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ABSTRACT

Projections of modeled precipitation (P) change in global warming scenarios demonstrate marked inter-
model disagreement at regional scales. Empirical orthogonal functions (EOFs) and maximum covariance
analysis (MCA) are used to diagnose spatial patterns of disagreement in the simulated climatology and end-
of-century P changes in the Coupled Model Intercomparison Project phase 5 (CMIP5) archive. The term
“principal uncertainty pattern” (PUP) is used for any robust mode calculated when applying these techniques
to a multi-model ensemble. For selected domains in the tropics, leading PUPs highlight features at the margins
of convection zones and in the Pacific cold tongue. The midlatitude Pacific storm track is emphasized given
its relevance to wintertime P projections over western North America. The first storm track PUP identifies
a sensitive region of disagreement in P increases over the eastern midlatitude Pacific where the storm track
terminates, related to uncertainty in an eastward extension of the climatological jet. The second PUP portrays
uncertainty in a zonally asymmetric meridional shift of storm track P, related to uncertainty in the extent of
a poleward jet shift in the western Pacific. Both modes appear to arise primarily from intermodel differences
in the response to radiative forcing, distinct from sampling of internal variability. The leading storm track
PUPs for P and zonal wind change exhibit similarities to the leading uncertainty patterns for the historical
climatology, indicating important and parallel sensitivities in the eastern Pacific storm track terminus region.
However, expansion coefficients for climatological uncertainties tend to be weakly correlated with those for
end-of-century change.

1. Introduction

Accurate prediction of end-of-century precipitation (P)
change as a result of global warming is critical to the as-
sessment of future changes in the hydrological cycle, es-
pecially at regional scales relevant to water resource man-
agement and decision-making. Global climate models
(GCMs) run as part of the Coupled Model Intercompar-
ison Project phases 3 and 5 (CMIP3 and CMIP5; Meehl
et al. 2007; Taylor et al. 2011) exhibit robust agreement
over large-scale changes related to thermodynamic argu-
ments that regions of climatological moisture convergence
will get wetter (the tropics and mid-to-high latitudes),
while regions of climatological moisture divergence will
get drier (the subtropics). This concept was first noted by
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Manabe and Stouffer (1980) and Manabe and Wetherald
(1980) and is now referred to as the wet-get-wetter or rich-
get-richer mechanism (Chou and Neelin 2004; Held and
Soden 2006; Trenberth 2011). It has been documented
extensively in the CMIP archives, and the patterns it de-
scribes can be seen in individual models as well as in
the multi-model ensemble (MME) mean of projected P
changes (see Figs. 1a,b). Recent studies have noted that
these changes are detectable in ocean observations (Du-
rack et al. 2012), but their validity can break down at the
regional or grid point level (Chadwick et al. 2012; Roder-
ick et al. 2014), especially for changes over land (Greve
et al. 2014). Alongside these thermodynamic changes are
notable dynamic changes in the atmospheric circulation
that ultimately affect P projections, typically framed in
terms of a poleward expansion of subtropical dry zones or
the descending branch of the Hadley cell, as well as a pole-
ward shift, upward expansion, and slight widening of the
climatological storm track (Yin 2005; Lu et al. 2007; Sea-

Generated using v4.3.2 of the AMS LATEX template 1



2 J O U R N A L O F C L I M A T E

ger and Vecchi 2010; Scheff and Frierson 2012b,a; Chang
et al. 2012, see Figs. 1a,b).

Outside of a large-scale or mean meridional framework,
however, intermodel agreement on P changes can dimin-
ish greatly. The standard deviation of grid point (local)
P changes across models is one way of quantifying this
spread (see Figs. 1c,d), and complex P changes occur-
ring in the tropics or along convective margins can lead
to large disagreement in tropical P projections (Neelin
et al. 2003; Chou and Neelin 2004; Chou et al. 2009),
especially over land (e.g., Yin et al. 2013), even when
models agree on bulk measures of tropical change, such
as distributions of precipitation intensity (Lintner et al.
2012). Substantial regional uncertainty also exists in areas
with large internal variability in the P climatology, lead-
ing to small signal-to-noise ratios in future projections and
to noticeable uncertainty and conflicting model changes
(Giorgi and Francisco 2000; Allen and Ingram 2002;
Neelin et al. 2006; Tebaldi and Knutti 2007; Hawkins
and Sutton 2011; Tebaldi et al. 2011; Deser et al. 2012;
Mahlstein et al. 2012; Knutti and Sedlácek 2013; Roder-
ick et al. 2014). These regions are often located between
P increases at mid-to-high latitudes and decreases in the
subtropics, where thermodynamic arguments become less
dominant and projections are susceptible to disagreement
in dynamic feedbacks at regional scales (Chou et al. 2009;
Seager and Vecchi 2010; Shepherd 2014).

