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N) SST, the so-called Atlantic Multidecadal Oscilla-
tion (AMO), may influence long-term summer mois-
ture trends and modulate Pacific teleconnections over
North America. To examine this linkage, we com-
pare a new, tree-ring based proxy for the AMO (A.D.
1567-1991) with gridded reconstructions of drought
(1700-1978) and hydroclimatic variability (late 1500s-
Present) across North America. Our AMO reconstruc-
tion, which includes 13 tree-ring chronologies from
Eastern North America, Western Europe, Scandinavia
and the Middle East, captures both interannual (r =
0.78) and decadal-scale (10 yr) variability (r = 0.94) in
observed SST over the North Atlantic Basin. Recon-
structed AMO is significantly correlated with recon-
structed drought frequency and intensity throughout
North America, particularly in the central and south-
ern Rockies and western Great Plains. This is not only
true for the interval of the gridded PDSI reconstruc-
tions (1700-1978), but also for a suite of proxy records
from the Western US that overlap with the complete
AMO reconstruction. Specifically, the late-16th and
mid-20th Century (1930s and 1950s) “megadroughts”,
as well as current drought in the Western US, oc-
curred during strong, persistent warm phases of the
AMO. In addition, wet spells in the early 17th , 19th

and 20th centuries correspond with cool regimes in
North Atlantic SST. The coherency of drought events
across major river basins and climatic regions of the
Western US also increases when warm phases of the
AMO coincide with cool phases of the PDO. Overall,
these analyses demonstrate the potential for using At-
lantic SSTs to understand drought variability through-
out North America, and the need to reevaluate Pacific-
North American teleconnections in light of larger-scale
SST fluctuations.
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Over the last century, Arctic sea ice cover has de-

creased dramatically and many researchers expect that
future greenhouse warming will exacerbate this trend.
The prospect of a warmer Arctic with less ice raises
many environmental and economic questions, one of
which is: How will reduced Arctic ice cover effect
extrapolar climates? Using the fully coupled NCAR
CCSM we completed a multi-century simulation of
global climate responses to reduced Arctic sea ice cover.
While the global average climate response is muted, re-
gional responses to the imposed forcing are significant.
One of the more striking regional responses is a shift
in storm tracks that drives a 50-100% increase in an-
nual evaporation minus precipitation over the American
West, a region where limited water resources are al-
ready a significant problem. This result highlights two
well-known aspects of climate change: (1) relatively
small global changes can be composed of significant re-
gional changes and (2) changes in one region can have
a large impact on distant locations. Both of these facts
will become increasingly important as researchers and
policy makers attempt to untangle the looming thicket
of climate change impacts and feedbacks.
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This study examined the year-to-year variations in
the timing of streamflow since the late 1940’s for a net-
work of gauges across North America from the United
States and Canada. Within this network, a predomi-
nant fraction of streams exhibit a trend towards earlier
occurrence of the major seasonal flows. Advances in
seasonal flows ranged from one to four weeks earlier.
This result is seen from inspection of monthly and sea-
sonal fractional flow, the date of the center of mass for
flow (CT), and for snowmelt-dominated streams, the
start of snowmelt streamflow pulse. There is consid-
erable spatial coherence of streamflow timing changes
in regions including much of western North America,
the Midwestern United States, and the Atlantic re-
gion. Both snowmelt and non-snowmelt dominated
streams exhibited earlier streamflow timing, although
non-snowmelt streams in the far western United States
tended to display later timing. The earlier timing
of snowmelt-derived streamflow in the western United

States and western Canada was most strongly con-
nected with warmer winter and spring temperatures.
Surprisingly though, significant trends towards earlier
timing of streamflow are not only observed throughout
the West, but also in three eastern and southern regions
of North America, where precipitation and streamflow
are more evenly distributed throughout the water year.
Correlations of streamflow timing with Pacific Decadal
Oscillation (PDO) and the Southern Oscillation Index
(SOI) indicate that a significant fraction of the vari-
ability is related to interannual and decadal climatic
modes.
