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6. SEASONAL AND ANNUAL MEAN PRECIPITATION
EXTREMES OCCURRING DURING 2013: A U.S.
FOCUSED ANALYSIS

THoMas R. KNUTsoN, FANRONG ZENG, AND ANDREW T. WITTENBERG

The Coupled Model Intercomparison Project phase 5 model analyses suggest that seasonal and annual mean pre-
cipitation extremes occurring during 2013 in north-central and eastern U.S. regions, while primarily attributable to
intrinsic variability, were also partly attributable to anthropogenic and natural forcings combined.

Introduction. We analyze several U.S. regions with
seasonal and annual mean precipitation anomalies in
2013 that we classify as “extreme” (i.e., ranked first,
second, or third highest or lowest). Our analysis uses
the Global Historical Climatology Network (GHCN)
monthly precipitation dataset (Vose et al. 1992), cover-
ing 1900-2013, on a 5° x 5° grid effectively limited to
land regions. The extremes are analyzed in the context
of long-term climate change, using trend analysis of
historical and control run experiments from 23 Cou-
pled Model Intercomparison Project phase 5 (CMIP5)
models (Supplemental Material; Taylor et al. 2012).

Where did seasonal and annual mean precipitation ex-
tremes occur in 2013? Figure 6.1a—e identifies several
regions of the continental United States that experi-
enced record or near-record seasonal or annual mean
precipitation anomalies during 2013. Global maps of
seasonal and annual anomalies, and their associated
extreme occurrences for 2013 (Supplementary Fig.
$6.1), show that record or near-record wet and dry
anomalies for 2013 were well dispersed around the
globe. Supplementary Fig. S6.2 shows that in recent
decades, annual mean rainfall has shown greater ar-
eal coverage for record or near-record annual mean
wet extremes than dry extremes. In contrast, recent
seasonal and annual mean surface temperatures are
much more strongly skewed toward warm extremes
(e.g., Knutson et al. 2013a).

We focus on six U.S. regions in this study (Fig.
6.1; Supplementary Fig. S6.1) including: the “north-
ern tier—ANN (annual);” “upper Midwest—MAM
(March-May);” “Southern Plains—MAM;” “eastern
United States—JJA (June-August);” “Northern
Plains—SON (September-November);” and “Cali-
fornia—ANN.” Each region we analyzed contains
multiple grid boxes and stations, which reduces the
risk of instrumental or reporting errors at a single
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station controlling results for a given “extreme event.”
The California region—which in these data did not
have annual precipitation anomalies ranked within
the lowest three on record during 2013—nonetheless
experienced widely publicized drought conditions
during 2013, and so is analyzed here.

What is the climate change context for the regional
precipitation extremes? Annual or seasonal mean
precipitation time series for the focus regions (Fig.
6.1) show some moderate trend-like behavior. For
each series, a least squares linear trend (1900-2013)
was initially assessed by a standard t test (two-sided;
p = 0.10), assuming that the residual anomalies, after
trend removal, were temporally independent. (This
assumption is later relaxed for our model-based
assessments.) Three of the regions had significant
positive trends (1900-2013): northern tier—ANN;
upper Midwest—MAM; and Northern Plains—SON.
The eastern United States—]JJA had a nonsignificant
trend over 1900-2013 but had a significant trend over
1950-2013 (discussed later). The significant trends
mentioned above remained significant according to
the above preliminary tests even if 2013 was excluded.
None of the regions had significant negative trends.
Previous studies have noted significant annual mean
precipitation increases over much of the central and
northern United States (Hartmann et al. 2014), and
some increases in flood magnitudes over the north-
central United States (Hirsch and Ryberg 2012),
although these regional changes were not specifically
attributed to anthropogenic forcing.

