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WATER RESOURCES RESEARCH, VOL. 49, 1-10, doi:10.1002/2013WR014273, 2013

A tree-ring based reconstruction of Logan River streamflow,

northern Utah

Eric B. Allen,! Tammy M. Rittenour,' R. Justin DeRose,” Matthew F. Bekker,® Roger Kjelgren,*

and Brendan M. Buckley”

Received 13 June 2013; revised 19 November 2013 ; accepted 4 December 2013.

[1] We created six new tree-ring chronologies in northern Utah, which were used with
preexisting chronologies from Utah and western Wyoming to reconstruct mean annual flow
for the Logan River, the largest tributary of the regionally important Bear River. Two
reconstruction models were developed, a “Local” model that incorporated two Rocky
Mountain juniper chronologies located within the basin, and a “Regional”” model that also
included limber pine and pinyon pine chronologies from a larger area. The Local model
explained 48.2% of the variability in the instrumental record and the juniper chronologies
better captured streamflow variability than Douglas-fir collected within the Logan basin.
Incorporating chronologies from the northern and southern margins of the transition zone of
the western precipitation dipole increased the skill of the Regional model (+* = 0.581). We
suggest the increased Regional model skill indicates that both nodes of the western
precipitation dipole influence northern Utah climate. The importance of Rocky Mountain
juniper in both reconstructions of streamflow for this region suggests that future work
should target these trees where more traditionally desirable species are not present. The
reconstructions provide the first extended record of streamflow in northern Utah.
Preinstrumental streamflows (1605—1921) exhibited considerable variability when
compared to the instrumental period (1922-2005). Our findings confirm that the inherent
uncertainty in contemporary water management and planning in the region is due to
hydroclimatic variability that has persisted for at least the last four centuries.
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Allen, E. B., T. M. Rittenour, R. J. DeRose, M. F. Bekker, R. Kjelgren, and B. M. Buckley (2013), A tree-ring based

reconstruction of Logan River streamflow, northern Utah, Water Resour. Res., 49, doi:10.1002/2013WR014273.

1. Introduction

[2] Northern Utah and the greater Salt Lake City metro-
politan area along the Wasatch Front Range is one of the
most densely populated regions of the semiarid Intermoun-
tain West (IMW) and depends primarily upon water stored
as winter snowpack. Mountain streams deliver snowmelt to
urban areas for irrigation, municipal drinking sources,
hydropower, and recreation. Climate models predict the
western US will experience reduced snowpack, increased
temperatures, and more severe and longer duration
droughts [e.g., Barnett et al., 2004 ; Cook et al., 2004 ; Bar-
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nett and Pierce, 2009]. Climate change is predicted to
reduce regional water availability and intensify the effects
of droughts and their economic impact [Rauscher et al.,
2008]. Furthermore, long-term drought forecasts of months
to years, available for much of the western US, have less
skill for northern Utah because Pacific Ocean teleconnec-
tions are complex and not well understood [Mock, 1996;
Dettinger et al., 1998; Wise, 2010a]. Streamflow records
are crucial for informing IMW water managers of natural
variability, but regionally are limited to relatively short
instrumental records. We aim to improve the understanding
of streamflow variability for northern Utah by reconstruct-
ing one of the region’s major streams, the Logan River.

[3] Northern Utah falls in the transition zone of the west-
ern precipitation dipole, a generalized observation of west-
ern US precipitation patterns that has been shown to be
driven by the El Nino Southern Oscillation (ENSO), but is
also modulated by the Pacific Decadal Oscillation (PDO)
[Mock, 1996; Cayan et al., 1999]. During El Nino condi-
tions the American Southwest is wet while the Pacific
Northwest is dry, and La Nina conditions produce the
opposite pattern [Redmond and Koch, 1991; Dettinger
et al., 1998]. While the current, mean position of the transi-
tion zone between these nodes falls between the latitudes
~40—42°N [Wise, 2010a], an area encompassing the Logan
River (Figure 1), the dipole likely shifted modestly in the
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Figure 1. Main map shows the Logan River basin (smaller polygon), Bear River Basin (larger 1 poly-

gon), chronologies (triangles) considered from the region with assumed hydroclimatic coherence, and
locations of gages of nearby flow reconstructions (filled circles, ASH = Ashley Creek, GRN = Green
River, SNK = Snake River, SPR = Spring Valley). (top left) Inset shows the Logan River basin and asso-

ciated gage and location of chronologies created by t
tom right) Inset shows the outline of the larger map

his study. Both JTR and JTD are located at JT. (bot-
and the current mean position of the transition zone

of the western precipitation dipole (gray) as described by Wise [2010a].

past [DeRose et al., 2013]. In northern Utah, winter precipi-
tation and ENSO phase do not correlate well as there is an
equal chance of either node modulating winter precipitation
in a given year. However, quasi-decadal scale changes in
Gulf of Alaska circulation associated with phase transitions
of the PDO have been shown to modulate IMW precipita-
tion [Zhang et al., 1997 ; Wang et al., 2009].

[4] A long-term perspective on northern Utah stream-
flow beyond the historical record is key to understanding
regional hydrologic drought cycles and improving water
management strategies. We created a long-term streamflow
record by developing tree-ring chronologies, normalized
indices of annual tree growth [Cook, 1985] (Figure 1) to
reconstruct the last several centuries of mean annual flow
of the Logan River. Two-needle pinyon pine (Pinus edulis)
and Douglas-fir (Pseudotsuga menziesii) are conventionally

the most desirable species for streamflow reconstructions,
while ponderosa pine (P. ponderosa) and Douglas-fir are
most useful for precipitation reconstructions in the western
U.S. [Hidalgo et al., 2001]. However, the study region falls
largely outside the geographical limits of these trees except
for Douglas-fir. Hence, we developed chronologies using
Douglas-fir and locally available Rocky Mountain juniper
(Juniperus scopulorum), which is seldom used in dendro-
climatic reconstructions.

