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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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FiG. 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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S6. SEASONAL AND ANNUAL MEAN
PRECIPITATION EXTREMES OCCURRING
DURING 2013: A U.S. FOCUSED ANALYSIS

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

tional background, discussion, and analysis, in-

cluding: region definitions, global precipitation
anomaly maps, and locations with extremes in 2013;
areal coverage of record or near-record anomalies
by year; spatial resolution issues for observed data;
additional sliding trend analysis and sensitivity tests;
a description of methodology for estimating the 2013
multimodel ensemble All-Forcing anomaly and the
fraction of attributable risk (FAR); and an assessment
of model-simulated precipitation and internal vari-
ability. Table S6.1 provides a list of the Coupled Model
Intercomparison Project phase 5 (CMIP5) models
used in the study.

I n this supplemental material, we provide addi-

Region definitions, global anomaly maps, and locations
with seasonallannual extremes in 2013. Figure S6.1
shows global maps of (a-e, left column) annual and
seasonal mean precipitation anomalies for 2013 and
(f-j, middle column) the grid locations with record
or near-record wet or dry conditions (seasonal or an-
nual mean precipitation ranked first, second, or third
highest or lowest in the available record of length at
least 100 years). The blue regions in the right column
outline the focus regions selected for the study based
on their 2013 anomalies. The six focus regions, in-
cluding the designated name and season or annual
mean, are the northern tier region of states along the
northern U.S./Canadian border region with extreme
positive annual-mean anomalies (“northern tier—
ANN”); in March-May (MAM) a similar region of
the northern United States extending slightly further
south, also with extreme positive anomalies (“upper
Midwest—MAM?”); during MAM, a region of record
or near-record low precipitation occurring over the
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southern U.S. Plains (“Southern Plains—MAM”);
in Northern Hemisphere (NH) summer (June-Au-
gust, JJA), extreme positive anomalies occurring
over regions of the eastern United States (“eastern
U.S.—JJA”); and in NH fall (September-November,
SON), extreme positive anomalies occurring in a
region of the north-central United States, but slightly
to the west of our upper Midwest region (“Northern
Plains—SON?”). Although the California region, as
resolved in the Global Historical Climatology Net-
work (GHCN) gridded data, was not identified in our
analysis as having extreme seasonal or annual pre-
cipitation in 2013 (i.e., ranked within the lowest three
on record), because of notable drought conditions
occurring there during 2013, we examined annual
precipitation anomalies in this region (“California—
ANN?”) as well as seasonal anomalies for December
2012-February 2013 (DJF) and MAM 2013.

Percent coverage of extreme annual mean wet and dry
anomalies by year (1900-2013). The extremes maps,
Fig. S.6.1 (f-j) show that the high and low mean
precipitation extremes were well dispersed around
the globe during 2013. Figure S$6.2 shows that about
2% of the global “available data” area experienced
annual mean dry extremes (first, second, or third
lowest rainfall) in 2013, while about 5% experienced
wet annual mean extremes (first, second, or third
highest rainfall). Since extremes are expected to occur
in some places around the globe in any given year,
an interesting question is whether 2013 is unusual
in terms of the percent area with extreme annual
mean values. As a preliminary analysis of this issue,
we show in Fig. $6.2 the time series of the fraction of
area with wet and dry annual mean extremes over
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Fic. S6.1. Left column: precipitation anomalies for 2013 (annual or seasonal)
in mm day'. The middle column panels indicate where the anomalies for 2013
are ranked Ist, 2nd, or 3rd wettest or driest in the available record of at least
100 years in length (see Fig. 6.1 legend in the main report). Dark, medium, and
light blue depict grid boxes where the 2013 seasonal or annual means rank Ist,
2nd, or 3rd wettest on record. Dark red, red, and orange are Ist, 2nd, and 3rd
driest on record. Percent values alongside the color bar in the middle-column
panels indicate the percent of global available area with the indicated category
of 2013 extreme — where the ‘““available area” has adequate data coverage for
at least 100 years (Fig. 6.1 caption in the main report). The blue regions in
the right column depict the domains of the six U.S. focus regions selected for
our study based on their 2013 extreme anomalies.