Observed trends for our selected regions were
compared to CMIP5 historical and control runs us-
ing a “sliding trend” analysis (Fig. 6.2; Supplementary
Fig. $6.3), for a range of start years (all trends ending
in 2013), following Knutson et al. (2013a). Sensitivity
tests were also performed for trends excluding the
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FiG. 6.1. Left column (a-€): Colors identify grid boxes where the annual or seasonal precipitation anomalies for
2013 rank first (dark red), second (red), or third (orange) driest or first (dark blue), second (medium blue) or
third (light blue) wettest in the available observed record (see map legend). The seasons are DJF (December
2012-February 2013); MAM (March-May 2013); JJA (June-August 2013); and SON (September-November
2013). The various averaging regions used in the study are shown by the green dashed outlines in (a—e). Gray
areas did not have sufficiently long records, defined here as containing at least 100 available annual or seasonal
means, with an annual mean requiring at least three of four seasons to be available, and a seasonal mean re-
quiring at least one of three months to be available. Center column (f-k): Time series of precipitation from the
extremes regions shown by arrows/green outlines (see also Fig. S6.1 for region definitions). Black: observed
anomalies in mm day-!; purple sloping line: significant linear trends (1900-2013, except 1950-2013 for eastern
U.S. region—see text for explanation). The observed anomalies for 2013 are circled for emphasis in (f-k). The
overall analysis results of the paper are summarized for each region in the right column.
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highly anomalous 2013 observed values (Supplemen-
tary Fig. $6.3). Briefly, if observed trends were outside
of the 5th-95th percentiles of the control run distribu-
tion, they were designated as “detectable” compared
to internal variability. Detectable positive trends that
lie either within or above the 5th-95th percentile
range of the All-Forcing (anthropogenic and natural
forcing) distribution are interpreted as at least “partly
attributable to external forcing.” For example, the
northern tier—ANN plot (Fig. 6.2b) shows that the
positive observed trends in this region are detectable
compared to internal variability (black curve outside
the purple shading) and at least partly attributable to
external forcing (inside the pink shading) for start
dates from 1900 to about 1940, but are generally not
detectable for trend start dates more recent than 1940.

Figure 6.2e, for the upper Midwest—MAM, in-
dicates detectable trends compared to internal vari-
ability, except for mid-20th century start dates. For the
eastern United States—]JJA (Fig. 6.2h), positive trends
are detectable for start years of ~1940 and later but not
from the early 20th century. The cases of detectable
trends for the three regions discussed above are also
generally cases where the observed trends are at least
partly attributable to external forcing according to
the models (i.e., within or above the pink regions on
the “sliding trend” graphs). The robustness of these
assessments to exclusion of the highly anomalous 2013
value is examined in Supplementary Fig. S6.3. This
analysis indicates that the most robust findings are for
the northern tier—ANN region, while the detection
result for the recent (late 20th century) trends in the
eastern United States—]JJA region is not very robust
to exclusion of 2013. Intermediate robustness results
are indicated for the upper Midwest—MAM region.
As discussed in the Discussion section and Supple-
mental Material, insufficient ensemble sizes for the
available CMIP5 Natural Forcing experiments have
precluded us from robust trend detection compared
to the Natural Forcing-only trend distributions, and
so our results do not specifically distinguish a detect-
able anthropogenic-only influence on seasonal/annual
precipitation trends for any of the focus regions. Some
further discussion of trend results for three addi-
tional regions: the Southern Plains—MAM, Northern
Plains—SON, and California—ANN is contained in
the Supplemental Material.