[s] The Logan River originates in the Bear River Range
of northern Utah (Figure 1), and supplies the greater City
of Logan area with agricultural and municipal irrigation
water, and supports two hydropower dams. The Logan
River is the largest tributary (24% of mean flow) to the
Bear River, which in turn is the largest tributary to the
Great Salt Lake [Utah Division of Water Resources, 2000].
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Table 1. Descriptive Statistics of Chronologies Created by This Study and Considered for Modeling as Well as Preexisting Chronolo-

gies Retained for Modeling®

Chronology Species Oldest Ring Elevation (m) Trees (series) Mean Sensitivity Interseries Correlation Author

JTD PSME 1511 2100 26 (46) 0.193 0.670 This study

JTRMR JUSC 1227 2100 26 (49) 0.227 0.605 This study

LFR"? Jusc 1174 1980 23 (40) 0.275 0.645 This study

MCD PSME 1370 2290 54 (103) 0.248 0.660 This study

NAD PSME 1274 2730 35(59) 0.177 0.537 This study

WRD PSME 1133 2740 41 (58) 0.213 0.592 This study

RSM® PIED 1428 2130 28 (52) 0.311 0.688 Bekker et al. [2013]
WY037} PIFL 1315 2300 29 (68) 0.265 0.613 Wise [2010b]

“Note the greater sensitivity of the Rocky Mountain juniper compared to the Douglas-fir chronologies. Chronology locations are shown in Figure 1.
“Chronology used in Local model. JUSC = Juniperus scopulorum, PIED = Pinus edulis, PIFL = Pinus flexilis.

RChronology used in Regional model. PSME = Pseudotsuga menziesii.

The Bear River is the last major stream not yet fully devel-
oped in the region, but is crucial for future water alloca-
tions designed to support the region’s rapidly growing
population [Mackun and Wilson, 2011]. The Salt Lake City
and Wasatch Front metropolitan populations are projected
to double and exceed existing water supplies by 2050
[Utah Division of Water Resources, 2000].

[6] Our research supports water management in northern
Utah by using dendrochronology, the process of using tree-
ring data to reconstruct past events, to extend Logan River
mean annual water-year flows (MAF) back to the year
1605. We accomplish this by first developing six new tree-
ring chronologies in the area [Allen, 2013], including two
comprising Rocky Mountain juniper which we evaluate for
its feasibility for use in streamflow reconstructions. We use
these chronologies to model Logan River MAF with a
“Local” model, which employs only within-basin chronol-
ogies, as well as a “Regional” model, which also includes
chronologies from a larger area defined by similar synoptic
climatology [Woodhouse et al., 2006; Barnett et al., 2010].
The resulting reconstructions provide water managers with
a longer-term record of streamflow for use in water plan-
ning. The Regional reconstruction is compared to the four
closest streamflow reconstructions from the IMW to char-
acterize spatial and temporal coherence in hydroclimate.

2. Study Area

[7] The Logan River drains 1389 km? of the Bear River
Range in southeastern Idaho and northern Utah, USA (Fig-
ure 1). The Bear River Range is located in the IMW at the
boundary between the Great Basin to the west and Rocky
Mountains to the east. Elevations in the Logan River basin
range from 3035 m at Naomi Peak to 1341 m at the conflu-
ence with the Bear River west of Logan. Annual precipita-
tion in the region is dominated by winter snowfall
delivered by storms that originate in the Pacific Ocean
[Mock, 1996; Brown and Comrie, 2004]. Peak daily dis-
charges of the Logan River are associated with snowmelt
from May through July and MAF is strongly correlated
(* = 0.675) with annual precipitation.

3. Data and Methods

3.1. Flow Data

[8] We acquired naturalized daily streamflow data for
the water years 1922-2010 for USGS gage 10109001

(online at http://nwis.waterdata.usgs.gov). The gage is
located near the city of Logan, with an upstream drainage
area of 554 km? (Figure 1). The daily data were compiled
into water year means (October—September). Naturalized
flow data account for anthropogenic streamflow alterations
such as dams and diversions. Although the locations of
gages used to calculate naturalized flows have been moved,
uncertainty in MAF over the entire record is considered to
be *=5% of the values provided by the USGS (online at
http://wdr.water.usgs.gov).

3.2. Tree-Ring Data

[¢] Due to the limited number of existing tree-ring chro-
nologies in the region, six new chronologies were created
from the Bear River Range (Logan River basin) and sur-
rounding mountains (Table 1; Figure 1). Each site was cho-
sen based on growing conditions known to induce water
stress, including poor soil development, southward to west-
ward aspect, steep rocky slopes, and generally open canopy
conditions [Fritts, 1976; Speer, 2010]. Douglas-fir and
Rocky Mountain juniper were sampled at four and two
sites, respectively, in northern Utah (Figure 1). The
Douglas-fir site on Naomi Peak (NAD) updated an existing
chronology by Woodhouse and Kay [1990] [also see Wood-
house, 1989]. Where possible, we extracted two cores from
each living tree, and collected remnant wood samples to
extend the chronology further into the past. The cores were
mounted on wooden blocks and sanded with progressively
finer sandpaper up to at least 400 grit. The pairs of cores
from each tree were visually crossdated prior to being
measured to the nearest 0.001 mm [Stokes and Smiley,
1968; Fritts, 1976; Speer, 2010], and the quality of cross-
dating was statistically assessed using the program COFE-
CHA [Holmes, 1983].

