow was estimated by
A.G. Crook Company (1993 and updates). The VIC
hydrologic model was used to produce flow estimates
from observed precipitation and temperature for the
period 1916-2003 (Hamlet et al., 2005, 2007), allowing
a model-based verification of the naturalized flows. We
compared the naturalized flow estimates and the VIC
modeled flow estimates for the common period (water
years 1916-1998). For this portion of the record, the
estimates closely match (r = 0.91, Figure 1), so we
chose to use 1916-1998 naturalized flow as the calibra-
tion data (including both the Naik and Jay and A.G.
Crook Company estimates) for reconstruction. The
naturalized flow therefore is a calculated estimate, but
compares favorably with simulations from a physically
based hydrology model and also measured observa-
tions prior to the construction of major dams (prior to
about 1940).

Figure 1 shows the estimated naturalized annual
gage record from 1916 to 1998. We chose not to use
additional naturalized gage records available from
1878 to 1915 (Naik and Jay, 2005) because we could
not validate these earlier records against other
sources of data or determine whether the flows were
consistent with post-1928 naturalized data (A.G.
Crook Company, 1993).

Hydroclimatic Data

We used interpolated, gridded monthly climate
data (temperature and precipitation) and derived
hydroclimatic variables [snowpack, soil moisture,
potential evapotranspiration (PET), actual evapotran-
spiration, and base flow] from the VIC model (Elsner
et al., 2010; Hamlet et al., 2013; after Hamlet et al.,
2005, 2007) to better understand the climatic controls
on both Columbia River streamflow and tree growth
for the calibration period 1916-1998. Briefly, we gen-
erated a dataset similar to that in Elsner et al. (2010,
1/16th degree VIC hydrologic output), but for the
combined greater Northwest spanning the domain of
the greater Columbia Basin (~39-53° N latitude,
~—123° to —105° W longitude), including coastal
Washington and Oregon as well as the Columbia,
upper Colorado, and upper Missouri River Basins
(Littell et al., 2011 online). This dataset follows Ham-
let and Lettenmaier (2005), who used daily climate
data from the NOAA Cooperative Observer Program
Network integrated with monthly U.S. Historical Cli-
mate Network (Menne et al., 2009) weather station
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data to interpolate gridded climate at 1/16th degree
(6 km? at ~45°N). They further bias corrected the
final dataset wusing monthly Parameter-elevation
Relationships on Independent Slopes Model (PRISM)
(Daly et al., 1994, 2008) climatologies for each 1/16th
degree cell. Elsner et al. (2010) used the 1/16th
degree gridded climate data to drive the VIC hydro-
logic model and develop the final derived hydrocli-
matic and streamflow data (see Elsner et al., 2010;
Hamlet et al., 2013). These data verify that Columbia
Basin streamflow is predominantly controlled by cool
season (Oct-Mar) precipitation entrained in snowpack
(Maurer et al., 2004; Elsner et al., 2010) (Figure 1).

Tree-Ring Data

All publicly available and collaborator-provided
chronologies in a domain containing the Columbia
Basin were initially considered (39°-55° N latitude,
from the Pacific coast to —104.5° W longitude, see
Figure 2). As of 2012, this included 652 chronologies:
501 from the International Tree-Ring Data Bank
(ITRDB, Accessed December 2012, http://www.ncdc.
noaa.gov/data-access/paleoclimatology-data/datasets/tree-
ring) for which raw ring widths were available; 124
Douglas-fir chronologies (Littell et al., 2008); 3 Alaska
Yellow Cedar (Callitropsis | Chamaecyparis nootkaten-
sis) chronologies from Washington (Robertson, 2011);
and 24 unpublished chronologies. In addition, we
updated nine ITRDB chronologies that exhibited high
correlation with Columbia River flows in preliminary
screening (see Supporting Information).

Chronologies were removed if they did not span at
least the period from 1650 to 1979 CE, or if some aspect
of their collection or processing might negatively
impact their suitability for use in climatic reconstruc-
tions such as chronologies collected to examine growth
impacts of periodic insect infestation (e.g., Speer et al.,
2001);. The 1650 starting date was selected to optimize
the number of potential chronologies, sample depth
within chronologies, and potential reconstruction
length. The 1979 end date allowed the incorporation
of 1977 low flows into the calibration/screening
process while capturing the many chronologies
developed across the PNW between 1977 and 1985.
This process resulted in 282 potential predictor
chronologies (Figure 2).

For chronologies from Littell et al. (2008) and
chronologies developed for this project and Pederson
et al. (2011), all rings were measured and all samples
visually crossdated for marker years using the “list
method” (Yamaguchi, 1991) and all chronologies (in-
cluding those from the ITRDB) were checked with
COFECHA (Holmes, 1999). The program ARSTAN
(versions 40C and 44, after Cook, 1985; Cook and
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Columbia River Basin boundary (dark gray line) and major river channels (blue lines) are shown for reference

Holmes, 1999) was used to standardize all chronologies
(those from the ITRDB and those developed for this
project). Initially either a negative exponential curve
or negative linear trend was fit through the measured
ring-width series. If either of the first two detrending
equations did not provide satisfactory growth curve fit,
a mean line or a cubic spline two thirds the length of
the series was selected for use. To reduce the artificial
inflation of variance due to decreasing sample size, we
opted to stabilize variance (e.g., Briffa, 1995) and cal-
culated the mean chronology as the weighted robust
mean of the detrended series.

Pearson correlation coefficients were used to screen
the 282 standard chronologies against historical (1916-
1979) Columbia River streamflow. To account for the
possibility that lags in physiological growth responses
might cause some chronologies to have their strongest
expressed relationship with climate (and thus stream-
flow) in the previous year, we also compared all
chronologies to streamflow the year prior. Significantly
(Ir] 0.246, n = 64, two tailed p(¢) = 0.05) correlated
chronologies were retained as a pool of possible
streamflow proxies for reconstructions (Figure 2).