the entire record (1900-2013). We include two differ-
ent measures: (a) the fraction of area with top-three
or bottom-three ranked values for each year using
the data up to that year and (b) the fraction that is
ranked top-three or bottom-three using all years that
are eventually available in the series (1900-2013).
These metrics show that there has been a tendency
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for a larger areal coverage of wet annual mean ex-
tremes versus dry extremes in recent decades, and
particularly since about 1990. The time series sug-
gest a possible emerging trend in prevalence of wet
annual mean precipitation extremes over dry annual
extremes. However, the assessment of whether there
is a significant trend in these measures is a nontrivial



(@) Annual-mean Precipitation Extremes (vs record to date)

Resolution dependence (observed data). Ow-
ing to the coarse grid on which the data are

available, we examine only a very spatially
smoothed precipitation anomaly—though
1  the grids are similar to the grid scales of the
climate models. Preliminary analysis of an
alternative much higher resolution global
gridded precipitation dataset (Becker et al.
2013) not only confirms the general occur-
rence of extreme precipitation anomalies
during 2013 in the regions that we focus
on, but it also indicates that the record or
near-record seasonal anomalies are typically

2020 concentrated within relatively small sub-

regions compared to the grid boxes depicted

in Fig. S6.1. A separate analysis of about 60
individual U.S. stations in the northern tier
region reveals that eight of these stations
had unprecedented annual anomalies in
2013 (Cody Hewitt, Rutgers University, 2014,
personal communication). Daily timeseries at
these eight stations indicate that the unusual
annual totals were typically comprised of
several large precipitation events, typically
occurring in the spring, summer, or autumn.
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FiG. $6.2. Time series show the fraction of global available
area each year with annual mean precipitation anomalies
that are ranked Ist through 3rd wettest (blue line) or driest
(red line) for each year from 1900 to 2013. The rankings
in (a) are based on the available data to date for each par-
ticular year (which means that occurrences of new records
and near-records are very common in the earlier years).
Rankings for (b) are based on the full available record,
including years that come after the year in question. This
removes the “early year’ bias of the method shown in (a).

task. For example, Livezey and Chen (1983) describe
issues associated with global significance of areal
coverage of locally significant results. Christiansen
(2013) addresses the problem of the significance of
numbers of record occurrences of warm temperatures
and finds that trends in warm daily records for the
Northern Hemisphere extratropics since the 1940s are
very statistically significant, while trends in monthly
warm records are not significant. An assessment of
whether the trend suggested in Fig. S6.2 represents a
significant change or whether 2013 is a “special” year
in any sense in terms of global coverage is beyond the
scope of the present study but will be the subject of
future investigation.
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Sliding trend analysis for all focus regions and
sensitivity to excluding 2013 data. Figure S6.3
shows the sliding trend analysis (All-Forcing
runs versus Control runs) for each of the six
focus regions. Note that the reason we use
control runs in our analysis to create the
distributions of trends and of variability for
the All-Forcing cases (e.g., Fig. 6.2 in the
main report and Fig. $6.3) is that the CMIP5
archive does not contain enough individual
All-Forcing ensemble members to sample the
internal variability of the individual models
adequately for various start dates. Therefore, we
have chosen to use samples of variability from the
control runs to estimate the range of possible trends
around the mean estimates provided by the CMIP5
individual model All-Forcing runs. The All-Forcing
5th to 95th percentile range in Fig. 6.2 in the main
report and Fig. S6.3 is based on the aggregate distri-
bution of All Forcing trends and includes a spread
due to both differences in ensemble mean response
of the various individual models as well as intrinsic
(control run) variability, with all control runs sampled
equally frequently (see Knutson et al. 2013 for further
methods details).

Figure $6.3 (middle column) shows the sliding
trend analysis for trends extending to 2013, while the
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Fic. S6.3. Left (a—-f) column shows time series for each of six regions
and is analogous to the left column of Fig. 6.2 in the main report. The
center (g-l) column is as in Fig. 6.2 in the main report, but shows the
sliding trend analysis for each of the six focus regions for trends to
2013. The right column (m-r) analyzes trends for the same regions
but excludes 2013 as a sensitivity test. See Fig. 6.2 in the main report
caption and text for further details.