[10] We used the program ARSTAN to remove so-called
biological growth patterns associated with tree age [Fritts,
1976; Cook et al., 2007]. We then averaged the resulting
indices using a robust mean to create a site chronology
[Fritts, 1976; Cook and Kariukstis, 1990]. We considered
various detrending options to best preserve the high-
frequency signal and chose the Friedman variable span
smoother using an alpha value of 5 [Friedman, 1984]. This
approximates a moderately flexible smoothing spline which
preserves some lower frequency variation.

[11] The sensitivity of the chronologies to climate was
assessed using maximum monthly temperature during late
spring and early summer, assumed to limit the growing
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Table 2. Verification Statistics of the Models Using a Split Sample Calibration Method®

Calibrate 1922-1962 Calibrate 1963-1999 Full Model 1922-1999

Model ” Adj.””® RE CE  /*(PRESS) ” Adj.””» RE CE  / (PRESS) ” Adj.”»  * (PRESS)
Local 0287 0251  0.534  0.505 0.189 0582  0.560 0286 0.194 0.511 0.482  0.469 0.439
Regional ~ 0.377 0309  0.641  0.620 0.220 0.691  0.657 0338 0252 0.599 0.581  0.559 0.525
Local =3.765 — (8.075 X JTR) + (11.346 X LFR)

Regional ~ =2.743 — (8.643 X JTR) + (8.482 X LFR) + (2.920 X RSM) + (1.610 X WY37.lag)

“The models were calibrated on one half of the streamflow record and verified on the other half before a full reconstruction model was built.
®Adj. * = adjusted 7%, RE = Reduction of Error, CE = Coefficient of Efficiency, PRESS = Predicted Residual Sum of Squares.

season, and monthly and water-year precipitation. The val-
ues were obtained from the PRISM grid cell associated
with each site (PRISM Climate Group online at http:
//prism.oregonstate.edu). PRISM data were used due to its
suggested strength relative to station data [Blasing and
Duvick, 1981] and the relative shortness of the nearby
Tony Grove SNOTEL station (in operation since 1978).
The analysis was conducted using a bootstrapped correla-
tion between each chronology as well as its 1 year lag, to
account for autocorrelation, and its associated climate data
for the entire period of record (1895-2010) [Biondi and
Waikul, 2004 ; Zang, 2012]. We determined that each chro-
nology had significant (p <0.05) relationship to either
mean maximum monthly temperature or mean monthly
precipitation [4/len, 2013]. We verified the temporal stabil-
ity of the chronologies sensitivity to monthly climate using
a 31 year moving window analysis.

[12] In addition to chronologies developed for this study,
we also considered previously existing chronologies in a
region defined by synoptic climatology [e.g., Woodhouse
et al.,2006; Barnett et al., 2010]. This region includes cen-
tral to southwestern Wyoming, the Wasatch Front Range in
Utah, and southeastern Idaho and experiences a similar
hydroclimate as the Logan River basin [Wise, 2010a].
Three limber pine (Pinus flexilis), two Douglas-fir, one
single-needle pinyon pine (Pinus monophylla), and two
two-needle pinyon pine chronologies were acquired online
from the International Tree-Ring Data Bank (http://www.
ncdc.noaa.gov) and considered for modeling along with
chronologies created by this study [Contributors of the
International Tree-Ring Data Bank, 2013]. All chronolo-
gies considered encompass a common period of 1584—
2000. These 14 climatically sensitive chronologies were
expanded to a predictor pool of 28 by including signifi-
cantly correlated 1 year lags in order to account for auto-
correlation found in tree-growth and climate [Fritts, 1976,
Cook and Kairiukstis, 1990; Meko and Graybill, 1995].
Autocorrelation in tree-growth represents carryover of
resources from 1 year to the next. Thus, growth in the year
following favorable conditions will be advantaged relative
to a year following poor growing conditions [Fritts, 1976].

3.3. Model Building

[13] Previous researchers examined the relative strength
of chronologies from within a stream basin compared to a
suite of chronologies from a larger area [e.g., Woodhouse
et al., 2006; Barnett et al., 2010]. Here we used two groups
of predictors to build two models of Logan River water year
MAF (in cms, cubic meters per second). The Local model
included predictors within 100 km of the Logan River basin

boundary following Watson et al. [2009], and the Regional
model incorporated all predictors within an area of puta-
tively similar hydroclimate (Figure 1). The two models
were compared to assess the ability of within-basin chronol-
ogies to model Logan River MAF. Each group of predictors
was entered into a stepwise linear regression model ordered
by their correlation to Logan River MAF. Predictors were
retained based on AIC (Table 2). The models were verified
using a split calibration procedure in which the period of
overlap between the streamflow record and tree-ring data
was divided in half, and the model was calibrated on the
first half and its skill verified on the second half. The model
was then calibrated on the latter half of the flow record and
verified on the first half. The model skill of split and full
calibration were assessed using 7, adjusted %, reduction of
error (RE), coefficient of efficiency (CE), and the PRESS
statistic (Table 2) [Fritts, 1976; Cook and Kariukstis,
1990]. The reduction of error, RE, is a measure of model
skill that compares the variance of predicted from observed
values versus the variance of observed values from the cali-
bration period mean. CE differs from RE in that it uses the
validation period mean instead of the calibration period
mean. RE and CE values range from 1 to negative infinity,
and although there is not a significance threshold, a value
greater than zero indicates some degree of model skill.
Using the validation-period mean results in CE being
smaller, and more stringent, than RE. Due to the higher RE
and CE values of the Regional model, it will be used when
discussing reconstructed MAF unless otherwise noted.