The climatic sensitivity (season and variable) of
each chronology retained for potential use in a
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Columbia River flow reconstruction was further
assessed using the VIC hydroclimatic data. Correla-
tions were calculated between the standard chronolo-
gies and simulated hydroclimatic variables for the
grid cells in which the chronologies were located.
The seasonal climate correlations included: summer
(Jun-Aug) precipitation, cool-season (Oct-Mar) precip-
itation, May 1 SWE, warm-season (Apr-Sep) PET,
and warm-season (Apr-Sep) water balance deficit
(potential minus actual evapotranspiration — PET-
AET).

Estimating Streamflow from Tree-Ring Proxies

Two methods were used to reconstruct streamflow
from the pool of potential predictor tree-ring
chronologies. First, tree-ring chronologies were used
directly as predictors in a stepwise multiple-linear
regression model of streamflow. Second, an EOF/PC
analysis was used to determine the dominant modes
of variability in the network of tree-ring chronolo-
gies with the resulting PC time series applied as
potential predictors in a multiple regression model of
streamflow.
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Multiple-Linear Regression Model of Streamflow

A multiple-linear regression reconstruction with
individual chronologies as candidate predictors was
developed using a forward stepwise selection proce-
dure. The highest magnitude correlation predictor
was entered first, regardless of sign, and so on until
model construction stopped given the parameters
below. We did this to avoid potential spuriousness
associated with a predictor pool exceeding the num-
ber of observations. Candidate predictors were used
in the model at p(F) < 0.05 and were retained if
p(F) < 0.10 (as in Woodhouse et al., 2006); order was
determined by absolute value of magnitude of F. Sig-
nificant predictors were added until the reduction in
error statistic (RE, e.g., Fritts, 1976; equivalent to
Nash-Sutcliffe efficiency index) could not be further
improved and retained if the variance inflation factor
(VIF, Neter et al., 1996) statistics for each predictor
remained below 3.0, indicating low potential problems
with multicollinearity. This approach could result in
predictors retained at 0.10 > p(F) > 0.05. This proce-
dure was performed twice, first on the pool of
chronologies extending back to at least 1650 (n = 82)
and then again on the pool of chronologies extending
back past 1550 (n = 61).

Chronology Network EOF | PC Analysis

All screened potential predictor chronologies were
used in EOF/PC analysis to derive coherent common
signals among the chronologies significantly corre-
lated with historical flow. Specifically, a singular
value decomposition of the centered (e.g., Preisendor-
fer, 1988) standardized chronologies was performed.
We modified methods described in Hidalgo et al.
(2000), Meko et al. (2001), Gedalof et al. (2004),
Woodhouse et al. (2006), and Meko et al. (2007)
where principal components analysis (PCA) was used
to reduce the dimensionality of the dataset and pro-
vide orthogonal, uncorrelated predictors of stream-
flow. In both the Hidalgo et al. (2000) and Woodhouse
et al. (2006) approaches to PCA, the primary goal of
the analysis was to capture the common signal with a
positive relationship to streamflow (i.e., same sign
correlation) in a network of tree-ring chronologies.
Gedalof et al. (2004) accounted for the cool-season
contribution further by screening available chronolo-
gies for those chronologies both positively and nega-
tively correlated with PDSI, using PCA to separate
the different responses into orthogonal PCs. There
are, however, both ecological and statistical reasons
to separate the effects of climate on tree growth into
separate PCA analyses, each with hierarchical
orthogonal modes. Two different growth-limiting
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mechanisms account for much of the proxy sensitivity
to streamflow — cool season precipitation limitation
of high elevation tree growth (snow limited) and cool-
season and/or warm-season precipitation facilitation
of lower elevation tree growth (water limited). Due to
differences in the seasonal timing and the mechanism
of these limitations, the proxy relationships with
streamflow cannot be assumed to follow a hierarchy
of variance that results in orthogonal modes of
variability.

To preserve the different seasonal information in
the set of chronologies, we used the methods
employed in Lutz et al. (2012). We attempted to pre-
serve different modes of cool-season and warm-season
hydroclimatic variability by carrying out four sepa-
rate EOF/PC analyses on the common analysis period
(1650-1979) for standard chronologies (i.e., not resid-
ual or ARSTAN) that were (1) negatively and (2) posi-
tively correlated with water-year streamflow in the
year of growth and, independently, for chronologies
that were (3) negatively and (4) positively lag-1 auto-
correlated with streamflow (growth in year following
climate). Standard chronologies were used as input to
the EOF/PC process because we argue that the coher-
ent variation among chronologies at even multi-
decadal time scales is mostly climatic in nature in
the PNW (Gedalof and Smith, 2001; Peterson and
Peterson, 2001; Wettstein et al., 2011) and therefore
should be retained when it is held in common among
chronologies. Because the sign of the first EOF/PC
pair is arbitrary and can vary with computational
methodology, we checked the loadings of the
chronologies on each leading PC, and if all were neg-
ative, we inverted the sign of the PC time series to
retain its correlation with streamflow when used as a
predictor time series in regression. Within each
EOF/PC analysis, we used the criterion proposed by
North et al. (1982) with modification proposed by
Bretherton et al. (1992) for autocorrelated time series
to decide which PC time series to retain as indepen-
dent predictors. In short, this method estimates
which eigenvalues are statistically distinct from each
other, but considers the “true” degrees of freedom in
the time series given its autocorrelation. We retained
all PCs distinct from each other as candidate predic-
tors and rejected the rest.