In addition to uncertainty in P projections, models ex-
hibit a range of abilities in simulating historical P cli-
matology and internal variability in CMIP3 and CMIP5
(Deser et al. 2012; Flato et al. 2013). This is especially
true for the tropics, where considerable ocean-atmosphere
feedbacks, as well as differences in model parameteriza-
tion of deep convection, can cause discrepancies in the P
climatology (e.g., Mechoso et al. 1995; Zhang 2001; Lin
2007; Brown et al. 2013) and projected changes (Collins
et al. 2011; Brown et al. 2012) among models. GCM
biases also exist outside of the tropics, especially at re-
gional scales where local dynamics come into play (e.g.,
Kumar et al. 2013; Langford et al. 2014; Mehran et al.
2014). Finally, only modest (if any) improvement has
been found between CMIP3 and CMIP5 in these biases
or in constraining regional model disagreement in end-
of-century changes (Knutti and Sedlácek 2013; Sheffield
et al. 2013a,b; Maloney et al. 2013; Hirota and Takayabu
2013).

One region that is particularly sensitive to P change un-
certainty is the North American west coast between the
latitudes of ∼30◦N and 50◦N. This area lies at the east-
ern terminus of the Pacific wintertime storm track and
is situated between robust P decreases at lower latitudes
and increases at higher latitudes (Neelin et al. 2013; Berg
et al. 2014; Seager et al. 2014). In this region, P ex-
hibits substantial variability on interannual to interdecadal
timescales—especially in the North American southwest

and in southern California (Dettinger et al. 1998)—so
that in future projections, signal-to-noise ratios tend to be
small and dynamical changes complex (Seager and Vecchi
2010; Seager et al. 2014). Studies have also noted GCM
uncertainty in simulating the climatological Pacific storm
track feeding into this region (Delcambre et al. 2013a), as
well as widespread disagreement in end-of-century storm
track changes (Yin 2005; Bengtsson et al. 2006; Ulbrich
et al. 2008; Ihara and Kushnir 2009; Chang et al. 2012;
Chang 2013; Delcambre et al. 2013b; Grise and Polvani
2014; Simpson et al. 2014).

In this paper, we visualize intermodel uncertainty pat-
terns for P projections and climatologies in the CMIP5 en-
semble, and we seek coupled or associated patterns of un-
certainty in circulation and temperature fields. We do this
by applying empirical mode decomposition techniques—
commonly used in the space-time domain—to the “space-
model index” domain. In the latter half of our analysis,
we emphasize the wintertime midlatitude Pacific storm
track region, and in doing so we illustrate the benefits
of cross-checking with complementary methods and show
that using several in tandem can strengthen the conclu-
sions drawn for each.

The rest of this study is laid out as follows: Section
2 discusses data and methods. Section 3 reviews end-
of-century P changes in the CMIP5 ensemble. Section 4
shows selected regional disagreement patterns, and Sec-
tions 5–7 focus on the wintertime Pacific storm track
region. Section 8 contains our summary and conclu-
sions. Supplemental information is available for down-
load, which we will touch upon briefly.

2. Data, methods, and terminology

a. CMIP5 data

The primary ensemble in our analysis consists of 36
fully-coupled GCMs; historical forcing and Represen-
tative Concentration Pathway 8.5 (RCP8.5) simulations
were used for each model. An additional ensemble of 30
atmosphere-only runs was also used. Table S1 lists model
information for both ensembles. In some cases, additional
ensemble members for a given coupled model were used
in order to estimate internal variability; for these models,
the total number of realizations is included in parentheses
in Table S1.

We downloaded the following fields, all at monthly res-
olution: precipitation (P), zonal and meridional winds at
200 hPa (U-200 and V -200) and 850 hPa (U-850 and V -
850), surface air temperature (TAS), and skin temperature
(T S). We treat the models in each ensemble as indepen-
dent samples, though we acknowledge that some of them
share structural cores and may have common biases (Jun
et al. 2008b,a; Knutti et al. 2010, 2013). Our goal is to
understand intermodel uncertainty relative to the MME
mean, not to the “true climate” or observations.
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Seasonal end-of-century changes for the RCP8.5 sce-
nario were calculated for each model by differencing the
climatology at the end of the 21st Century (2070–2099)
and over a 20th Century base period (1961–1990). The
historical climatologies of the atmosphere-only models
cover 1979–2009. 30-year averages were chosen to min-
imize interannual-to-decadal model variability; all fields
were regridded via bilinear interpolation to a common
2.5◦×2.5◦ grid prior to analysis.

b. Methods

The methods are described in more detail in the supple-
mental information, though a brief summary is provided
here, taking P as the example variable.