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In this work, we revisit the question of continen-
tal summer drying in a doubled-CO2 environment us-
ing the latest version of the Geophysical Fluid Dynam-
ics Labs (GFDL) model of the atmosphere and land
surface coupled to a mixed layer (slab) ocean. Two
highly significant differences between this new model
and earlier GFDL models are the increased resolution
(2.5◦ longitude x 2.0◦ latitude and 17 vertical levels
vs. 3.75◦ longitude x 2.25◦ latitude and 14 vertical
levels for the previous model), and the inclusion of
both a diurnal cycle and a seasonal cycle (the earlier
models only had the latter). Results from these ear-
lier models showed, among other things, an increase in
wintertime rainfall over most mid-latitude continental
regions when CO2 is doubled, an earlier snowmelt sea-
son and onset of springtime evaporation, and a higher
ratio of evaporation to precipitation in summer. These
factors led to large-scale increases in soil moisture in
winter and decreases in summer in mid-latitudes in the
doubled-CO2 experiment. The new model shows simi-
lar results, and the processes discussed above are im-
portant in this model as well. In addition, we find
that changes in atmospheric circulation are playing an
important role in regional hydrologic changes, particu-
larly in Western Europe. Additional experiments have
been run to isolate the feedback from the land surface
from the role of the atmospheric changes caused by the
doubling of CO2. These simulations show that the CO2
impacts alone explain the majority of the results, while
the land surface feedbacks serve to strengthen the ob-
served signals. Experiments to isolate the role of the
CO2-induced changes to the sea surface temperature on
the atmospheric circulation are currently underway.
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A network of drought sensitive tree-ring chronolo-
gies is used to reconstruct flow on the Columbia River
at The Dalles, Oregon, since 1750. The reconstruction
explains 30 percent of the variability in mean water-
year flow, with a moderate fraction of unexplained vari-
ance caused by underestimates of the most severe low-
flow events. Residual statistics from the tree-ring re-
construction, as well as an identically specified recon-
struction using instrumental records, exhibit a positive
trend over the twentieth century. This finding suggests
that the relationship between drought and streamflow
has changed, consistent with results from hydrologic
models. Both the reconstructed streamflow and the
models suggest that changes in land cover over the
20th century have led to increases in runoff relative
to precipitation. Lowpass filtering the reconstructed
flow record suggests that persistent low flows during
the 1840s were probably the most severe of the past
250 years, but that flows during the 1930s were nearly
as extreme. The period from 1950 to 1987 is anoma-
lous in the context of this record for having no no-
table multiyear drought events. A comparison of the

flow reconstruction to paleoproxy records of the Pa-
cific Decadal Oscillation (PDO) and El Niño / South-
ern Oscillation (ENSO) supports a strong 20th cen-
tury link between large-scale circulation and stream-
flow, but suggests that this link is very weak prior to
1900.
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Sierra Nevada With Tree Rings: A
Frequency-dependent Approach
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Tree-ring reconstructions for the Sierra Nevada sug-

gest that extended droughts uncharacteristic of the in-
strumental period occurred more than 500 years ago.
Were comparable droughts to occur today, they would
likely stress water supplies in even those large basins
where reservoir storage serves as a buffer against cli-
mate fluctuations. The reconstructed severity and du-
ration of such droughts depends critically on the low-
frequency runoff signal in tree rings. Yet in the Sierra
Nevada, the low-frequency component of tree growth is
sometimes disparate in different species, and even in
different chronologies of the same species. Moreover, a
sharp increase in tree-ring index over the last 100 years
is present in many chronologies yet absent from the ob-
served streamflow records. To address these discrep-
ancies, a frequency-dependent approach to reconstruc-
tion is proposed. The main difference from the con-
ventional reconstruction approach is filtering to sepa-
rate the high-frequency and low-frequency components
prior to reconstruction. Different subsets of chronolo-
gies may be selected as predictors for the two compo-
nents, depending on their correlation with streamflow
at the high and low frequencies. PCA is incorporated
to condense the frequency-dependent variance common
to multiple chronologies. The method is illustrated in a
reconstruction of annual flow of the San Joaquin River,
California, and results are compared with those of a
more conventional reconstruction. Ranking of tree-ring
chronologies by relative strength of runoff signal was
found to differ markedly in the high and low frequen-
cies. Reconstructions by the two methods are simi-
lar for the 20th century calibration period, but differ
greatly at times in the distant past. For example, the
frequency-dependent approach accentuates the severity
of a drought in the early 1300s and the magnitude of a
shift from dry to wet conditions near A.D. 1600. The
method may be useful in posing alternative scenarios
of severe sustained drought consistent with variations
in tree growth.