Streamflow Reconstruction from EOF |PC Analysis

The retained PC time series of the four dominant
modes of tree-ring response (cool-season precipita-
tion limited, cool or warm-season precipitation
enhanced, and these two modes lagged one year)
were used as potential predictors in a regression
model of observed (1916-1980) Columbia streamflow.
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Again, a forward stepwise selection approach to
regression model construction was employed, except
with preference for leading mode PC time series.
Specifically, year-of-correlation predictors were
entered preferentially (e.g., PC1 snow limited, PC1
water limited, PC2 snow limited, and so on) with sub-
sequent partiality for lower order modes and leading
predictors (e.g., PC3 snow limited, PC3 leadl water
limited). Interaction terms were not considered, and
the resulting calibrated regression model was used to
develop a Columbia River streamflow reconstruction.

Streamflow Reconstruction Cross-Validation and
Verification

Model robustness was assessed using two forms of
cross-validation: the PRESS statistic (Neter et al.,
1996; after Allen, 1971) and split-sample tests (.e.,
splitting the historical period and recomputing the
calibrated regression model parameters from one sub-
sample and validating the resulting model using the
other subsample). Several regression diagnostic tests
were used to assess and validate the reconstructions.
To estimate the magnitude of the prediction error for
the validation period, we computed the root mean
squared error of validation (RMSE,) and wused
+2*RMSE, to estimate the 5th and 95th percentile
confidence limits for the reconstructed flows. RE was
used to measure the skill of the regression models,
defined as their accuracy relative to a prediction
based on no knowledge (i.e., the mean). Residual and
quantile normality plots were examined to verify the
assumption that residuals were normally distributed.

Examining the Hydroclimatic Features of
Reconstructed Streamflow

A hybrid (1502-1983) reconstruction of the two
reconstructions developed using direct regression of
chronologies was assembled by rescaling the resulting
1502-1608 portion of the longer reconstruction to
match the mean and variance of the shorter, more
skillful, and better replicated 1609 reconstruction and
appending the earlier years to the 1609 reconstruc-
tion. The hydroclimatic features of this extended
reconstruction were then evaluated by calculating
quantiles for each reconstructed water year. We then
plotted the runs of years exceeding percentiles indi-
cating low (less than 49th percentile, less than 25th
percentile, and less than 10th percentile) and high
(greater than b5l1st percentile, greater than 75th
percentile, and greater than 90th percentile) flows to
assess the duration and magnitude of high- and
low-flow events.
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RESULTS

Streamflow Data

Historical mean annual flow for the Columbia dur-
ing the historical (1916-1998) period was ~5,619 m®/s
(~198,433 ft3/s). Estimated 10th percentile flow was
~4,072 m®/s (143,801 ft%/s), and estimated 90th per-
centile flow was 7,015 m%/s (~247,732 ft%/s). Notable
(<10th percentile) single-year low flows occurred in
1926, 1929-1931, 1937, 1944, 1977, 1992, and 1994.
Single-year high flows occurred in 1916, 1921, 1928,
1948, 1951, 1956, 1965, 1971-1972, 1974, 1976, 1982,
and 1996-1997. Comparing the 1858-1915 portion of
the historical record to the model-verified 1916-1998
10th and 90th percentiles, there are no additional
years with flows lower than the 10th percentile, but
12 years (consecutive in 1879-1881) with high flows
greater than the 90th percentile. This suggests either
streamflows were frequently higher in the late 19th
Century than the later historical average, or the
stage height estimates (1858-1878) are biased high.
We know of no evidence for the latter, and the chan-
nel cross section at The Dalles is basalt and therefore
presumably very stable over time, so we take these
observations as strong evidence the second half of the
19th Century frequently exhibited high flows in the
Columbia River.

Tree-Ring Screening and Hydroclimatic Correlations

A total of 82 chronologies were significantly corre-
lated (p < 0.05) with Columbia flow (34 negative, 27
positive, 7 negative lag 1, 14 positive lag 1) from 1916
to 1979 and were retained for further analysis (Fig-
ure 2, see Supporting Information). The retained
chronologies used in the EOF/PC analysis or directly
in regression-based reconstructions had moderate-to-
strong correlations with climate variables related to
streamflow (Supporting Information). The ten
chronologies most negatively correlated (mean
r = —0.49) with flow at The Dalles had their strongest
correlations (all negative) with metrics of precipita-
tion or snow: cool-season (Oct-Mar) precipitation,
Mar-Jul SWE (r range — 0.39 to —0.60), or in one
case, summer precipitation (Table S1 in Supporting
Information). The ten chronologies most positively
correlated (mean r = +0.40) with flow had a mixed cli-
mate response. Their strongest correlations were with
cool-season precipitation or May 1 SWE (four
chronologies, r range +0.42 to +0.59) or, alternatively,
warm-season (Apr-Sep or Jun-Aug) water balance def-
icit (six chronologies r range —0.34 to —0.62, Table S2
in Supporting Information).
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For many of the chronologies with stronger flow
correlations, both winter and summer responses were
moderately strong, indicating either hydroclimatic
limitation throughout the year or mechanisms linking
cool- and warm-season hydroclimatology to growing
season tree growth. Among the chronologies with
lower absolute correlations to streamflow, correla-
tions with climatic variables were also generally
weaker though still significant.

Chronology-Based Streamflow Reconstruction:
Calibration, Validation, and Verification

Five chronologies (three negatively correlated, two
positively correlated) yielded the best calibration
regression model (Table 1), with an R? = 0.59 and RE
0.50. The common period for all chronologies was 1609-
1983, with minimum sample depth of 38 (chronology
average 7.6) in 1609. The chronology-based reconstruc-
tion verification statistics (Table 1) indicate moderate-
to-good performance of the calibration model over
different portions of the calibration period and also
the withheld flow data for 1858 to 1916.