We use EOF analysis to visualize spatial patterns of
model uncertainty in end-of-century P changes. These
EOFs are calculated across the model dimension—as op-
posed to the conventional time dimension—and the result-
ing modes show patterns of intermodel disagreement over
end-of-century P changes relative to the MME mean. Grid
point correlation maps between expansion coefficients of
P change uncertainty patterns and temperature or winds
allow one to find associated uncertainties in other vari-
ables. We also use maximum covariance analysis (MCA;
sometimes referred to as singular value decomposition, or
SVD). MCA is performed on the covariance matrix be-
tween two variables (e.g., P changes and U-200 changes),
producing pairs of uncertainty patterns that represent en-
semble disagreement in covarying or coupled fields.

Our methods complement other studies that have used
similar methods to examine uncertainty patterns in GCMs,
including intermodel disagreement in tropical P change
and its connection to SST uncertainties (Li and Xie 2012;
Ma and Xie 2012; Li and Xie 2013), GCM skill in model-
ing historical midlatitude jets, uncertainty in jet changes,
and relationships with tropical SST uncertainties (Delcam-
bre et al. 2013a,b), and relationships between large-scale
SST uncertainties and global warming trends in land sur-
face P (Anderson et al. 2015). Similar methods have
also been used in the weather forecasting community for
medium-range ensemble forecasts (e.g., Harr et al. 2008;
Keller et al. 2011; Zheng et al. 2013; Chang and Zheng
2013).

c. Principal Uncertainty Pattern (PUP) terminology

For brevity, we refer to all modes that arise from the
matrix decomposition techniques described above as prin-
cipal uncertainty patterns (PUPs), and we use this term
interchangeably with “patterns” or “modes” from the EOF
and MCA analyses when discussing results. This is done
to emphasize that these techniques all seek to capture ro-
bust patterns of uncertainty common among models in an
ensemble, even though the methodology used to calculate
each may differ.

3. End-of-century P changes in the CMIP5 ensemble

To lay the basis for our discussion, Figs. 1a,b show the
MME mean global end-of-century P change in the RCP8.5
scenario, for the December–January–February (DJF) and
June–July–August (JJA) seasons. Seasonal 4 mm day−1

contours for the base (solid) and future (dashed) periods
are shown for the MME mean to establish approximate ge-
ographical boundaries for regions of deep convection and
storm track precipitation.

Localized standard deviation plots (Figs. 1c,d) give a
sense of how individual model P changes spread about the
MME mean. In both seasons, the largest spread is over
the oceans and within tropical zones of deep convection,
implicating intermodel uncertainty in changes occurring
to moisture fluxes and deep convective processes in these
regions. In DJF (Fig. 1c), the largest intermodel spread
is over the western Pacific warm pool and South Pacific
Convergence Zone (SPCZ). Secondary regions include the
cold tongue region off the coast of Peru and Ecuador, the
Atlantic ITCZ, and the Indian Ocean. In JJA (Fig. 1d), the
western and eastern Pacific are still major areas of spread,
as are the tropical Indian and Atlantic Oceans and the
Asian monsoon region. Note these hotspots of disagree-
ment do not always coincide with areas of largest absolute
P change (Figs. 1a,b) or P change as a percent of the his-
torical climatology (Figs. S1a,b).

We also show agreement plots on the sign of P changes
(Figs. 1e,f; plotted for agreement on positive change). Rel-
ative to the standard deviation maps, the white regions in
agreement maps reach wider into the extratropics and mid-
latitudes, where intermodel spread is a result of changes
to both regional dynamics and local thermodynamics. Our
concern here is P change disagreement at regional scales
(i.e., at the scale of climate features such as convection
zones or storm tracks), though an equivalent global analy-
sis is shown in the supplemental information for absolute
P changes (Figs. S2 and S3) and P change as a percent
of the base period climatology (Figs. S4 and S5). These
patterns show tropical dominance in intermodel disagree-
ment, even with normalization by the climatology, and so
we turn to a regional PUP analysis.

4. Regional PUPs of P change disagreement

a. Criteria for selecting regional PUP domains

We select regional domains using the following criteria:
(1) if the regional PUPs are to have any significance, there
should be sizeable disagreement in the region of interest;
(2) objective pattern-seeking techniques are sensitive to
the domain size and characteristics, and edge effects can
arise as domain boundaries change; (3) seasonality comes
into play when spatial disagreement patterns are the objec-
tive, since zones of heavy P and storm track domains will
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shift seasonally, and it is important not to segment clima-
tological features.

b. Regional PUPs using EOF analysis

For DJF, we produce P change PUPs for the following
regions: the Indian Ocean, the tropical Pacific, the N. Pa-
cific storm track region, and equatorial S. America. For
JJA, the regions include: the Asian monsoon region, the
central and western tropical Pacific, the S. Pacific storm
track region, Central America (encompassing the eastern
tropical Pacific), and the equatorial Atlantic region. This
regional analysis reveals second-order and structural char-
acteristics that are not revealed in simpler analyses like
those in Figs. 1c-f.