right-hand column shows trends to 2012, to test the
effect of leaving out the highly anomalous end year
(2013). While excluding 2013 has only a minor impact
on the detection results for the northern tier—ANN
region Fig. $6.3 (g,m) for trends starting prior to 1930,
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it has a major impact on the late 20th
century trend detection results for
the eastern U.S.—]JJA region Fig.6.3
(k,q). The latter detection result is
not robust to excluding 2013 and
thus depends quite critically on the
one highly unusual year. Results
for the upper Midwest—MAM are
intermediate between these results;
leaving out 2013 substantially reduces
the robustness of the trend detection,
but the trends from the early 20th
century to 2012 are still generally
detectable according to the models.
We now discuss the three re-
maining U.S. regions from Fig. 6.1
in the main report, which were
not discussed in detail in the main
text (California—ANN, South-
ern Plains—MAM, and Northern
Plains—SON). Two of these regions
did not exhibit significant linear
trends according to statistical tests
on linear trends over 1900-2013
(California—ANN and Southern
Plains—MAM). These regions also
do not have detectable long-term
trends according to the model-based
trend detection tests shown in Fig.
$6.3 (h,j). California region trends
were also not detectable for the DJF
or MAM seasons (not shown). The
U.S. Northern Plains—SON region
analysis (Fig. $6.3]) indicates some
detectable trends to 2013 (All-Forcing
runs versus Control runs). Trends to
2013 are detectable beginning in the
1930s, 40s, and 50s, as shown by the
blackline extending above the purple
shaded region. However, for this re-
gion the All-Forcing ensemble mean
response (red line) is relatively small
or even negative, except for trends be-
ginning quite late in the 20th century,
at which point the observed trends
are not detectable. Note that the pink
shaded region (5th to 95th percentile
of All-Forcing trends) is slightly

broader than the control run trend distribution but is
also centered around the purple (control run overlap)
shading, in contrast to the positive skewing of the
pink shaded region compared to the purple shading
for the other regions in Fig.S6.3. This lack of positive



skewing of the All-Forcing shaded region compared
to the control is also indicative of the very weak All-
Forcing response in the models for this region. The
broadening of the pink region relative to the green/
purple region is due to the former runs having a di-
versity of model responses to external forcings, while
the latter runs had unchanging preindustrial forcings.
The very small CMIP5 century-scale ensemble mean
All-Forcing responses (red line) in the Northern
Plains—SON region suggest that internal variability
is the dominant contributor to the observed long-
term trends in this region. This finding assumes
that the All-Forcing response is adequately modeled
by the CMIP5 models. Finally, our sensitivity tests
excluding 2013 (Fig. S6.3r) indicate that the Northern
Plains—SON region trend detection results are not
very robust to the exclusion of 2013.

The Southern Plains—MAM region time series
exhibits some additional interesting behavior. The
time series (Fig. S6.3d) shows several decades with
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very pronounced variations prior to about 1945,
followed by several decades with much smaller vari-
ability. Although we find no detectable trends in this
region, we suggest that the observed dataset here may
require further assessment for possible temporal
inhomogeneities, perhaps associated with secular
changes in the observing network.

Although not shown here, we also performed
some sliding trend analysis comparing the observed
trends to CMIP5 Natural Forcing-only distributions.
However, we had difficulties with this analysis owing
to the relatively few models with available Natural
Forcing runs extending to 2012, the relatively small
number of ensemble members (in some cases, only
one) for the available models, and the relatively few
distinct modeling centers that have provided such
runs so far. For these reasons, we are not presenting
results from the All-Forcing versus Natural Forcing
sliding trend analysis in this study.

05 (b) MAM-Upper Midwest
x T T T T
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Fic. S6.4. CMIP5 multimodel ensemble mean All-Forcing (red) or Natural Forcing-only
(blue) 9-yr running-mean anomalies relative to a 1900-1940 baseline. Time series shown
are based on annual (a), March-May (b), or June—August (c) averaged data. Observed 9-yr
running means are shown by the black thick lines in each diagram, with the linear trends of
annual means shown by the black dashed lines. Results are shown for a) northern tier-ANN,
b) upper Midwest—MAM, and c) eastern U.S.—]]A regions/seasons. The red circles at year
2013 show the 9-yr running mean All-Forcing anomaly centered on 2013. All-Forcing en-
semble time series values that include any years beyond 2005 (and thus include some RCP4.5
projection values for at least some models) are denoted by the red-dashed segments. See