To explore the limit of skillful reconstruction back
in time, we developed a longer reconstruction back to
1502 (minimum sample depth of 43, chronology aver-
age 8.6) using the same methods, but limited to those
chronologies extending prior to 1550. This resulted in
a similar model, but the WA081 and Mt. Jefferson
High were replaced by the OR087 (negative correla-
tion with flow) and CANA220 (positive correlation
with flow) chronologies. The calibration and valida-
tion for this reconstruction indicates a slight tradeoff
in skill for the extra century of data coverage (RMSE,
for 1609 reconstruction of 724 m®s compared to
802 m?/s for the 1502 reconstruction) (Table 1). Both
the 1609 and 1502 reconstructions were satisfactory
for Durbin-Watson and VIF statistics (Table 1),
although the split-sample verifications for the 1502
reconstruction do not perform as well as the 1602
reconstruction.

EOF/PC Analysis

Using the criterion from North et al. (1982) as
modified by Bretherton et al. (1999) to account for

TABLE 1. Years 1609 and 1502 Chronology-Based Reconstruction Predictors, Parameter Estimates, and Diagnostics
and Verification Statistics. See Supporting Information for Chronology Metadata and Species.

1609 Reconstruction

Coefficients (species) r (flow) Estimate Std. Error t pClt) VIF
Intercept 6,302.1 1,169 5.391 <0.0001
CPL (LALY) -0.411 —858.5 246.5 —3.483 0.0009 1.04
Mt Jefferson High (TSME) —0.512 -1,267.7 371.6 -3411 0.0011 1.27
wa081 (ABAM) —0.466 -1,156.5 363.6 —3.18 0.0023 1.19
id010 (PIAL) 0.453 1,492.8 497.2 3.002 0.0039 1.28
or030 (PIPO) 0.395 1,112.5 378.4 2.94 0.0046 1.21
Model Diagnostics Verification R? (adj) RE VIF
Multiple RZ = 0.62; Adj. R% = 0.59 1858-1915, withheld 0.42 0.32 1.08-1.60
F =20.23 on 5 and 62 DF, p < 0.0001 1858-1982, every other year 0.46 0.38 1.03-1.14
RE = 0.50; RMSEv = 724 m®/s 1859-1983, every other year 0.56 0.5 1.05-1.24
Durbin Watson = 2.23, p = 0.7622 1916-1949 0.56 0.44 1.25-1.86
1950-1983 0.55 0.43 1.11-1.63
1502 Reconstruction
Coefficients (species) r (flow) Estimate Std. Error t pClt) VIF
Intercept 3,320.8 1,009.1 3.291 0.0016
or030 (PIPO) 0.395 1,646.9 354 4.653 <0.0001 1.04
id010 (PIAL) 0.453 1,922.3 483.5 3.976 0.0002 1.14
CPL (LALY) -0.411 -907.5 243.4 —3.728 0.0004 1.03
or087 (TSME) —0.497 -1,018.1 465.5 —2.187 0.0321 1.21
cana220 (PIFL) 0.358 490.9 244.7 2.006 0.0488 1.08
Model Diagnostics Verification R? (adj) RE VIF
Multiple R% = 0.55; Adj. R% = 0.52 1858-1915, withheld 0.43 0.31 1.10-1.62
F =17.18 on 5 and 69 DF, p < 0.0001 1858-1982, every other year 0.38 0.21 1.25-1.85
RE = 0.39; RMSEv = 802 m®/s 1859-1983, every other year 0.42 0.32 1.10-1.33
Durbin Watson = 1.86, p = 0.2152 1916-1949 0.38 0.31 1.02-1.31
1950-1983 0.63 0.50 1.05-1.27
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sampling error and the effective change in degrees of
freedom associated with temporal autocorrelation
(Bretherton et al., 1992), we estimated a range for
each calculated EOF/PC eigenvalue and compared it
with the range for neighboring eigenvalues. This
allows more objective truncation of the EOF/PC spec-
trum and provides a hedge against using PC predic-
tors that are in reality spurious. We considered the
leading four (of 34) negative, two (of 27) positive, two
(of 7) lag 1 negative, and two (of 14) lag 1 positive
PCs to be independent and retained them for further
analysis (Table 2). The leading positive PC (Figure 3)
is a combined signal primarily from lower elevation
chronologies (minimum sample depth 407, chronology
mean 12.0) across the region (Figures 2 and 4),
whereas the leading negative PC (Figure 3) is a com-
bined signal from high-elevation chronologies (sample
depth 414, chronology mean 15.3) in the Cascades
and northern U.S. Rockies (Figures 2 and 4).

EOF | PC-Based Reconstruction: Calibration,
Validation, and Verification

Using the principal components derived from the
chronologies in a stepwise, forward selection multiple
regression resulted in a calibration model (Table 3)
based on the first and fourth PCs of negatively corre-
lated chronologies, the first PC of positively corre-
lated chronologies, the first PC of the lag 1 negative
chronologies, and the second PC of the lag 1 positive
chronologies.

The calibration model explained 48% of the varia-
tion in flow during the calibration period. The reduc-
tion in error statistic for the calibrated model was
0.41, indicating some model skill. The root mean
square error of validation was 805 m®/s (28,443 ft%/s,
or about 14% of historical mean flow). The calibra-
tion model satisfied assumptions of noncollinearity
among predictors (VIF < 3), and a Durbin-Watson
test for autocorrelation in the residuals was not sig-
nificant, supporting an assumption of independence.
The reconstruction developed from this model covers
the common period of the EOF/PC analyses — 1637-
1980.

The PC-based model verification results (Table 3)
indicate acceptable model performance for different
subsets of the calibration period. The verification per-
iod 1916-1947 had the weakest performance, whereas
the 1948-1980 verification had the strongest, with the
two every-other-year verification periods scoring in
between.