The first two EOF PUPs for these domains are shown
in Figs. 2 (DJF) and 3 (JJA). In order to plot PUPs on a
common color bar, each mode is normalized by its spa-
tial standard deviation. Table 1 lists details about nor-
malization, latitude and longitude range of the domains,
and the percent variances accounted for by the displayed
modes. Leading regional PUPs tend to explain 20%–30%
of intermodel uncertainty, and features commonly occur
on edges of convection zones, within storm tracks, and
over the equatorial cold tongue. For DJF, two regions of
uncertainty include the southern edge of the Indian Ocean
convection zone as well as in the tropical Pacific at the
western edge of the cold tongue. For JJA, one can see un-
certainty along the southern edge of the ITCZ and along
the northern edge of the cold tongue region in the tropical
Pacific.

Figs. 2c and 3c show the percent variance that succes-
sive modes account for in the EOF analyses (cut off after
15 modes). We also include the correlation coefficient be-
tween expansion coefficients for the regional and global
domains, “r(reg, glob),” noting that in some cases PUPs
can change order (or be spread across several modes).
These correlations tend to be higher for the tropical do-
mains in Figs. 2 and 3, reinforcing the dominance of the
tropics in global-scale uncertainty, although there are also
notable correlations at higher latitudes.

We focus on the DJF midlatitude Pacific storm track re-
gion for the remainder of this study. We chose the Pacific
storm track region after noting strong separation and clear
signals in the first two PUPs (see Figs. 2a,b for the modes
in this domain, as well as Fig. 2c to get a sense of mode
separation).

5. Uncertainty in P change in the midlatitude Pacific
storm track domain

a. Storm track P change PUPs and associated uncertain-
ties in circulation changes

In the midlatitude Pacific, the wintertime storm track is
a preferred region of cyclone activity, generated by baro-

clinic instability and acting to transport momentum, heat,
and moisture poleward. We use the 4 mm day−1 contour
as an approximate storm track outline in the base and fu-
ture periods. Cyclones that produce precipitation in this
region are steered by the upper-level jet across the Pa-
cific and trail into the North American west coast, and
so we inspect uncertainties in P change in the context of
the broader upper- and lower-level circulation. Delcambre
et al. (2013a,b) have extensively documented uncertainties
in the jet for this region, and we will discuss model dis-
agreement in a similar way by highlighting the two leading
modes:

1. The “jet extension” mode describes disagreement in
the eastward extension of the jet and resulting P
changes at the eastern terminus of the storm track,
where the 4 mm day−1 contour hooks slightly north-
east at ∼35◦N, 220◦E.

2. The “meridional shift” mode describes uncertainty in
the extent of a meridional shift or poleward displace-
ment of the storm track P, with increases on the pole-
ward edge and decreases on the equatorward edge of
the 4 mm day−1 contour (see Figs. 1a,c).

Figure 4 shows the first (a,c) and second (b,d) PUPs of
the EOF analysis on P changes in the storm track region
(replotted from Figs. 2a,b but with units of mm day−1).
Vectors representing coupled disagreement in upper- and
lower-level wind changes are overlaid, the components
of which are regressions of end-of-century U-wind and
V -wind changes onto the expansion coefficients for each
mode.

We identify the first PUP (Figs. 4a,c) as a jet extension
mode, with an east-to-west dipole showing P increases
on the southeast flank of the storm track (∼35◦N, 220◦E)
as well as decreases over the western Pacific. The wind
vectors form a cyclonic circulation pattern slightly to the
northwest of this center at both upper (Fig. 4a) and lower
(Fig. 4c) levels, implying that to a first approximation this
pattern represents an equivalent barotropic mode of dis-
agreement.

We identify the second PUP (Figs. 4b,d) as a meridional
shift mode, showing a north-to-south dipole over the west-
ern Pacific and implying disagreement among ensemble
members in the location and magnitude of poleward P in-
creases in this region. Upper-level wind regressions (Fig.
4b) show associated anticyclonic uncertainties in circula-
tion along the equatorward edge of the storm track outline.