text for further details.
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Methodology for estimating the 2013 multimodel en-
semble All-Forcing anomaly and the FAR. The time series
(Fig. 6.2 a,d,g in the main report) depict the CMIP5
multimodel All-Forcing ensemble mean, relative to
the 1900-40 baseline, as a dark red line; the upward-
sloping black-dashed lines depict the observed linear
trends from 1900 to 2013 (or 1950-2013 for Fig. 6.2g
in the main report). The All-Forcing response is small
and difficult to see in Fig. 6.2 in the main report, so
itis shown in an expanded view (with nine-year run-
ning mean smoothing) for each region in Fig. 56.4
(thin red lines). Note that the All-Forcing ensemble
mean responses are much smaller than the observed
nine-year running mean changes and smaller than
the observed linear trends (dashed black lines). The
ensemble mean has considerable year-to-year varia-
tion (Fig. 6.2 a,d,g in the main report), so estimating
the All-Forcing model ensemble’s mean for the year
2013 is difficult. Our approach is to estimate the
2013 value by using a temporally smoothed (nine-
year running mean) version of the ensemble mean

time series. To obtain a nine-year running mean
value centered on 2013, we extended the All-Forcing
response curves to 2017 using the RCP4.5 scenarios in
the model archives. The smoothed 2013 All-Forcing
values (red circles in Fig. $6.4) are then used to shift
the control run distributions in Fig. 6.2¢,f,i in the
main report to create the All Forcing distributions
for 2013 shown in Fig. 6.2¢,f,i in the main report and
used for our FAR analysis. The red curves in Fig.
S6.4 are dashed for values from 2001 on to indicate
that these values are at least partly influenced by the
RCP4.5 extensions beyond 2005 in the model data.
The blue curves in Fig. S6.4 show the Natural
Forcing-only ensemble (10-model) results analogous
to those for the All-Forcing ensemble just discussed.
In principle, these could be used to create “Natural
Forcing-only” versions of the distributions in Fig.
6.2¢,f,i in the main report from which a fraction of
attributable risk to anthropogenic forcing could be
estimated. We have chosen not to do this, however,
because of the lack of a long-term detectable trend in
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Fic. S$6.5. Maps of standard deviation of low-pass (>10 yr filtered) precipitation anomalies
(mm day’') based on annual data for: (a) GHCN observed residuals (1900-2013); and (b)
the ensemble-mean standard deviation from the 23 CMIP5 control runs used in this study.
The observed residuals were formed by subtracting the CMIP5 multi-model ensemble All-
Forcing/RCP4.5 response from the observations to create annual mean residual anomalies
series for comparison with the control run (intrinsic variability) simulations. (c) Bias map
computed as the modelled standard deviation in (b) minus the observed residuals standard
deviation in (a). (d) Same as in (c) but expressed as percent bias: [(model — observation)/

observation] x 100%.
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these focus regions compared to the Natural Forcing-
only distributions, as discussed previously.

FAR is the fraction of attributable risk for anoma-
lies as large as certain threshold values (here we use
the second-ranked year in the observed record), and
it is based on the All-Forcing anomaly distributions
for 2013 compared to the unforced anomaly distribu-
tions. In this case, the fraction of risk is attributable
to anthropogenic and natural forcing combined.
The occurrence ratio (All-Forcing : Control) is the
occurrence rate of anomalies as large as those for the
second-ranked year under the All-Forcing scenario,
divided by the corresponding rate in the control run
distribution. FAR and the occurrence ratio are com-
puted as follows: FAR = 1-pc/pf, and the occurrence
ratio is pf/pc, where pfand pc are the occurrence rates
within the All-Forcing and Control run distributions,
respectively, of anomalies exceeding the defined
thresholds shown in the plots (thick gray vertical
lines) in Fig. 6.2¢,f,i in the main report.