Reconstruction Comparison

For both the 1609 and 1502 reconstructions the
calibration and verification tests (Table 1) indicated
that the chronology-based approach provided more
skill than the PC-based reconstruction (Table 3). All
three models fail to capture some extreme high- and
low-flow years (Figure 5). The PC-based reconstruc-
tion best captured the high flows, with a mean error
for 90th percentile and above of —516 m%s (1502:
—845 m®/s, 1609: —782 m?/s). The 1609 reconstruc-
tion best captured the low flows, with a mean error
for 10th percentile and below of +668 m®/s (1502:
+800 m?/s, PC: +1,075 m®/s). The sign of the single-
year flow anomalies for all three reconstructions is
generally correct when compared to the overlapping
observed record: 77% for the 1502 reconstruction,
78% for the 1609 reconstruction, and 83% for the PC-
based reconstruction.

Given the skill of the chronology-based reconstruc-
tions and the statistical superiority of the 1609 recon-
struction, we chose to extend the length of the 1609
using methods equivalent to those used in Pederson
et al. (2011) and Gray et al. (2011). Briefly, we
adjusted the mean and variance of the 1502-1608 por-
tion of the 1502 reconstruction to match that of the
1609 reconstruction (including error estimates, which
increase with such rescaling), and then combined
them to produce a record spanning 1502-1983 for use
in further analyses (Figure 6).

Hydroclimatic Features of Reconstructed Streamflow

Here, we define extreme low- and high-flow events
on the Columbia River as any event that has estimated

TABLE 2. EOF/PC Analyses, Common Period of Analysis, Retained PCs, and Correlation with Observed Flow.

EOF/PC Analysis of

Correlated Chronologies Common Period

PCs Retained (variance explained)

Correlation with Observed Flow

Negative r 1610-1980
Positive r 1627-1980
Lag 1 Negative r 1637-1980
Lag 1 Positive r 1629-1980

1' (0.32), 2 (0.16), 3 (0.07), 4* (0.06)
1' (0.33), 2 (0.11)

11 (0.38), 2 (18)

1(0.26), 2 (0.14)

1: —0.57% 2: —0.07; 3: 0.02; 4: —0.13!
1: 0.48%; 2: —0.17

1: —0.10% 2: 0.10

1: 0.07; 2: 0.13¢

PCs retained and used in PC-based calibration model.
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FIGURE 3. Leading Principal Components (PCs) from Chronologies Positively (above, 1627-1980) and Negatively (below, 1610-1980)
Correlated with Historical Columbia Flow. Rescaled standard positively (n = 27) and negatively (n = 34) correlated chronologies
used to compute the first PCs are shown in lighter background lines.

flow volumes lower (higher) than the 10th (90th) per-
centile of the hybrid reconstruction record (Figure 6).
In total, the record yields 49 individual extreme low-
flow years (<10th percentile) and 41 individual high-
flow events (>90th percentile) (Table 4).

Noteworthy single-year extreme low-flow events of
the 20th Century include 1930-1931, 1936, 1940-
1941, 1944-1945, 1973, and 1977, and are only rivaled
by single-year events in the early 1500s and during
the droughts of the 1630s to 1650s (Figure 7). Indi-
vidual year extreme high flows above the 90th per-
centile appear more frequently between the 1700s
and 1800s (n = 28), with only seven events occurring
during the 20th Century.

Although individual extreme events can pose chal-
lenges to water management, consecutive years, or
“runs,” of sustained high and low flows often prove the
most challenging for water managers. In particular,
the reconstructed multiyear flow volumes sustained
below the 10th and 25th percentile, and above the 75th
and 90th percentile as shown in Figure 7 may produce
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hydroclimatic conditions that affect either hydropower
production or water supply (drought), or flood control
(high flows). For example, the 1502-1513 drought is
the only period of sustained low flow that rivals the
1929-1941 events in both severity and duration — both
droughts had runs of 12 or more years below the 25th
percentile and 4 years below the 10th percentile. The
period 1929-1941 is continuously below the 15th recon-
structed percentile and the 28th observed percentile
(Figure 7). However, the 46-year period between 1622
and 1667 shows 80% of its water years with flow vol-
umes below the 50th percentile and 48% below the
25th percentile. This period of sustained low flows also
includes two runs of years below the 10th percentile
(1633-1635 and 1651-1652). While this event (or two
separate back-to-back events) is punctuated by a few
above-average years, it appears to be a time of consis-
tently low flows at approximately decadal time frames.
In contrast, the period between the end of the 17th
Century and the 1760s appears to have been a time of
sustained and extreme high flows. This is particularly
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FIGURE 4. Maps of Correlations between Standard Chronologies and Leading Principal Components Retained for EOF/PC-Based
Reconstruction. Top: negative PC1 composed mostly of high-elevation chronologies negatively correlated with winter precipitation.

Bottom: positive PC1 composed mostly of low-elevation chronologies positively correlated with precipitation.
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TABLE 3. Regression and Verification Table for PC-Based Calibration Model (1916-1980).

1637 Reconstruction

Coefficients Estimate Std. Error t pClt) VIF
(Intercept) 5,999.0 127.3 47.117 <0.0001

Negative PC1 -504.8 115.1 —4.387 <0.0001 1.515
Positive PC1 401.8 126.2 3.183 0.0023 2.323
L1 Negative PC1 —676.6 263.7 —2.566 0.0129 1.382
Negative PC4 —652.9 259.2 -2.519 0.0145 1.233
L1 Positive PC2 -592.5 325.7 -1.819 0.0739 1.723
Model Diagnostics Verification R? (adj) RE VIF
Multiple RZ = 0.52; Adj. R% = 0.48 1858 to 1980, every other year 0.40 0.3 1.38-1.85
F =12.61 on 5 and 59 DF, 1859 to 1979, every other year 0.37 0.29 1.25-1.44

p < 0.0001

RE = 0.41; RMSEv = 805 m%/s 1916-1947 0.32 0.15 1.47-2.59
Durbin Watson = 2.04, p = 0.4689 1948-1980 0.47 0.31 1.29-1.62

true for the 39 years between 1696 and 1734 when
only 2 years (1721 and 1723) had flows below the 50th
percentile, and 69% of the years exceeded the recon-
structed 75th percentile. Surprisingly, 41% of the
years in this interval of high flows are estimated to
have exceeded the extreme 90th percentile. The only
20th Century event that resembles such sustained
high flows is the 31-year period between 1946 and
1976, when all but six years were above the 50th per-
centile, 45% of those exceeded the 75th percentile, and
four exceeded the 90th percentile.