We use the terminology “extension” and “shift” to give
names to the uncertainty patterns, though the changes oc-
curring to the midlatitude jet and resulting P in the mid-
latitude Pacific are asymmetric and complex. One robust
feature found in the CMIP5 archive is a poleward jet shift
in the western Pacific but equatorward shift in the east
(Simpson et al. 2014; Park and An 2014). Simpson et al.
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(2014) attribute this equatorward shift in the eastern Pa-
cific to a barotropic stationary wave anomaly off the west
coast of North America. Neelin et al. (2013) investigated
the CMIP5 MME mean P changes occurring in this re-
gion, noting a slight but statistically significant increase
in the region where the climatological storm track ap-
proaches the California coast, between ∼33◦N and 42◦N.
Seager et al. (2014) attributed this increase primarily to en-
hanced mean flow moisture convergence. The circulation
regressions in Figs. 4a,b may reflect model uncertainty in
changes to the mean circulation (and associated station-
ary wave patterns), which would feed into uncertainty in
P change in the storm track termination region.

Figures 4e,f show U-200 change PUPs, with gray iso-
tachs indicating the location of the climatological jet. Note
that Fig. 4e reinforces the jet extension interpretation:
models exhibit disagreement in U-200 increases in the jet
core, which provides a source of uncertainty for the ex-
tent that storms are steered into the North American west
coast. The meridional shift can be seen in Fig. 4f, which
highlights intermodel spread over the extent of a poleward
increase and equatorward decrease of the jet in the west-
ern Pacific. When expansion coefficients for P change
PUPs are plotted against those for U-200 change PUPs
(not shown), the coupling between P and U-200 change
uncertainties becomes clear: the first modes are correlated
at r = 0.81 and the second at r = 0.61, confirming that
the models projecting strongly onto the P change exten-
sion or shift mode also tend to project strongly onto the
corresponding U-200 change mode.

To get a sense of how individual models contribute to
the uncertainty patterns in Fig. 4, expansion coefficients
for P change PUPs are shown in Figs. 5a,b. Red dots rep-
resent expansion coefficients for each of the 36 models
in the ensemble and characterize total ensemble spread—
i.e., a combination of internal variability, climatological
uncertainty, and intermodel differences in the response to
radiative forcing. The MME mean is represented by the
zero line, and the box and whisker plots to the right show
the overall spread of models about the MME mean (see
caption for details). For models with additional ensemble
runs available, black dots show the projection of those P
changes onto the PUPs in Figs. 4a-d. The relative spread
of the black and red dots indicates that internal model
variability is small compared to overall intermodel uncer-
tainty.

We also estimate internal variability using pre-industrial
control (piControl) runs, which vary in length from 240–
1050 years in the models (see Table S1 for details).
We calculate the DJF P climatology for non-overlapping
30-year periods and produce N30 climatologies for each
model. We center these climatologies by that model’s
long-term mean at each grid point and then take all possi-
ble pairwise combinations without repeat. We difference
each pair and project these differences onto the P change

PUPs in Figs. 4a-d. The resulting values represent expan-
sion coefficients for internal variability. The error bars in
Figs. 5a,b show ±1 standard deviation of these values for
each model, centered at zero line y-axis. These error bars
represent the spread can that can be attributed to internal
P variability alone in the storm track region. This is a test
for whether the intermodel spread seen by the red dots in
Figs. 5a,b could arise solely from internal variability. The
magnitude of these error bars is only a modest fraction of
the ensemble spread, providing evidence that to leading
order, intermodel differences in the response to radiative
forcing are likely driving much of the spread captured by
these uncertainty patterns, and internal variability does not
contribute substantially. We explore the role of interannual
SST variability and in particular ENSO forcing in the next
section.

Lastly, we have tested the patterns in this storm track
region and note they are not sensitive to domain size, in
that changing the domain boundaries by a few degrees lat-
itude or longitude causes the fraction accounted for by in-
dividual modes to change only within± a few percent, and
the appearance and qualitative details of the PUPs them-
selves are stable. Furthermore, P change PUPs have been
checked against the removal of outlier models (based on
expansion coefficients in Figs. 5a,b), and the resulting pat-
terns prove robust for this region, though not in the global
case (see supplemental information for details).

b. Extension and shift modes from MCA

We turn to a diagrammatic figure to reiterate the essen-
tial results captured above. Figure 6 shows coupled P and
U-200 change PUPs using MCA. Figures 6a,c show the
first coupled mode patterns; an arrow in Fig. 6a shows lo-
cation of strong P change disagreement in the storm track
termination region, and an identical arrow in Fig. 6c shows
collocated model uncertainty in U-200 increases in the
historical jet core. Figures 6b,d show the second coupled
mode patterns; the arrow in Fig. 6b depicts intermodel dis-
agreement in the poleward displacement of the storm track
in the western half of the domain, and the arrow in Fig. 6d
shows associated disagreement where the U-200 jet is dis-
placed from its historical maximum. MCA here becomes a
useful tool for confirming associated P and U-200 change
uncertainties.