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We have developed a dense network across Colorado

of 60 moisture-sensitive tree-ring chronologies, 300-800
years long, creating a unique resource for hydroclimatic
reconstructions. This network is the basis for col-
laborative work with major Colorado water providers
to develop high-quality streamflow reconstructions for
gages critical to water management in the Upper Col-
orado, Gunnison, and South Platte River basins. The
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19 streamflow reconstructions developed thus far ac-
count for 63-76% of the variance in the gaged records,
and replicate drought events particularly well. The re-
constructions indicate that the streamflow variability
seen in the gaged record is not representative of the
prior two to five centuries, and that the extreme single-
year (e.g. 2002) and multiyear (e.g. 1930s) drought
events in the gaged record have been exceeded in sever-
ity in the past. These reconstructions are currently
being used to test water supply system resilience to a
broader range of drought events than provided by the
gage record. The network of tree-ring data provides the
opportunity to explore new management applications of
streamflow reconstructions, including techniques to in-
vestigate the uncertainty in the gage data and tree-ring
models, and the fidelity with which trees represent ex-
treme drought years, such as 2002. The network has
also been used to reconstruct other hydroclimatic met-
rics of interest to resource managers, including April
1 snow water equivalent (SWE) and standardized pre-
cipitation index (SPI). For future work we will expand
the scope of the reconstructions into other Colorado
river basins, and in doing so facilitate spatial analyses
of drought variability across Colorado.
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Streamflow in water year 2002 was the lowest on
record at many gages in Colorado. This unprecedented’
event motivated water managers to consider using tree-
ring-based reconstructions of streamflow to place the
2002 event into a longer context than that afforded
by the gaged record. In assessing 2002 flow values
relative to tree-ring reconstructed streamflow, water
managers were particularly interested in how well the
2002 tree ring captured the extreme low flow values in
the upper Colorado River basin. To address this, 12
previously sampled tree-ring sites in western Colorado
were recollected in June 2003, and the 2002 ring was
analyzed with respect to instrumental records for the
20th century. Analyses suggest that the 2002 tree ring,
although consistently narrow, and completely missing
in a number of samples, did not fully reflect the ex-
treme low streamflows of 2002 since several other an-
nual rings, in particular 1977, were generally narrower.
The discrepancy between the tree rings and streamflow
in 2002 was explored by examining seasonal snowpack.
Snowpack measurements in the Upper Colorado River
basin show April 1 snow water equivalent (SWE) values
to be low in 2002, but lowest in 1977 (from 1942-2002),
corresponding to the results from the 2002 tree-ring
analysis. This result coincides with water managers’
assessment of the spring runoff, which was much lower
than expected given the April 1 snowpack in the up-
per Colorado River basin. During a very warm and dry
April, much of the snowpack was apparently either ab-
sorbed by soils desiccated by two years of drought or
sublimated into the atmosphere. While that portion of
the snowpack which replenished soil moisture did not
reach the stream channels, it may have benefitted tree-
growth in 2002, contributing to a less extreme value
for the 2002 ring width. We examine the snowpack and
gage records for similar occurrences in previous years
to determine how rare an event this was, evaluate the
corresponding tree-growth response in these years, and
discuss the implications for tree-ring reconstructions of
drought.
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Reconstruction of annual or seasonal streamflow at
multiple locations or of multiple climatic indices (e.g.,
PDSI at many locations, or ENSO, PDO, NAO) is
sometimes of interest using an array of common pa-
leo predictors. The predictands may be correlated with
each other, and the form of each regression between
predictand and predictors may also be very similar.
Principal or Canonical Component Methods have been
used to address this regression problem, after transfor-
mation of the data sets to be approximately Normally
distributed. An alternative to such methods is pre-
sented here. A hierarchical model considers that the re-
gression coefficients are random variables, and seeks to
make inferences about the parameters (e.g., they may
be Normally distributed, with a certain vector of means
and a covariance matrix) of a model that describes the
distribution of these variables. Further, the parameters
of such a model may in turn be considered to be random
variables and one can seek a model that describes them,
leading to a multilevel modeling approach. Generally,
a diffuse prior distribution is assumed for the parame-
ters at the end of the hierarchy, and a Markov Chain
Monte Carlo approach is used to learn or estimate the
parameters of the distribution at each level of the hi-
erarchy. Here, we use such an approach in a Gener-
alized Linear Modeling framework - the distribution of
the predictand is directly considered to correspond to a
parametric family, instead of using transformations to
Normality, and a set of basis functions (not necessarily
linear) is used to relate the predictors to the predic-
tands. An uncertainty distribution of parameters and
hence of estimates is derived automatically as part of
the model learning process. We present examples of the
applications of these methods and contrast the results
with those obtained using PCA/CCA.