Are the 2013 regional extremes attributable to anthro-
pogenic and natural forcing? We next examine the 2013
anomalies in particular (relative to 1900-40 baseline
values) in the three U.S. regions that had both extreme
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2013 anomalies and long-term increasing trends that
were assessed as partly attributable to anthropogenic
and natural forcing: northern tier— ANN, upper Mid-
west—MAM, and eastern United States—JJA. For each
of these regions, the CMIP5 multimodel ensemble-
mean of the All-Forcing simulations shows a trend
toward increasing rainfall but at a rate much smaller
than the observed trend (Fig. 6.2a,d,g; Supplementary
Fig. S6.4). Because the modeled response series are
noisy for estimating a single-year value (even after
ensemble-averaging), we apply temporal smoothing
to estimate the 2013 All-Forcing anomaly (Supple-
mentary Fig. $6.4; Supplemental Material). Using
this estimated 2013 “All-Forcing” anomaly, we then
estimate the 2013 All-Forcing distribution via a “right-
ward displacement” of the CMIP5 multimodel control
run variability distribution (Fig. 6.2¢,f,1). Using these
forced and unforced anomaly distributions for each
region, we estimate the influence of “anthropogenic
+ natural” forcings on the occurrence rate of extreme
anomalies, using the “second-ranked year” anomalies
(2010, 1991, or 1928) as the threshold values for frac-
tion of attributable risk (FAR) calculations. We tested
using the record 2013 values as the thresholds for FAR
calculations but found that those values were either
extremely rare or unprecedented in the modeled dis-
tributions so that the FAR results were very sensitive
to our methodology. Therefore, we report here only
the calculations based on the second-ranked years.

Note that the ensemble-mean All-Forcing response
(shift between red and blue distributions in Fig.
6.2¢,1,i) explains just a small fraction of the observed
anomalies for 2013, implying a likely dominant role for
internal variability in the 2013 rainfall extremes. For
northern tier—ANN, the FAR of threshold-exceeding
extremes due to anthropogenic and natural forcing
combined is estimated as 0.60, based on estimates us-
ing the 2010 observed values as the threshold, with an
occurrence ratio (All-Forcing vs. Control runs) of 2.5.
In other words, the fraction of current risk of events
exceeding the threshold that is attributable to external
forcing is about 0.6. For the upper Midwest—MAM
region, FAR is estimated as 0.49, with an occurrence
ratio of 2.0. For the eastern United States—]JJA, the
FAR is estimated as 0.36 with an occurrence ratio of
1.6. The FAR estimates discussed here are based on
the multimodel ensemble-mean All-Forcing response.
However, considerable uncertainty remains in the FAR
estimates; for example, FAR estimates based on indi-
vidual models rather than the multimodel ensemble
(not shown) can fall below zero or substantially exceed
the multimodel estimates.
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Fic. 6.2. (a,d,g) Rainfall time series averaged over the (a) U.S. northern tier—-ANN, (d) U.S. upper Midwest—
MAM and (g) eastern U.S.—]JA regions relative to 1900-40 baseline values. Black curves are observations,
red curves are CMIP5 ensemble-mean All-Forcing responses, orange curves are individual model ensemble
members, and sloping black dashed lines depict significant linear trends for observations. (b,e,h) Sliding trend
analysis of precipitation trends for the series in (a,d,g) but for various start years (x-axis) with all trends ending
in 2013. Black curves: observed trends; red curves: CMIP5 All-Forcing multimodel ensemble-mean trends; pink
shading: 5th-95th percentile range of trends from the CMIP5 All Forcing (anthropogenic + natural forcing)
runs, extended to 2013 with RCP4.5 scenarios; green shading: 5th-95th percentile range of internally generated
trends from CMIP5 control runs; purple shading: overlap of pink and green regions. (c,f,i) Analysis comparing
extreme observed anomalies (relative to 1900-40 baseline) for 2013 or for the next-most extreme year (2010,
1991, 1928) with CMIP5 model-simulated anomaly distributions. Blue histogram: CMIP5 multimodel control
run distribution showing model-estimated internal climate variability. Red histogram: All-Forcing distribution
obtained by shifting the control run distribution to the right by the estimated All-Forcing ensemble mean re-
sponse (relative to the 1900-40 baseline) for 2013 (see also Supplemental Material). The black and gray vertical
lines in (c,f,i) depict extreme observed anomalies, including the record observed values for 2013 (black) and the
second-ranked year (gray), for comparison to the modeled distributions of anomalies. Denoting p;and p_ as the
occurrence rates within the All-Forcing and Control run distributions, respectively, of anomalies exceeding the
defined second-ranked-year thresholds shown in the plots, then FAR = I-p_/p,, and the occurrence ratio is p/p..
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Another important potential source of uncertainty
is the adequacy of the control run variability, which
is compared to “residual” observed variability in the
Supplemental Material (Supplementary Figs. $6.5-7).
Our basic findings appear robust to this uncertainty,
although the simulation or estimate of internal climate
variability remains an important topic for further
research.