6. Multivariate PUPs for P and surface temperature

Figures 7a,b show global correlation maps between
end-of-century TAS changes and the expansion coeffi-
cients of P change PUPs in the storm track region. TAS
anomalies were pattern-scaled prior to any calculations,
in order to minimize the influence of model differences
in warming; this was done by dividing each model by
its global annual end-of-century TAS change between the
1961–1990 and 2070–2099 periods. When this pattern
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scaling is applied to P changes prior to calculating EOFs
(not shown), results are similar.

The correlation map for TAS and the first PUP (Fig. 7a)
identifies a strong connection between the jet extension
and a localized meridional TAS gradient in the mid-to-
high latitude Pacific, with a basin-scale temperature pat-
tern reminiscent of the PDO. For the second mode, the
TAS correlations (Fig. 7b) show a connection between the
Pacific cold tongue region and storm track P change dis-
agreement.

The tropical correlations in Figs. 7a,b, especially in the
eastern Pacific in the second mode, may suggest that un-
certainty in storm track P changes is tied to uncertainty
in tropical SST s via tropical-to-midlatitude teleconnec-
tions. Such teleconnections are sometimes referred to as
“ENSO-like,” though we take caution in using this term
and define ENSO forcing as a specific SST pattern arising
from ocean dynamics in the cold tongue region, as well
as deep tropospheric latent heating anomalies in the trop-
ical Pacific that initiate teleconnections (see Zhang et al.
1997). If the uncertainties in SST were truly ENSO-like,
one may expect a region of high correlation in tropical P
changes in the central-to-eastern Pacific that resemble typ-
ical ENSO P anomalies. Figures 7c,d show correlation
maps between grid point P changes and the expansion co-
efficients in Fig. 5. For both modes, the tropical Pacific
correlation pattern for P is quite different from a canoni-
cal ENSO P anomaly.

To better quantify the role that intermodel differences in
ENSO play in these PUPs, we produce DJF ENSO com-
posite maps for SST and P in each model’s∼150-year his-
torical run, project these onto the maps in Fig. 7, and then
calculate the correlation between these projection values
and the corresponding TAS or P change PUP expansion
coefficients. This projection method tests whether model
differences in the strength and location of historical ENSO
SST and P anomalies are associated with uncertainties in
end-of-century P changes in the Pacific storm track. Pro-
jections are done for ocean-only grid points between 30◦N
and 30◦S, and ENSO events are defined when the Niño
3.4 index (Trenberth 1997) is more than one standard de-
viation above (positive) or below (negative) the long-term
DJF mean. Composites were calculated by extracting lin-
early detrended P and SST fields for ENSO events, averag-
ing positive and negative events separately, and subtract-
ing the two averages (positive-minus-negative).

Correlation values are r = 0.04 and r = 0.15 for the first
modes of TAS and P change PUPs (Figs. 7a,c), respec-
tively. This implies that uncertainties in historical ENSO
forcing as measured by SST and P composites are not as-
sociated with uncertainties in the jet extension mode for
P changes. Correlation values are r = 0.24 and r = 0.37
for the second modes of TAS and P change PUPs (Figs.
7b,d), so that in the the meridional shift PUP, historical

ENSO uncertainties are able to explain at most 14% of in-
termodel uncertainty. Correlations are comparable when
SST is substituted for TAS in Figs. 7a,b, and ENSO com-
posites calculated for the RCP8.5 runs give similar results.

We have also defined ENSO-like SST forcing using
the first EOF of internal SST variability for each model,
which bypasses any requirement that models have cor-
rectly placed SST anomalies. These patterns were calcu-
lated for detrended DJF SST data between 30◦N and 30◦S
in the historical period. We proceed as above by project-
ing each model’s tropical SST pattern onto Figs. 7a,b and
correlate the resulting values with model expansion coef-
ficients. Correlations remain low at r = 0.11 and r = 0.31,
and we conclude again that P change PUPs are not a man-
ifestation of ENSO related internal variability.