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Multicentury tree-ring records of hydroclimatic
variability are now being considered in assessments of
the regional risk of multiyear droughts and the ex-
pected occurrence interval of extreme drought. Critical
questions being raised when tree-ring reconstructions
are considered in the decision process focus on describ-
ing and quantifying uncertainty in the annual stream
flow reconstructions. Potential sources of uncertainty
in the reconstructions are: 1) measurement errors in
both the instrumental data and the tree-ring data, and
2) model calibration errors due to the less than perfect
relationship between tree-ring data and hydroclimatic
variables. As an alternative to standard reconstruction
approaches using a single “best” tree-ring calibration
model, we use a suite of regression models to recon-
struct each of five streamflow records in the Gunni-
son River Basin for the past 600 years. Our ensemble
tree-ring reconstruction approach draws on the ensem-
ble methodology used in operational weather and cli-
mate forecasting prediction. Application of an ensem-
ble of regression models in tree-ring reconstructions of
past hydroclimatic variability allows for a more real-
istic representation of uncertainty in the development
and application of regression model relationships be-
tween tree-ring indices and hydroclimatic variability.
The ensemble approach allows for the possibility that
a suite of models based on a variety of calibration and
independent verification periods can provide a more ac-
curate representation of the past. While most indi-
vidual regression model ensemble members explain less
of the variance than the full period calibration model,
the regression model ensemble mean provides a more
robust reconstruction that includes an estimate of the
uncertainty. A comparison of the recurrence interval of
historically low flows in the Gunnison Basin estimated
using our ensemble tree-ring reconstructions and using
standard tree-ring reconstructions is used to illustrate
the impact of including uncertainty in analyses.
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Understanding natural variability in river flow and
lake levels is a major concern in water policy formu-
lation and the development of resource management
strategies in the prairie provinces of Canada. Two par-
ticularly high profile concerns are: 1. The natural vari-
ability in flow of the Saskatchewan River system, and
2. The natural variability in flooding of the Peace-
Athabasca Delta system. The Saskatchewan basin re-
cently experienced a severe multi-year drought between
2000 and 2003 that saw annual river flows decrease by
25 percent from their 20th century averages and precip-
itated sharp exchanges between the provinces regard-
ing water rights. The Peace Athabasca-Delta is one of
the largest freshwater delta systems in the world and
of international importance under the Ramsar Conven-
tion. Pronounced dry periods over the past 30 years
have led to debates and concerns regarding the natural
variability of the delta hydrologic regime and the de-
tection and management of the impact of W.A.C. Ben-
nett Dam which was built on the Peace River in the
1960’s. Instrumental records of river flow, floods and
lake levels in western Canada extend back only about
100 years, are discontinuous, and insufficient for as-
sessment of long-term variability for planning purposes.
Tree-ring records from the southern and central por-
tions of Alberta and Saskatchewan provide reconstruc-
tions of river flow in the Saskatchewan River system
that extend back from 300 to 1100 years. The records
indicate that 20th century mean flows were 6.5 to 8.6
percent higher than long-term means. Multi-annual to
multi-decadal periods of low flow, without analogues in
the last 100 years, occurred during the mid 1800’s and
early 1700’s. The period of 900 to 1300 was typified by
consistently low flows including multi-decadal periods
in which flows did not reach long-term or 20th century
mean values. The policy difficulties experienced during
the most recent drought suggest an inability of present
water management strategies to cope with the poten-
tially more severe and prolonged droughts that are a
natural part of the system. A reconstruction based on
tree-ring chronologies from throughout western Canada
indicates that the Athabasca River experienced flows
that were 32 percent below the long-term mean dur-
ing an extended period of low flow in the mid 1800’s.