4. Results

4.1. Model Results

[14] Reconstructed Logan River water year MAF for
both the Local and Regional models extended back to
1605, augmenting the instrumental record by over 300
years. Prior to this year, the subsample signal strength of
LFR dropped below 0.85, a suggested minimum threshold
of a chronology’s signal strength [Wigley et al., 1984]. The
two within-basin Rocky Mountain juniper chronologies
were retained in both models, while the Regional model
also incorporated a two-needle pinyon chronology from
north-central Utah and a limber pine chronology [Wise,
2010b] from western Wyoming (Figure 1). The additional
chronologies resulted in greater Regional model skill
(* =0.581) compared to the Local model (*=0.482,
Table 2, Figure 2). This level of model skill was similar to
other stream reconstructions, such as 0.52 on the Yellow-
stone River [Graumlich et al., 2003], 0.713 on Ashley
Creek [Carson and Munroe, 2005], 0.475 in the Green
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Table 3. Overlapping 5 Year Extreme Low Flow Periods (<95% Exceedance) of Select Reconstructions With at Least 3 Years of Over-
lap With Low Flow Periods of the Logan River Regional Model (1605 to Present)*

Snake River

Green River

Ashley Creek Spring Valley

Year Logan River [Wise, 2010Db] [Woodhouse et al., 2006] [Carson and Munroe, 2005] [Strachan et al., 2012]
1628 -0.774

1629 —0.972 —0.943

1630 —1.186 —1.324 —0.965
1631 —1.162 —0.964 —0.814
1632 —1.162

1633 -0.779

1651 —1.106

1652 —1.213
1653 —1.551
1733 1.148°

1735 —1.044

1736 —1.152

1737 —1.170

1757 —0.809

1758 —-1.017

1759 —0.969

1844 —0.882 —0.883
1845 —0.801

1846 —1.059 —1.313

1847 —1.042 —0.869

1887 —0.975 —0.821

1888 —1.301 —0.681

1889 —1.151

1890 —1.048

1932 —1.127 —1.186

1933 —1.099 —0.969 —0.845
1934 —0.659

1989 —0.866

1990 —1.305 —1.055

1991 —1.137

2001 —1.064

2002 —1.081 —1.267

2003 -1.172

“Values are the 5 year mean z-score centered on the year indicated.
High-flow period.

River [Woodhouse et al., 2006], 0.40-0.64 on the Wind
River headwaters [Watson et al., 2009], and 0.56-0.63 on
the Snake River [Wise, 2010b]. Both models exhibited
greater skill when calibrated on the latter half of the instru-
mental record (Table 2). Averaged MAF for the calibration
period for each model (6.94 cms) was slightly greater than
the observed average (6.92 cms). Both models exhibited
less variability during the calibration period, as inferred
from the standard deviation, than the observed record. The
Local model exhibited slightly less variability (1.48 cms)
than the Regional model (1.62 cms).

4.2. Reconstructed Droughts

[15] The Regional reconstruction exhibited multiple
extreme (5th percentile) individual dry years both within
the instrumental period (1961 and 1934) and prior to meas-
urements (1889, 1864, 1845, 1795, 1777, 1760, 1735, 1729,
1653, 1632). Of the most extreme individual dry years of
the entire reconstruction (1934, 1889, and 1735), one was
experienced during the instrumental period (Figure 3). Both
the Local and Regional models indicated that 1735 was the
lowest individual flow year for the entire reconstruction
period. Lower-frequency variability (5 year moving aver-
age, Figure 3, Table 3) indicated that extended periods of
below average flow characterized the Logan River (e.g.,
1630s, 1650s, 1755-1965, late 1840s, late 1880s, early

1930s, and late 1980s). Limited coherence occurred
between the Logan reconstruction and other nearby stream-
flow reconstructions. For example, the Logan River and the
Snake River shared multiple low flow years in the early
17th century, and again in the 20th. The Logan River and
Spring Valley only share three low flow years in common:
1630, 1631, and 1933. In contrast, the Logan River and
Ashley Creek shared virtually no low flow events. Coher-
ence between the Logan River and the Green River
occurred almost entirely in the 19th century (Table 3).

4.3. Reconstructed Pluvials

[16] Individual high flow years were reconstructed in 1986,
1984, 1983, 1907, 1811, 1793, and 1726-1727 (Figure 3). All
high flow years occurred in extended periods of above-average
flow, putative pluvials. Lower-frequency variability indicated
by the 5 year running average revealed the early 1980s was
the most extreme pluvial in the record, followed by the early
1900s. Historical pluvials approaching the 20th century magni-
tude include the 1790s, 1720s, and 1640s (Figure 3).

5. Discussion

5.1. Model Analysis

[17] Two-needle pinyon pine and ponderosa pine, desira-
ble species in dendroclimatology, are not sufficiently old or
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Figure 2. Plot of model calibration with top plot displaying observed mean annual flow (solid gray
line), Regional model (solid black line, #* = 0.581), and Local model (dotted black line, > = 0.482). Bot-
tom plot is departure of modeled flows (Regional model solid black line, Local model dotted line) from

the instrumental mean (indicated by gray line).

abundant in the Logan River basin or surrounding moun-
tains. Commonly used Douglas-fir is present in the region
and were sampled, but exhibit low (0.10-0.19) to interme-
diate (0.20-0.29) sensitivity [as defined by Holmes, 1983]
(Table 1). Rocky Mountain juniper, rarely used in dendro-
climatology studies, is relatively abundant in the region,
and exhibits a higher sensitivity than Douglas-fir and lim-
ber pine (Table 1). We successfully use two within-basin
juniper chronologies to model Logan River MAF
(r* = 0.482), indicating that this species is sensitive to the
local climate and captures a substantial portion of the
regional hydroclimatic variability. Although Rocky Moun-
tain juniper has been proposed for use in dendroclimatol-
ogy [e.g., Sieg et al., 1996], there are few examples [but
see Graumlich et al., 2000] and only three such chronolo-
gies are available from the International Tree Ring Data
bank. This juniper species is common in the region and
across a wide ecological range encompassing much of the
western US and parts of Canada (Natural Resources Con-
servation Service, online http://plants.usda.gov). Juniper
abundance, climatic sensitivity [Sieg et al., 1996], and pro-
pensity for longevity (Table 1) suggest it could be an
important species for climate reconstructions, especially
where traditionally used species are not present or not
sufficiently sensitive as measure by interannual growth
[Holmes, 1983].