DISCUSSION

Reconstruction Methodological Considerations

The two reconstruction methods examined here
resulted in proxy records that have numerous key fea-
tures in common. In particular, both approaches indi-
cated high streamflows in the early 1700s, mid-1700s,
and early 1810s, and low streamflows during the early
1600s and 1930s. There are, however, important dif-
ferences. For example, the PC-based reconstruction
includes relatively high flows in the 1640s to 1660s,
whereas the chronology-based reconstruction tends
toward drought over this same period. This discrep-
ancy may be due to low sample depth (i.e., number of
trees in each chronology) in the early portions of some
of chronologies retained for EOF/PC analysis. Sample
size artifacts are minimized in both reconstructions
by variance stabilization in chronology construction
and in the chronology-based reconstruction because
the underlying time series are composed of longer
samples assembled from larger numbers of trees. The
increased statistical skill of the chronology-based
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reconstruction over the PC-based reconstruction also
suggests a dampening of important hydrologic signals
as a result of the EOF/PC analysis itself. More specifi-
cally, in the EOF/PC approach, the signal may be
diluted by giving equal weight to all significantly cor-
related chronologies, rather than filtering for only the
strongest relationships as occurred in the develop-
ment of the chronology-based reconstruction. Taken
as a whole, this suggests the chronology-based recon-
struction would be the most appropriate choice for
applications in hydroclimatic analyses and water
resource management.

It should also be noted both methods miss the mag-
nitude of some observed extremes, and both recon-
structions fail to capture near normal flow years (e.g.,
1934, 1935, and 1938) in the midst of a relatively dry
period from 1929-1941 (Figure 5). Flows in the 1930s
as shown in the chronology-based reconstructed
streamflow are about 260 m®/s too high on average
(roughly equivalent to the difference between the 25th
and 30th percentile). The chronology-based recon-
struction better captured low flows observed in 1944
and 1977, but both reconstructions underestimate the
1926 dry event. Because we did not rescale the vari-
ance of either reconstruction to match the observed
record, reconstructed extremes are likely to be conser-
vative (i.e., less extreme than actual). Future tree-
ring-based reconstruction efforts might then focus on
capturing extreme single-year events, while also using
a variety of methods to explore the causes and conse-
quences of uncertainty in historical records.

Comparison with Other Regional Hydroclimate
Reconstructions

The composite 1502-1983 reconstruction is signifi-
cantly correlated with the regional average of the
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relationships between observed and reconstructed streamflow for 1502, 1609, and PC-based reconstructions.

Cook et al. (2004) PDSI gridpoint reconstructions
(which share some chronologies) for the Columbia
Basin region at r = 0.41. The composite reconstruc-
tion presented here is weakly but significantly corre-
lated with reconstructions of Snake River flow
(r =0.33 for 1591-1990 with Wise, 2010), Upper
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Yellowstone River flow (r = 0.30 for 1706-1977 with
Graumlich et al., 2003), Klamath River flow (r = 0.24
for 1507-1990 with Meko et al., 2014), and Sacra-
mento River flow (r = 0.23 for 1502-1977 with Meko
et al., 2001). Reconstructed PDSI for the PNW (Cook
et al., 2004) indicates a tendency toward dry years
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TABLE 4. High (>90th percentile) and Low (<10th percentile)
Reconstructed Columbia River Flows by Century.

Century Years
Years above 1500s 1531, 1537
90th percentile 1600s 1601, 1672, 1685, 1697
reconstructed flows 1700s 1700-1707, 1709, 1711, 1715,
1720, 1724, 1741, 1745, 1752,
1754, 1761, 1775
1800s 1810, 1813, 1832-1833, 1838,
1845, 1880-1882
1900s 1916, 1921, 1971, 1974, 1976,
1982-1983
Years below 1500s 1504-1507, 1511, 1513, 1520,
10th percentile 1526, 1554, 1556, 1571
reconstructed flows 1600s 1600, 1623, 1629, 1633-1635,
1639, 1647, 1651-1652, 1656,
1658, 1661, 1677
1700s 1783, 1798
1800s 1839, 1848, 1851, 1855, 1863,
1869
1900s 1905, 1915, 1924, 1930, 1931,

1933-1934, 1936, 1938-1941,
1944-1945, 1973
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for the 1460s-1470s, 1630s-1640s, 1830s-1840s, and
1920s-1930s, although the 1920s-1930s appear drier
than the 1460s-1470s and 1630s-1640s, which in turn
are drier than the 1840s (see Figure 8). Reconstruc-
tions of PDSI and annual precipitation from central
OR indicate the 1840s and 1920s and 1930s were
likely periods of low annual precipitation (Garfin and
Hughes, 1996; Knapp et al., 2004) in this subregion
of the Columbia Basin. Graumlich (1987) recon-
structed annual precipitation in the “Western low-
lands” (western Washington [WA] and northwestern
OR), “Columbia Basin” (eastern WA and northeastern
OR), and “Southern valleys” (southern OR and north-
eastern California) and found differences in the dura-
tion and magnitude of these events within the subre-
gions. Particularly in the Western lowlands and
Columbia Basin, multiyear droughts apparently
occurred in the 1840s, and the early 20th Century
drought appears strongest in the Southern Valleys
but is evident in all three regions. The 1720s appear
similar in magnitude, if not necessarily duration, in
all three subregional reconstructions (Graumlich,
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1987). In the Sacramento Basin for the years between
about 1835 and the late 1840s, reconstructed flows
are comparable to those in the early 1920s to the late
1930s (Meko et al., 2001). Upper Klamath River
water-year precipitation comparable in anomaly mag-
nitude to the low flows of the 1910s to 1930s occurred
in the mid-1600s (Figure 8) and the 1100s (Meko
et al., 2014).