Assessment of model-simulated precipitation and inter-
nal variability. How adequate are the CMIP5 models’
simulations of precipitation in the focus regions? Of
particular interest is the climate variability in their
control runs, which we have used to estimate the real
world’s intrinsic (unforced) climate variability. For
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the CMIP5 models, an assessment of the ensemble-
mean precipitation geographical distribution and sea-
sonal cycle was done by Flato et al. (2013; see Figs. 9.4,
9.38, 9.39 in the main report). Despite model biases,
their figures suggest that the CMIP5 simulations of
large-scale precipitation characteristics in our focus
regions are sufficiently realistic for our purposes.
Examining variability, Fig. $6.5 shows the geo-
graphical distribution of low-frequency (>10 years)
(standard deviations of annual precipitation for the
observations (GHCN) versus the CMIP5 multimodel
ensemble standard deviations from the model con-
trol runs. To make the observed standard deviations
more comparable to control runs (which represent
intrinsic climate variability alone) we subtracted the
multimodel mean All-Forcing response from the
observed time series to create a residual intrinsic
variability estimate, which was then smoothed to
include primarily variability with time scales longer
than 10 years. The comparison shows (Fig. $6.5) that
the models’ standard deviation typically exceeds
the observed low-frequency standard deviation in
the U.S. regions where we are focusing. So, for our
trend detection, the models may overestimate the
intrinsic variability (i.e., the width of the green/pink/
purple bands in Fig. 6.2 b,e,h in the main report and
the widths of the distributions in Fig. 6.2 ¢,f,i in the
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Fic. S6.6. Asin Fig. S6.5, but comparing the >10 yr standard deviations of two different obser-
vational datasets for the shorter period (1979-2013). The two observational data sets are: (a)
GHCN as in Fig. S5a, and (b) GPCP v2.2 (see text for details). (c) and (d) are difference maps
and percent difference maps, respectively, for GHCN vs. GPCP. Note the different scales
used for Figs. $6.5 vs. $6.6 for panels (c) and (d).

OCTOBER 2014 BANS |

15



16

main report). Figure $6.6 also compares the observed
GHCN low-frequency (> 10 years) standard deviation
for the period 1979-2013 to that of an alternative
(combined satellite/rain gauge) dataset over the area
of common coverage (Global Precipitation Climatol-
ogy Project v. 2.2; Adler et al. 2003; http://www.esrl.
noaa.gov/psd/data/gridded/data.gpcp.html). This
shows that there are even substantial uncertainties in
estimating the precipitation standard deviations from
observations, which is an important further caveat to
our analysis and assessment. Also, comparison of the
GHCN standard deviation for the short (1979-2013)
versus full (1900-2013) data period (Fig. S6.5 versus
Fig. 56.6) shows that the standard deviation is con-
siderably larger for the full period, especially over the
Northern Hemisphere continents, which illustrates
the impact of the epoch considered for the decadal
variability in the GHCN data.

The models” high-frequency (unfiltered an-
nual means) intrinsic variability is also used in
our study for the FAR analysis. Therefore, we
also need to assess the models’ high-frequency
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variability. To assess this issue, we performed the
following auxiliary calculations. For each of the three
key regions where we found a detectable trend (north-
ern tier—ANN, upper Midwest—MAM, and eastern
U.S.—JJA) we compute an observed residual vari-
ability series by subtracting the multimodel ensemble
mean All-Forcing response from the observed series.
We remove the mean of these residuals and compare
their histogram to that from the multimodel control
run ensemble, which was obtained by combining
1000-member random samples from each of the 23
CMIP5 control runs into a 23000 member aggregate
control run distribution. The comparison of modeled
and observed distributions for each region (Fig. $6.7)
indicates that the multimodel ensemble provides a
fairly realistic distribution of intrinsic variability,
compared to the observed residual distribution. The
standard deviations of the control run distributions
for the northern tier—ANN and upper Midwest—
MAM series are close to but slightly larger (8% and
4%, respectively) than the standard deviation of the
observed residual series. This suggests that the mod-
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Fic. $6.7. Normalized histograms of annual- or seasonal-mean anomalies from the 23 CMIP5
model control runs (blue bars) vs. observed (GHCN) residuals (black bars). The observed
residuals are computed by subtracting the CMIP5 All-Forcing ensemble mean response
from the observed time series, and also subtracting the mean of these residuals (resulting in
residuals having zero mean). Observed values for 2013 and the alternative threshold value
are depicted by the thick black and gray vertical lines (see year labels).
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eled estimates are likely adequate for our climate
change detection purposes, although they will tend
to make it slightly harder to detect forced trends and
easier for the All-Forcing estimates to encompass the

observations. For the eastern U.S.—JJA region, the
observed residual standard deviation is slightly larger
(8%) than for the model control runs. Therefore, as a
sensitivity test, we amplified the control run anoma-

TasLE Sé.1. Lists of CMIP5 models used in the study for All Forcing (top) and Natural-
Only Forcing (bottom) experiments. The lists include the short names of the models,
the number of ensemble members included in our analysis in [ ]’s, and a longer name
for the modeling center.