[18] Tt is noteworthy that the within-basin Rocky Moun-
tain juniper chronologies developed for this project are the
only significant predictors retained for use in the Local
model. When additional chronologies located in an area
with putatively similar climate teleconnections and hydro-
climate are considered, the Rocky Mountain junipers are
retained as significant predictors. Chronologies of varying

species and elevations within 100 km of the Logan River
basin are not significant predictors, and therefore excluded
from the final models (Table 1; Figure 1). This suggests
that inclusion of limber pine (WY037) and two-needle pin-
yon pine (RSM) in the Regional model may not be entirely
due to their species or elevation (Table 1). Instead, we
interpret this result as the ability of the distant chronologies
to capture the variability in precipitation from the more
northern and southern modes at the margins of the transi-
tion zone of the western precipitation dipole. In other
words, the inclusion of the limber pine chronology
(WY037) to the north and single-needle pinyon pine chro-
nology (RSM) to the south likely better capture the regional
hydroclimatic variability (Figure 1, Table 1).

[19] Both models generally capture low and moderate
flow events, but commonly underestimate extreme high
flow events. Predicting extremes, which we define as below
the 95% percentile and above the 5% percentile, is difficult
as the relationship between precipitation and ring-width
response becomes nonlinear, yet the models assume a lin-
ear relationship [Fritts, 1976; Briffa, 1995]. The split cali-
bration reveals that both models exhibit greater skill when
calibrated on the more variable latter half of the instrumen-
tal record which contains the highest observed flow events
(Figure 2). Conversely, calibrating models on the first half
and predicting the latter half requires predicting flows well
beyond the calibration values, resulting in decreased model
skill. Analysis of the relationship between MAF and
PRISM water year precipitation suggests that the first half
of the streamflow record may be of lower quality than the
latter half [4/len, 2013]. MAF and precipitation are moder-
ately correlated (<0.50) for the period prior to 1966, after
which their correlation increases. A similar, but less
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pronounced, decline in correlation between tree-ring data
and MAF is observed.

5.2. Regional Hydroclimatology

[20] Previous analyses of ENSO teleconnections with
winter precipitation suggest that northern Utah and the
Logan River drainage are located in the transition zone of
the western precipitation dipole [Wise, 2010a]. Northwest-
ern Wyoming, where WY 037 is located, is more commonly
correlated with precipitation patterns in the Pacific North-
west node [Wise, 2010a]. The location of WY037 and its
significant contribution to Logan River MAF reconstruc-
tions suggests that it may contribute a precipitation signal
that is most often correlated with the northern mode of the
precipitation dipole. Conversely, RSM is located in the
southern Wasatch Mountains, an area that Wise [2010a]
suggested is more commonly correlated with the southern
mode of the western precipitation dipole. By considering
chronologies from locations north and south of the Logan
Basin we more effectively captured this complex climate
interrelationship over the last ~400 years. Previous work
has shown that only considering within-basin chronologies
can be restrictive due to the limited area from which to
locate sites [e.g., Woodhouse et al., 2006; Watson et al.,
2009; Barnett et al., 2010]. Inclusion of RSM and WY 037
suggest that in addition to spatial limitations, introducing
chronologies from a broader region in an area with com-
plex terrain based on synoptic climatology is necessary to
better model past climate. Moreover, Watson et al. [2009]
found that considering chronologies across a larger region
may be necessary for small headwater streams, as the lim-
ited basin size only permits a small area from which to

locate sufficiently sensitive chronologies. We similarly
note that including chronologies from outside the Logan
River Basin improved model skill by 0.099%, indicating
that the within basin junipers capture a significant portion,
but not all, of the local hydroclimate.

[21] Other stream reconstructions from the central Rocky
Mountains and IMW allow for a comparison of regional
hydroclimate patterns with respect to the western precipita-
tion dipole. Reconstructions of the Snake River at Heise,
ID (210 km north), Green River at Green River, WY (200
km east), Ashley Creek, UT (230 km east), and Spring Val-
ley, NV (360 km southwest) were selected (Figure 1). The
Snake River is in the northern node of the western precipi-
tation dipole, Spring Valley in the southern node, and Ash-
ley Creek and the Green River in the transition zone as
described by Wise [2010a]. Z-scores of annual reconstruc-
tion values were smoothed using a 5 year moving average
in order to compare coherence of wet and dry periods.
These streams and the Logan River exhibit similar interan-
nual flow patterns which differ in magnitude between
basins, such as the high-flow year 1839 which is greater in
the Green River compared to the Snake or Logan Rivers.