Discussion and conclusions. Three of the focus regions,
northern tier—ANN, upper Midwest—MAM, and
eastern United States—]JJA, had record or near-record
seasonal or annual precipitation anomalies during
2013 as well as detectable positive trends that were at
least partly attributable to external forcing (anthro-
pogenic and natural forcing combined). However,
detection was marginal for the eastern United States.
According to the models, external forcing increased
the likelihood of rainfall events as extreme as the ob-
served second-ranked year thresholds by factors of 1.6
to 2.5. The climate change detection here is only with
respect to control run (intrinsic) climate variability.
We have not attempted detection relative to natural
forcing and intrinsic variability combined, since (a)
the simulated ensemble-mean response to external
forcings is generally much smaller than the observed
long-term trends, interannual variability, and 2013
anomalies; and (b) too few simulations with only
natural forcing were performed to sufficiently delin-
eate the response to that forcing. Thus, while there
is some suggestion of increased risk attributable to
anthropogenic forcing in our findings (Supplementary
Fig. $6.4), this is not emphasized here due to the lack
of a sufficiently detectable long-term anthropogenic
trend contribution. Extensions of the CMIP5 Natural

Forcing runs through 2013, and larger ensembles of
Natural Forcing experiments by various modeling
centers, would be particularly useful for further
investigations.

Important caveats are that we have not yet sys-
tematically analyzed regional precipitation trends
globally (which would clarify the large-scale con-
text of our findings), nor have we assessed possible
data homogeneity issues, alternative datasets (e.g.,
Becker et al. 2013), or effects of radiative forcings
on precipitation variance. Clearly, it would be much
more difficult to detect anthropogenic influences
on regional precipitation extremes than on surface
temperatures (e.g., Knutson et al. 2013a). This is
already evident in other recent analyses of regional
precipitation trends (van Oldenborgh et al. 2013;
Bhend and Whetton 2013). Nonetheless, some stud-
ies have reported detectable anthropogenic influence
for zonal-mean precipitation (e.g., Zhang et al. 2007;
Marvel and Bonfils 2013), precipitation extremes
over large land regions of the Northern Hemisphere
(Min et al. 2011), or precipitation changes in the ex-
tratropical Southern Hemisphere (Fyfe et al. 2012)
or Mediterranean region (Hoerling et al. 2012). We
conclude that the 2013 extreme precipitation “events”
for three U.S. regions/seasons (northern tier—ANN,
upper Midwest—MAM, and eastern United States—
JJA) are tentatively attributable in part to external
(anthropogenic and natural) forcing, with a likely
much larger additional contribution from unforced
intrinsic variability. We suggest that these regions be
monitored for possible future emergence of anthro-
pogenically forced precipitation increases, including
more extreme seasonal or annual mean rainfall.

7. OCTOBER 2013 BLIZZARD IN WESTERN SOUTH DAKOTA

LAURA M. EDWARDs, MATTHEW ]. BUNKERS, JOHN T. ABATZOGLOU,
Dennis P. ToDEY, AND LAUREN E. PARKER

An early October blizzard in South Dakota is determined to be climatologically anomalous. Climate models
suggest that early autumn extreme snowfall events in western South Dakota are less likely due to
anthropogenic climate change.

Introduction. An early season blizzard on 4-5 October
2013 in western South Dakota (SD) and neighboring
areas of Wyoming, Nebraska, and North Dakota
caused severe infrastructure damage and economic
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losses to businesses and agricultural communities.
Estimated losses total $38 million in SD alone.

The blizzard produced 50.8-99.6 cm of snow
across the plains and 139.7 cm of snow in the northern
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