Our reconstruction is consistent with previous
work that identified periods of below-average mois-
ture availability or streamflow in the 1620s-1630s,
1650s, 1840s, and 1930s (Figure 8; Graumlich, 1987;
Cook et al., 2004; Gedalof et al., 2004; Wise, 2010;
Malevich et al., 2013; Meko et al., 2014) and also
indicates a period of low flows in the early 1500s.
We did not identify low flow periods in the 1840s of
the magnitude indicated by the Gedalof et al. (2004)
reconstruction of Columbia River flow. The 1839,
1848, and 1851 reconstructed flows are all near the
20th percentile observed flow, and the period 1846-
1852 is below the reconstruction and observed
means, with mean flows around the 30th percentile
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observed. In contrast, the period 1929-1941, where
all years in the reconstruction are below the
observed mean, has six years below the 20th per-
centile (1930, 1931, 1936, and 1939-1941) and a
mean around the 20th percentile. Between 1626 and
1639, all reconstructed flows are below the observed
mean flow and mean flow was about the 27th per-
centile. This drought corresponds temporally with
the drought identified by Wise (2010) for the Snake
River, but our results suggest this event in the
whole Columbia River Basin may have been of equal
duration (longer if the 1640s are considered), but not
necessarily more severe than the sustained low flows
reconstructed for the period 1929-1941 given the
uncertainty in the reconstructions. Our reconstruc-
tion also suggests a similar event about 1654-1662,
with nine consecutive years of below-average flows
and a mean flow around the 27th percentile. The
reconstructed mean flow from 1502 to 1513 was
lower, at about the 23rd percentile. We observed
shorter and less severe low-flow periods in the
1770s, 1790s, and 1890s.
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One explanation of the lower severity of events in
our reconstruction compared to other work is previous
efforts did not explicitly incorporate chronologies that
are strongly and directly linked to winter precipitation.
In short, winter precipitation that can “make or break”
a runoff year will likely be missed or muted when, as
has often been the case, trees whose growth is more
closely tied to summer soil moisture content form the
foundation of the reconstruction. Another explanation
is the reconstructions in general have moderate skill,
so mismatches in timing (in this and/or other recon-
structions) could be explained by reconstruction error
alone. Finally, it is possible the temporal and spatial
variation in drought timing over a geographical area
this large is not an artifact of proxy selection and
methodology, but represents real variation.

The Role of Seasonal Drought in Governing Flows on
the Columbia

One key feature of the reconstructed Columbia
flow record is droughts in the proxy record do not
exceed the duration and magnitude of observed
events. If anything, the low flows of the 1500s-1510s,
1620s-1630s, 1840s, and 1930s are roughly compara-
ble in either duration or magnitude or both. Sus-
tained high-flow periods in the 17th to 19th
Centuries are, on the other hand, noticeably outside
the bounds of the observed record (Figure 7). The
chronology-based  reconstruction  suggests the
25 years between 1696 and 1720 were all above the
mean observed flow, and 1700-1707 were consecu-
tively above the 90th percentile of observed flow
(mean 93rd percentile), which is unmatched in the
rest of the proxy record. Other notable periods with
runs of several years above mean observed flow
apparently occurred from 1724-1734 (72nd per-
centile), 1740-1755 (76th percentile), 1757-1763 (76th
percentile), 1809-1813 (83rd percentile), 1829-1836
(72nd percentile), and 1876-1882 (76th percentile).
Except for 1957 and 1966, the entire period between
1950 and 1972 was above mean observed flow as well,
with three runs of consecutive years between the
70th and 76th percentiles. The period of higher flows
in the stage height portion of the observed stream-
flow record (from 1858-1877) is captured in the recon-
structions presented here, as well as in the PDSI
reconstruction and the Yellowstone River reconstruc-
tion, but not in some of the other hydroclimatic
reconstructions. However, it is worth noting all the
reconstructions underestimate high flows in the cali-
bration period, indicating some loss of skill at the
high end of the observed distribution.

The leading PC modes (Figure 3) indicate that the
very high-flow period in the early 18th Century was
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related to high cool-season precipitation as there was
a coherent period of sustained low growth among
high elevation, snow-limited trees, and near-average
growth among low elevation, summer water-limited
trees. The snowpack reconstruction records from Ped-
erson et al. (2011) also indicate this was a time of
high snowpack in the U.S. Northern Rockies.
Although it must be noted that the two reconstruc-
tions share some tree-ring data in common, the
Northern Rockies 1 April SWE reconstruction (Peder-
son et al., 2011) is moderately correlated with the
Columbia composite reconstruction (= 0.50) and
well correlated with the PC representing cool-season
precipitation in the EOF/PC reconstruction
(r = —-0.70).

During the reconstructed 1840s drought, the high-
elevation, snowpack-limited trees appear to have
been near normal growth, with below-average growth
apparent in the low-elevation summer water-limited
trees. This suggests potentially low flows of the 1840s
were affected by warm-season drought, but offset to
some extent by normal snowpack (or delayed melt of
snowpack). This may also explain why other stream-
flow reconstructions driven more by antecedent soil
moisture or otherwise water-limited chronologies
identified the 1840s as a more severe low-flow event.
The same may be true for the reconstructed low flows
of the 1620s and 1630s as reconstructions of PDSI
(Cook et al., 2004) and drought-driven flows on the
Snake River (Wise, 2010) highlight this period as low
precipitation (Figure 8), but the leading PC of cool-
season precipitation-sensitive chronologies indicates
higher than normal snowpack. Standing in stark con-
trast to these events, the severe 1930s-1940s “Dust-
bowl” droughts appear characterized by both low
snowpack (low cool-season precipitation) and high
warm-season water demand. In summary, seasonally
sensitive tree-ring moisture records indicate the low-
est flows in the Columbia River Basin occur when
there are simultaneous low cool-season precipitation
and either low warm-season precipitation or high
warm-season water demand, but sustained (decadal)
periods of below-average flow may occur in response
to either seasonal mechanism.