[22] At times, the reconstructed flows are divergent north
to south and at other times they are coherent (Figure 4).
The 1880s drought in the northerly Logan and Snake River
catchments is contemporaneous with greater than average
flows of Spring Valley, exemplifying the north-south nature
of the western precipitation dipole. Periods such as the
1650s low flows in the Logan River and Spring Valley sug-
gest times when the Logan River hydroclimate is more rep-
resentative of the southern node of the western
precipitation dipole. These periods last from a few years up
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Figure 4. Five year, centered, running-averages of select regional streamflow reconstructions. Logan
River Regional model (gray) with, from top to bottom (spatially north to south) in black lines, the Snake
River near Heise, ID [Wise, 2010b], Green River near Green River, WY [Woodhouse et al., 2006], Ash-
ley Creek, UT [Carson and Munroe, 2005], and Spring Valley, NV [Strachan et al., 2012]. Coefficients
of determination were calculated between the stream indicated and the Logan River.

to a decade, a similar length of time as ENSO, suggesting
the importance of teleconnections on Logan River
hydroclimate.

[23] Coherence with the Logan River occurred in both
wet and dry periods (e.g., early 1900s and 1720s wet peri-
ods and the dry 1930s). This indicates periods of hydrocli-
matic coherence similar to other findings [Fye et al., 2003].
While the 1730s is dry in the Logan, Green, and Snake
reconstructions, Ashley Creek, however, exhibits higher
than average flows (Table 3, Figure 4). This dry period has
been similarly observed in widely spaced reconstructions
across the western US [Meko and Woodhouse, 2005]. Ash-
ley Creek exhibits several instances of differing flow pat-
terns from the other streams throughout the reconstructed
period. This difference is also demonstrated by the lower
coefficient of determination between Ashley Creek and the
Logan River compared to the other streams. The Snake
River and Spring Valley are significantly more correlated
with the Logan River, despite the close proximity of the
Green River and Ashley Creek. These differences are likely
due to the much large catchments represented by the Green
River reconstruction (also the Snake River) that allows
them to capture a broader spatial hydroclimate signal, and
potentially dampen the response in flow. The Snake and

Logan Rivers and Spring Valley are either in the Great
Basin or on the eastern margin of the Rocky Mountains,
suggesting there may be an east-west component to the
regional hydroclimate. Previous work observed that the
canonical ENSO dipole is modulated by changes in PDO
[Brown and Comrie, 2004; Wise, 2010a] and shifts spa-
tially through time [Wise, 2010a]. A denser network of
tree-ring chronologies would improve the ability to charac-
terize the modulation of climatic teleconnections, such as
ENSO and PDO, on regional precipitation.

5.3.

[24] Our reconstructions of the Logan River suggest that
overall flows were more variable at times preceding the
instrumental period. Given that the reconstructions did not
fully capture the magnitude of extreme events in the cali-
bration period, it is likely that past droughts and wet peri-
ods are more extreme than the models indicate, thereby
implying the possibility that water supplies may have been
more volatile in the past. Not surprisingly, the reconstruc-
tions also suggest periods of greater flow variability than
what is captured in the relatively short instrumental record,
suggesting that water management decisions are based on a
limited frame of reference when compared with the more

Implications for Water Management
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extensive reconstruction. That the instrumental record does
not capture the full range of natural variability has been
observed in studies in surrounding basins and across the
western US [e.g., Graumlich et al., 2003; Woodhouse
et al., 2006; Timilsena et al., 2007 ; Watson et al., 2009,
Barnett et al., 2010; Wise, 2010b]. The potential for vola-
tility in water resources may be compounded by the grow-
ing population in northern Utah which is expected to
double by the year 2050, exceeding current supplies [Utah
Division of Water Resources, 2000; Mackun and Wilson,
2011]. Reconstructions, such as those presented here, pro-
vide insights to water variability and availability, which
would be of high value to water managers and regional
planners.

6. Conclusions

[25] Logan River MAFs were extended back to 1605
using a suite of tree-ring chronologies, including seldom-
used Rocky Mountain juniper. The higher sensitivity of the
Rocky Mountain juniper chronologies relative to the more
traditionally used Douglas-fir and limber pine suggests that
Rocky Mountain juniper may be useful for future climate
reconstructions [Sieg et al., 1996], particularly in areas
where other species exhibit lower sensitivity. Additional
work characterizing the climatic response of this species
would help further determine its potential for dendroclima-
tology. This reconstruction was conducted in an area with
complex and poorly understood climate teleconnections,
due to its location in the transition zone of the western pre-
cipitation dipole, which is a product of interannual to inter-
decadal Pacific Ocean variability (i.e., ENSO, PDO)
[Mock, 1996; Wang et al., 2009; Wise, 2010a]. The best
Logan River MAF reconstruction model utilized tree-ring
chronologies from the northern and southern portions of
this transition zone, taking advantage of contributions from
regions influenced by different aspects of the western pre-
cipitation dipole transition zone. As more tree-ring chronol-
ogies are developed, future work could better characterize
the nature of this transition zone.

[26] Both reconstructions indicated the Logan River has
experienced highly variable streamflow over the last four
centuries that is only partly apparent when considering
only the instrumental record. Current water supplies in
northern Utah are able to meet demand, but even with per
capita decreases in usage, demand is expected to outpace
supply within the next decade due to increased population
[Utah Division of Water Resources, 2000; Mackun and
Wilson, 2011]. Persistent streamflow variability, coupled
with the more recent shift in precipitation from snow to
rain [Gillies et al., 2012], suggests the need for careful
management of water resources. Water managers could
benefit by utilizing an increasing array of information
related to natural flow variability, such as the reconstruc-
tions presented herein, when allocating water resources.