That said, common physical mechanisms will be active
in the historical and end-of-century time periods, and so
the uncertainty patterns and modes of internal variability
may still resemble another. The extension and shift modes
in the storm track region are similar to the those described
by Lau (1988), which are related to a “pulsing” and “wob-
bling” of the Pacific midlatitude jet and have implications
in storm development and P variability along the North
American west coast (e.g., Wettstein and Wallace 2010;
Athanasiadis et al. 2010). These jet-driven storm track
fluctuations interact with other modes of circulation vari-
ability in the Northern Hemisphere (e.g., Wallace and Gut-
zler 1981). For instance, the western Pacific (WP) dipole
pattern seen in the second mode of U-200 change, both in
EOF- and MCA-based PUPs (Figs. 4f and 6d), is similar to
the WP pattern investigated by Linkin and Nigam (2008),
who identify this as a circulation associated with the North
Pacific Oscillation (NPO) and discuss its link to Pacific
storm track fluctuations. Cayan (1992) found that NPO
and WP variability at midlatitudes can have broad-scale
effects on sensible and latent heat fluxes in the Pacific
ocean, affecting tropical SST s. Complementary studies
have discussed the effect of the NPO on sea level pressure
anomalies in the midlatitude Pacific, which induce broad
SST anomalies that persist into the following summer, af-
fecting trade winds and tropical Pacific climate variabil-
ity (Vimont et al. 2003; Anderson 2004; Chiang and Vi-
mont 2004). Caballero and Anderson (2009) show that the
WP pattern can also influence the strength of the descend-
ing branch of the Hadley cell via stationary wave forcing,
which will also affect tropical trade winds and tropical Pa-
cific climate.

It is therefore not out of the question that physical mech-
anisms underlying P change PUPs in the midlatitude Pa-
cific storm track have qualitative analogues to internal cli-
mate variability. However, we contend that the processes
giving rise to P change PUPs in the storm track region are
distinct from internal climate variability.
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7. Patterns of climatological uncertainty and parallels
to P change PUPs

We also ask whether uncertainties in the base period
P climatology are related to those for P changes. Fig-
ures 8a,b show PUPs calculated across model P climatol-
ogy fields during the base period. Shading is for the cou-
pled ensemble (36 members), and blue/red contours depict
PUPs for the atmosphere-only ensemble (30 members).
These maps represent intermodel uncertainties relative to
the MME, and we refer to them as climatology PUPs.

Comparing atmosphere-only (contours) and coupled
(shading) PUPs, the disagreement patterns are similar.
While there are geographical shifts in emphasis, the first
mode (Fig. 8a) depicts an approximate jet extension, along
with intermodel spread in the exact latitude that winter-
time P falls along the North American west coast. The
second mode (Fig. 8b) appears to represent a combina-
tion of climatological disagreement over orographic P or
land-sea contrasts (where the signal is strongest along the
coast), as well as a meridional shift over the western Pa-
cific. In general, the enhanced intermodel spread along the
North American coast in Figs. 7a,b is not seen in Fig. 4.
This implies that similar orographic or land-sea contrast
uncertainties are common to both the historical and end-
of-century periods and hence are not present in differences
between the two. As we found previously, this continues
to suggest that end-of-century PUPs are depicting inter-
model uncertainty in structural changes to climatological
patterns, not amplification of those patterns.

To understand how important the coupled ocean is in
producing these climatological uncertainties, we calculate
PUPs for the 25 coupled models whose atmospheric com-
ponent is the same in the atmosphere-only runs (see Ta-
ble S1 for details). We then project the atmosphere-only
climatologies in the storm track region (centered by the
ensemble mean) onto the first two coupled climatologi-
cal PUPs and correlate these projection values with the
coupled expansion coefficients. This allows one to see
how much of the overall uncertainty in coupled runs is
present in the atmosphere-only runs. Correlation values
are r = 0.62 and r = 0.90 for the first two modes, respec-
tively, implying that uncertainty within the atmospheric
component of the models alone is responsible for a sig-
nificant amount of the disagreement seen in coupled cli-
matological PUPs.

To quantify whether climatological P uncertainties can
predict P change uncertainties among models, we project
centered historical climatologies for the 36-model ensem-
ble onto the change PUPs in Figs. 4a-d and then corre-
late these projections with the corresponding expansion
coefficients. The resulting correlations are r = 0.19 and
r = 0.32 for the first and second modes, respectively (and
cross-mode correlations are very similar). This implies
that within our ensemble, uncertainty patterns in the storm

track P climatology do not serve as good predictors for
uncertainty patterns in end-of-century P change. How-
ever, the ability for climatological PUPs in the histori-
cal period to predict climatological PUPs in the end-of-
century period (not shown) is quite strong. Using the same
technique, the correlations are r = 0.84 and r = 0.92 for
modes one and two. In other words, there is a strong re-
lationship between intermodel uncertainties in the histor-
ical and RCP8.5 climatologies, but when considering the
end-of-century differences, the relationship drops signifi-
cantly. This also supports our earlier point that P change
PUPs represent uncertainty in radiatively forced changes
to individual models’ climatologies.