Management Implications: Comparing Reconstructed
and Potential Future Streamflow

The observed record (1916-1998) clearly underesti-
mates the possibility of the sustained high flows evi-
dent in reconstructed streamflow and in the late 19th
Century streamflow observations, and the annual
and decadal low flows observed during this period are
comparable in severity to those in the reconstruc-
tions, but there is evidence of longer droughts.
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Decadal droughts of similar magnitude and duration
to those observed in the early 20th Century have
occurred before, and the period in the early to mid-
1600s may have been a period with sustained low
flows for most of several decades. The frequency of
such events cannot be estimated conclusively given
the length of these reconstructions.

Interpreting the reconstructions presented here
only in the context of historical discharge is perhaps
insufficient to understand the full implications for
the Columbia water resources decision context.
Future annual streamflow in the Columbia depends
both on the interannual to multidecadal variability in
precipitation and the influence of global climate forc-
ing on regional trends in precipitation and tempera-
ture. Global climate model (GCM) precipitation
projections for the PNW suggest a modest (+1%-+2%)
increase in annual precipitation averaged across 39
GCM/emission scenarios combinations, although
many models suggest an increase in winter precipita-
tion and decrease in summer precipitation (Mote and
Salathé, 2010). From these scenarios, Elsner et al.
(2010) developed statistically downscaled climate forc-
ings for the Columbia River Basin and used them to
drive the VIC hydrologic model (Elsner et al., 2010).
In a second study using a calibrated version of the
same hydrologic model, the Hybrid Delta (HD) down-
scaling approach was used to develop 10 scenarios of
future streamflow in the Columbia River (10 GCMs
run under SRES A1B, Hamlet et al., 2013; Tohver
et al., 2014). These scenarios indicate that the timing

of peak and low flows could be expected to change
considerably. However, despite increased evaporation,
the total annual flow increased in response to winter
precipitation increases (Elsner et al., 2010). We used
the 2030-2059 Al1B projected streamflows for 10
GCMs in Hamlet et al. (2013) to develop quantile dis-
tributions for future streamflow at The Dalles. These
scenarios are reasonable because CMIP3 and CMIP5
generations of GCMs can be considered as from the
same probability distribution of realizations (Knutti
and Sedlacek, 2013) and because differences among
emissions scenarios during this midcentury period
are small compared to end of century. Comparing
these projections to quantile distributions of the
observed, naturalized, and reconstructed flows pre-
sented here (Figure 9), the observed and most GCM-
projected flows have lower flow for a given probability
below about the 20th percentile than the tree-ring
reconstructed flow record (Figures 6 and 9). The same
is true, and of greater magnitude, for high annual
flows. If the errors in quantiles of the reconstructed
flows are comparable to the uncertainty in the GCM
projections, this indicates a larger future range of
hydrologic variability despite a much higher number
of realizations in the reconstructed record.

Notable differences arise in the lower and particu-
larly upper quartile of reconstructed vs. future flows
(Figure 9), for which the future extremes could exceed
events indicated in the observed and reconstructed
flow records. The potential sequence of events in future
flows on time scales of more than a year or two,
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fore, the range of future streamflows is from a distribution that includes the observed interannual and decadal variability, but they do not
allow for novel sequences of interannual to decadal variability. GCMs: 1-MIROC 3.2; 2-CGCM 3.1 t47; 3-IPSL cm4; 4-HADCM; 5-CNRM

cm3; 6-ECHAM 5; 7-CCSM 3; 8-ECHO-G; 9-PCM 1; 10-HADGEM 1.

JAWRA

JOURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION



ReconstrucTiONS oF CoLumsiA River STREAMFLOW FROM TREe-RiNG CHRonOLOGIES IN THE PaciFic NorTHWEST, USA

however, may be more important challenges for water
resources management than whether a single year is
at the upper or lower extreme of flows.

Future hydroclimate simulations indicate the
potential for changes in extreme years, and GCMs
suggest larger increases in high-flow years than
decreases in low annual flows. All the GCMs, how-
ever, project climate that would lead to lower annual
flows in some years than any observed in either of
the chronology-based reconstructions. The projected
future quantile distribution range from ten plausible
GCM scenarios is even greater than the recon-
structed distribution of flows over the past 500 years,
so resource planning based on these scenarios may be
sufficient in terms of probable magnitude of annual
flow volumes, but the time series of the downscaled
GCM results is based on history from 1916-2006 and
the reconstructions may provide more realistic sce-
narios of decadal runs and flow sequences assuming
the persistence in the reconstructions from the stan-
dard chronologies is realistic. The atmospheric and
ocean conditions that lead to the physical responses
resulting in the reconstructed events (both high and
low annual flows and, in particular, the decade long
runs of high or low years) are yet unknown, so the
combination of climate change and natural variability
cannot be conclusively estimated as the downscaled
GCM scenarios summarized here use variability con-
sistent with the 20th Century variability observed in
the region Mantua et al. (1997). Although beyond
the scope of this study, the approaches developed by
Lutz et al. (2012), Ault et al. (2014), or Cook et al.
(2015), could be used in conjunction with this stream-
flow reconstruction to better assess future drought
and/or flood risk by combining information from the
paleoproxy record with changes in the probability dis-
tributions from GCM projections. This would provide
a more explicit and detailed understanding of the
combined effects of natural low-frequency climate
variability with future anthropogenically driven
changes to climate.

SUPPORTING INFORMATION

Additional supporting information may be found
online under the Supporting Information tab for this
article: Chronologies used in reconstructions.
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