All-Forcing Experiments:

BCC-CSMI.I [3] Beijing Climate Center

CanESM2 [5] Canadian Centre for Climate Modelling and Analysis

CCSM4.0 [6] National Center for Atmospheric Research (U.S.)

CMCC-CM [I] Centro Euro-Mediterraneo per i Cambiamenti Climatici (Italy)

CNRM-CMS [I] Centre National de Recherches Meteorologiques (France)

CSIRO Mk3.6.0 [I] Commonwealth Scientific and Industrial Research Organisation (Australia)

FGOALS-g2 [5] State Key Lab. Numerical Modeling for Atmos. Sci. and Geophys. Fluid Dyn. (China)

GFDL CM3 [5] Geophysical Fluid Dynamics Laboratory (U.S.)

GFDL-ESM2M [I] Geophysical Fluid Dynamics Laboratory

GFDL-ESM2G [I] Geophysical Fluid Dynamics Laboratory

HadGEM2-ES [4] Hadley Centre (United Kingdom)

INM-CM4 [1] Institute of Numerical Mathematics (Russia)

IPSL-CMS5B-LR [I] LInstitut Pierre-Simon Laplace (France)

IPSL-CM5A-MR [3] LlInstitut Pierre-Simon Laplace

IPSL-CM5A-LR [6] Llnstitut Pierre-Simon Laplace

MIROCS [5] Model for Interdisciplinary Research on Climate (Japan)

MIROC-ESM [3] Model for Interdisciplinary Research on Climate, Earth System Model

MIROC-ESM-CHEM [I] Model for Interdiscipl. Res. on Climate, Earth Sys. Mod, Chemistry Coupled

MPI-ESM-MR [3] Max Planck Institute (Germany)

MPI-ESM-LR [3] Max Planck Institute

MRI-CGCM3 [3] Meteorological Research Institute (Japan)

NorESMI-M [3] Norwegian Earth System Model

NorESMI-ME [I] Norwegian Earth System Model

Natural-Only Forcing Experiments:

BCC-CSMI.I [I] Beijing Climate Center

CanESM2 [5] Canadian Centre for Climate Modelling and Analysis

CNRM-CMS5 [I] Centre National de Recherches Meteorologiques (France)

CSIRO Mk3.6.0 [5] Commonwealth Scientific and Industrial Research Organisation (Australia)

GISS-E2-H [5] Goddard Institute for Space Studies (U.S.)

GISS-E2-R [5] Goddard Institute for Space Studies (U.S.)

HadGEM2-ES [1] Hadley Centre (United Kingdom)

IPSL-CM5A-MR [3] Llnstitut Pierre-Simon Laplace (France)

IPSL-CM5A-LR [3] Llnstitut Pierre-Simon Laplace

NorESMI-M [I] Norwegian Earth System Model

AMERICAN METEOROLOGICAL SOCIETY
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lies for this region by a factor of 1.08 and found that
this had only a modest impact on our FAR or occur-
rence ratio estimates in Fig. 6.2i in the main report
since this adjustment affects both the control and
All-Forcing distribution similarly. The FAR estimate
was 0.36 for the unadjusted anomalies versus 0.26 for
the amplified anomalies. For the FAR estimates, we
used 4000-member random samples from each model
for a total sample size of 92000. Also, the detection
results shown for the eastern U.S.—JJA in Fig. 6.2f in
the main report are robust to an order 8% increase in

| BAMS OCTOBER 2014

the 95th percentile of the control run trends, but as
mentioned previously, the trend detection results for
this region are sensitive to the inclusion/exclusion of
2013 observed values.

In summary, our variability assessments suggest
that the CMIP5 models can provide a useful as-
sessment of precipitation low-frequency variability
(trends) and annual or seasonal anomalies due to
intrinsic climate variability. This provides support
for using these models for our trend assessments and
FAR calculations.
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