This dry period corresponds with the episode of low
flow evident in the adjacent Saskatchewan River sys-
tem. In contrast, a similar reconstruction for the more
northerly Peace River does not exhibit any evidence of
prolonged or severe low flows during the mid 19th cen-
tury. An episode of low flow on the Athabasca and
Peace rivers, and portions of the Saskatchewan system,
during the late 1880’s and early 1890’s corresponds to a
prolonged period of low water levels on Lake Athabasca
that appears longer in duration and similar in magni-
tude to the epiode of initial low lake levels and delta
drying that was experienced following completion of
Bennett Dam.
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The least annual precipitation in the western in-
terior of North America occurs in the northern Great
Plains. A subhumid climate extends to high-latitudes
in the rainshadow of the western cordillera. We have
established a network of 42 moisture-sensitive tree-ring
chronologies extending from the plains of Montana, Al-
berta and Saskatchewan to the boreal shield of the
Northwest Territories (NWT). A network of this geo-
graphic extent enables the analysis of annual to decadal
hydroclimatic variability at a range of spatial scales.
The hydroclimatic signal is relatively coherent along
a north-south gradient; paleo drought is evident at
relatively high latitudes in the western NWT. There
is less consistency from west to east. The variabil-
ity over time is marked at many sites by a mid-19
century shift from the dominance of decadal variance
(sustained wet and dry conditions) to more interannual
variance that characterized the 20th century and thus
the instrumental hydroclimatic record. Because stream
flow integrates precipitation of over months and water-
sheds, it is generally more highly correlated with resid-
ual tree-ring width than precipitation data. Residual
tree-ring width accounts for 30-60% of the variance in
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seasonal and annual precipitation and streamflow. The
unexplained variance reflects the tendency for tree-ring
widths to underestimate unusually wet conditions, be-
cause soil properties and tree physiology limit the re-
sponse of tree growth to precipitation. Our interest,
however, is primarily in dry conditions and low flows.
Tree-rings are a particularly good proxy of the timing
and duration of drought. This research addresses con-
cerns about the socio-economic and environmental im-
pacts of drought in this region and about water sup-
ply forecasting based on relatively short instrumental
records. From tree rings, we are able to extend hy-
drometric records beyond the several decades of instru-
mental data, although the short length of gauge records
presents a challenge for calibrating and validating the
tree-ring based reconstructions. The application of our
proxy hydroclimate records to drought and water sup-
ply planning requires that the data be delivered and
used in the context of risk assessment. Therefore, we
have taken a Monte Carlo approach to expressing un-
certainty in the tree ring reconstruction and to estimat-
ing probability of drought, annual and seasonal precip-
itation and streamflow below specific thresholds.
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Extensive drought has periodically gripped large re-

gions of the United States in the past. The “Dust
Bowl” of the 1930’s in the central plains is perhaps one
of the most vivid examples of prolonged drought, cli-
matic extremes, dust storms, crop failure and general
human hardship. The impact of future drought con-
ditions potentiated by greenhouse gas emissions may

indeed exceed the devastation wrought during histor-
ical droughts and thus mandates examination of past
drought variability. Two long cores from Kettle Lake
(North Dakota) and Brush Lake (Montana) were col-
lected to study past drought variability in the northern
plains. An age-depth model was developed for the cores
by fitting a locally weighted loess curve to AMS radio-
carbon dates obtained from the cores. The cores were
continuously sub-sampled at high resolution (1 cm) for
pollen, charcoal, and sediment mineralogy. Pollen was
extracted using standard techniques and charcoal was
sieved from the sediment at 180 um resolution and its
area determined through optical microscopy. Minerol-
ogy was determined using x-ray diffraction. The data
reveal that the mid-Holocene was exceptionally warm
and dry and that several fire regimes existed through-
out the Holocene. In general more fire characterized the
early- and late-Holocene with less fire during the mid-
Holocene. Spectral analysis of the multi-proxies reveals
that 100- to 130-year drought cycles persisted during
the early-Holocene in the northern plains. Drought
cycles are also observed during the late-Holocene in-
terval. The dry phases of the cycles are character-
ized by a decline in grasses and fire and an increase in
forb vegetation and erosion. The forb response during
the mid-Holocene is one of fluctuating Ambrosia pollen
whereas Artemisia pollen cycles in the late-Holocene.
This change in pollen response may reflect a change
in the seasonality of drought from winter to summer
over that time. Fires are more common during the wet
phases of the drought cycles because more moist condi-
tions permit grassland expansion, resulting in greater
fuel continuity.
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