[27] Acknowledgments. Thanks go to the Wasatch Dendroclimatol-
ogy Research (WADR) Group for funding and guiding this project. Thanks
to Le Canh Nam, Nguyen Thiet, Nguyen Hoai, Mandy Freund, and Dario
Martin-Benito for their field and lab help in developing these chronologies.
We also thank Connie Woodhouse and Jeff Lukas for their insight on
streamflow modeling. We also thank the associate editor at WRR, Scotty
Strachan, Matthew Therrell, and an anonymous reviewer for their helpful
comments. This research was funded by USU Water Initiative seed grant,

USU Ecology Center, Geological Society of America Graduate student
scholarship, USU Geology Department J. Stewart Williams Award, and
the USU Extension Office.

References

Allen, E. B. (2013), Dendrochronology in northern Utah: Modeling sensi-
tivity and reconstructing Logan River flows, MS thesis, 111 pp., Utah St.
Univ., Logan, Utah.

Barnett, F. A., S. T. Gray, and G. A. Tootle (2010), Upper Green River
Basin (United States) Streamflow Reconstructions, J. Hydrol. Eng., 15,
567-579.

Barnett, T. P., and D. W. Pierce (2009), Sustainable water deliveries from
the Colorado River in a changing climate, Proc. Natl. Acad. Sci. U. S. A.,
106, 7334-7338.

Barnett, T., R. Malone, W. Pennell, D. Stammer, B. Semtner, and W.
Washington (2004), The effects of climate change on water resources in
the West: Introduction and overview, J. Clim. Change, 62, 1-11.

Bekker, M. F., R. J. DeRose, B. M. Buckley, R. K. Kjelgren, and N. S. Gill
(2013), A 576-year Weber River streamflow reconstruction from tree
rings for water resource risk assessment in the Wasatch Front, Utah, J.
Am. Water Resour. Assoc.

Biondi, F., and K. Waikul (2004), DENDROCLIM2002: A C+ + program
for statistical calibration of climate signals in tree-ring chronologies,
Comput. Geosci., 30,303-311.

Blasing, T. J., and D. N. Duvick (1981), Dendroclimatic calibration and
verification using regionally averaged and single station precipitation
data, Tree-Ring Bull., 41, 37-43.

Briffa, K. R. (1995), Interpreting high-resolution proxy climate data—The
example of dendroclimatology, in Analysis of Climate Variability:
Applications of Statistical Techniques, Proceedings of an Autumn School
Organized by the Commission of the European, vol. 1, 77 pp, Berlin,
Germany.

Brown, D. P, and A. C. Comrie (2004), A winter precipitation “dipole” in
the western United States associated with multidecadal ENSO variabili-
ty, Geophys. Res. Lett., 31,1.09203, doi:10.1029/2003GL018726.

Carson, E. C., and Munroe, J. S. (2005), Tree-ring based streamflow recon-
struction for Ashley Creek, Northeastern Utah: implications for palaeo-
hydrology of the southern Uinta Mountains, Holocene, 15(4), 602—611.

Cayan, D. R., K. T. Redmond, and L. G. Riddle (1999), ENSO and
hydrologic extremes in the western United States, J. Clim., 12, 2881—
2893.

Contributors of the International Tree-Ring Data Bank (2013), IGBP
PAGES/World Data Center for Paleoclimatology, NOAA/NCDC Paleo-
climatology Program, Boulder, Colo.

Cook, E. R. (1985), A time series analysis approach to tree ring standardiza-
tion, PhD dissertation, Sch. of Renewable Nat. Res., Univ. of Arizona,
Tucson, Ariz.

Cook, E. R., and L. A. Kariukstis (1990), Methods of Dendrochronology :
Applications in the Environmental Sciences, Kluwer Acad. and the Int.
Inst. for Appl. Syst. Anal., Dordrechet, Netherlands.

Cook, E. R., P. J. Krusic, R. H. Holmes, and K. Peters (2007), ARSTAN
Version 41d, Columbia University. [Available at http://www.ldeo.
columbia.edu/tree-ring-laboratory/resources/software. ]

Cook, E. R., C. A. Woodhouse, C. M. Eakin, D. M. Meko, and D. W. Stahle
(2004), Long term aridity changes in the western United States, Science,
306, 1015-1018.

DeRose, R. J., S.-Y. Wang, and J. D. Shaw (2013), Feasibility of high-
density climate reconstruction based on Forest Inventory and Analysis
(FIA) collected tree-ring data, J. Hydrometeorol., 14, 375-381.

Dettinger, M. D., D. R. Cayan, H. F. Diaz, and D. M. Meko (1998), North-
south precipitation patterns in western North America on interannual-to-
decadal timescales, Am. Meteorol. Soc., 11,3095-3111.

Friedman, J. H. (1984), A variable span smoother, Tech. Rep. 5, Lab. for
Comp. Stat., Dep. of Stat., Stanford Univ., Stanford, Calif.

Fritts, H. C. (1976), Tree Rings and Climate, 557 pp., Academic, London.

Fye, F. K., D. W. Stahle, and E. R. Cook (2003), Paleoclimatic analogs to
twentieth-century moisture regimes across the United State, Bull. Am.
Meteorol. Soc., 84,901-909.

Gillies, R. R., S. Wang, and M. R. Booth (2012), Observational and synop-
tic analyses of the winter precipitation regime change over Utah, J.
Clim., 25, 4679-4698.

Graumlich, L. J., J. C. King, and J. Littel (2000), Millennial-length tree-ring
records from the Greater Yellowstone Ecosystem, USA, Abstracts,
Reconstructing Climate Variability and Change from Treelines in


info:doi/10.1029/2003GL018726.
http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software

ALLEN ET AL.: LOGAN RIVER RECONSTRUCTION

International Conference on Dendrochronology for the Third Millenium,
Mendoza, Argentina, 2—7 Apr.

Graumlich, L. J., M. F. J. Pisaric, L. A. Waggoner, J. S. Littell, and J. C.
King (2003), Upper Yellowstone River flow and teleconnections with
Pacific Basin climate variability during the past three centuries, Clim.
Change, 59, 245-262.

Hidalgo, H. G., J. A. Dracup, G. M. MacDonald, and J. A. King (2001),
Comparison of tree species sensitivity to high- and low-extreme hydro-
climatic events, Phys. Geogr., 22, 115-134.

Holmes, R. L. (1983), Computer-assisted quality control in tree-ring dating
and measurement, 7ree-Ring Bull., 43, 69-95.

Mackun, P., and S. Wilson (2011), Population distribution and change:
2000 to 2010, U.S. Census Briefs, U.S. Census Bureau. [Available at
http://www.census.gov/prod/cen2010/briefs/c2010br-01.pdf.].

Meko, D., and D. A. Graybill (1995), Tree-ring reconstruction of upper
Gila River discharge, Water Resour. Bull., 31, 605-616.

Meko, D. M., and C. A. Woodhouse (2005), Tree-ring footprint of joint
hydrologic drought in Sacramento and upper Colorado river basins, west-
ern USA, J. Hydrol., 308, 196-213.

Mock, C. J. (1996), Climatic controls and spatial variations of precipitation
in the western United States, J. Clim., 9, 1111-1125.

Rauscher, A. A., J. S. Pal, N. S. Diffenbaugh, and M. M. Benedetti (2008),
Future changes in snowmelt-driven runoff timing over the western US,
Geophys. Res. Lett., 35, 116703, doi:10.1029/2008GL034424.

Redmond, K., and T. Koch (1991), Surface climate and streamflow vari-
ability in the western United States and their relationship to large-scale
circulation indices, Water Resour. Res., 27,2381-2399.

Sieg, C. H., D. Meko, A. D. DeGaetano, and W. Ni (1996), Dendroclimatic
potential in the northern Great Plains, in Tree Rings, Environment and
Humanity: Proceedings of the International Conference, edited by J. S.
Dean, D. M. Meko, and T. W. Swetnam, pp. 295-302, Tucson, Ariz., 17—
21 May 1994.

Speer, J. H. (2010), Fundamentals of Tree Ring Research, Univ. of Arizona
Press, Tucson, Arizona.

Stokes, M. A., and T. L. Smiley (1968), An Introduction to Tree-Ring Dat-
ing, Univ. of Arizona Press, Tucson, Ariz.

10

Strachan, S., F. Biondi, and J. Leising (2012), A 550-year reconstruction of
streamflow variability in Spring Valley, Nevada, USA, J. Water Resour.
Plann. Manage., 138, 326-333.

Timilsena, J., T. C. Piechota, H. Hidalgo, and G. Tootle (2007), Five hun-
dred years of drought in the upper Colorado River basin, J. Am. Water
Resour. Assoc., 43, 798-812.

Utah Division of Water Resources (2000), Bear River Development, Salt
Lake City, Utah.

Wang, S., R. R. Gillies, J. Jin, and L. E. Hipps (2009), Recent rainfall cycle
in the Intermountain Region as a quadrature amplitude modulation from
the Pacific decadal oscillation, Geophys. Res. Lett., 36, 102705, doi:
10.1029/2008GL036329.

Watson, T. A., F. A. Barnett, S. T. Gray, and G. A. Tootle (2009), Recon-
structed streamflows for the headwaters of the Wind River, Wyoming,
United States, J. Am. Water Resour. Assoc., 45, 1536—1554.

Wigley, T. M. L., K. R. Briffa, and P. D. Jones (1984), On the average value
of correlated time series, with applications in dendroclimatology and
hydrometeorology, J. Clim. Appl. Meteorol., 23,201-213.

Wise, E. (2010a), Spatiotemporal variability of the precipitation dipole
transition zone in the western United States, Geophys. Res. Lett., 37,
L07706, doi:10.1029/2009GL042193.

Wise, E. (2010b), Tree Ring record of streamflow and drought in the upper
Snake River, Water Resour. Res., 46, W11529, doi:10.1029/
2010WR009282.

Woodhouse, C. A. (1989), A dendrochronological study of the Great Salt
Lake Basin, MS thesis, 77 pp., Univ. of Utah, Salt Lake City, Utah.

Woodhouse, C. A., and P. A. Kay (1990), The use of tree-ring chronologies
to show spatial and temporal changes in an air mass boundary, Phys.
Geogr., 11,172-190.

Woodhouse, C. A., S. T. Gray, and D. M. Meko (2006), Updated stream-
flow Reconstructions for the Upper Colorado River Basin, Water Resour.
Res., 42, W05415, doi:10.1029/2005WR004455.

Zang, C. (2012) bootRes: Bootstrapped Response and Correlation Func-
tions, R package version 1.2.2. [Available at http://CRAN.R-project.org/
package=DbootRes.].

Zhang, Y., J. M. Wallace, and D. S. Battisti (1997), ENSO-like interdecadal
variability: 1900-93, J. Clim., 10, 1004—1020.


http://www.census.gov/prod/cen2010/briefs/c2010br-01.pdf
info:doi/10.1029/2008GL034424
info:doi/10.1029/2008GL036329
info:doi/10.1029/2009GL042193
info:doi/10.1029/2010WR009282
info:doi/10.1029/2010WR009282
info:doi/10.1029/2005WR004455
http://CRAN.R-project.org/package&hx003D;bootRes
http://CRAN.R-project.org/package&hx003D;bootRes
http://CRAN.R-project.org/package&hx003D;bootRes

	A tree-ring based reconstruction of Logan River streamflow in northern Utah
	Recommended Citation

	l
	l
	l
	l