Figs. 8c,d show PUPs for uncertainties in the U-200 cli-
matology. We repeat the analysis above by projecting U-
200 climatology fields onto the U-200 change PUPs from
Fig. 4, and we then calculate the correlation between these
projection values and the original U-200 change PUP ex-
pansion coefficients. The correlation values are r = 0.36
and r = 0.59 for the first two modes, which are slightly
higher than those for the P change PUPs. This tighter con-
nection for the second mode implies that U-200 climato-
logical uncertainties can have a modest predictive value
for end-of-century change uncertainties. In other words,
information about jet shift uncertainty in the historical cli-
matology might provide some information about the jet
shift response to global warming radiative forcing, but this
does not translate well to information about P change.

We have also explored relationships between U-200
PUPs and global P signals for changes and the base period
climatology, as well as internal variability in the histori-
cal period (see supplemental information for details). We
find that there are qualitative similarities among all three
cases, especially in the storm track region, though their
global relationships appear to be different, and the corre-
lations patterns are fairly weak. We conclude that storm
track P change uncertainty patterns cannot be explained
by any measure of model differences in internal variabil-
ity, but are driven primarily by uncertainty in individual
model responses to radiative forcing.

8. Summary and conclusions

In this manuscript, we analyze uncertainties in P cli-
matologies and end-of-century changes in the CMIP5 en-
semble. We borrow objective matrix decomposition tech-
niques from the time series domain to calculate modes of
variability across models. This produces spatial patterns
of intermodel disagreement in P projections. To under-
line that the robust patterns and relationships among fields
are of interest independent of the specific method used to
calculate them, we refer to them as principal uncertainty
patterns (PUPs). PUPs are produced using EOF analysis
as well as MCA and correlation/regression techniques, al-
lowing one to identify leading modes of uncertainty and
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possible physical mechanisms associated with intermodel
uncertainties in climatologies and end-of-century changes.

Focusing on a domain encompassing the wintertime
midlatitude Pacific storm track, the first P change PUP
represents intermodel uncertainty in the eastward exten-
sion of the steering jet and resulting P changes over the
North American west coast; this is labeled the “jet ex-
tension” mode. The second PUP depicts intermodel dis-
agreement in the extent of a meridional storm track shift,
but this signal is confined to the western Pacific and shows
zonal asymmetry further east; this is labeled the “merid-
ional shift” mode. Regressions of changes in upper- and
lower-level winds onto these PUPs reveal uncertainties in
circulation that reinforce these interpretations, and MCA
analysis provides a check on coupled uncertainty in the the
zonal wind and P fields.

Measures of internal model variability using both addi-
tional ensemble members and pre-industrial control runs
show that internal model variability is a modest fraction
of intermodel uncertainty in P change PUPs in this region.
This is found both for long term (decadal+) variability as
well as interannual ENSO forcing.

Correlations of TAS changes with the extension and
shift PUPs reveal intermodel uncertainties in larger-scale
temperature fields associated with Pacific storm track P
change PUPs. The first mode is consistent with a thermal
wind argument connecting meridional temperature gradi-
ents to U-200 increases in the jet core, leading to uncer-
tainty in P increases at the eastern terminus of the Pacific
eddy-driven jet. The second mode shows positive correla-
tions between tropics-wide TAS increases and a poleward
P shift in the western Pacific.

In the historical climatologies, P and U-200 PUPs show
patterns that are similar to the extension and shift modes.
While models demonstrate a strong relationship between
historical and future climatological uncertainties, these re-
lationships are weak for climatological PUPs and end-of-
century change PUPs in the storm track region. We con-
clude that the P change PUPs in the storm track likely arise
from intermodel uncertainty in radiatively forced struc-
tural changes to individual model climatologies.

Finally, we reiterate the value of this approach as a
set of tools for analyzing patterns of intermodel spread,
and we note the applicability of the “PUP” acronym to
any objective process seeking robust uncertainty patterns
in an ensemble. Our results highlight the importance of
informed domain selection and cross-checking interpre-
tations with complementary procedures. These methods
have been used in previous model studies and contribute
to the growing body of work in addressing, characteriz-
ing, and constraining intermodel uncertainties within an
ensemble.
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TABLE 1. Details for the regional PUP analysis shown in Figs. 2 and 3. For the first two regional modes, we list the percent variance accounted
for in that mode (column 3), the correlation coefficient between the expansion coefficients for that mode and the expansion coefficients for the
corresponding global modes 1 and 2 (columns 4 and 5), and the spatial standard deviation of the EOF in that domain (column 6, used for normalizing
patterns in Figs. 2 and 3). Because the sign of any EOF mode is arbitrary, we show the absolute value of the correlation coefficient to emphasize its
magnitude. Correlations are bold where they pass a two-tailed test at the 95% confidence level.

Region (DJF) reg mode % var. |r(reg, glob1) | |r(reg, glob2) | σ (mm day−1)

Indian Ocean 1 27.22% 0.62 0.48 0.45
40◦S–20◦N, 10◦E–120◦E 2 13.53% 0.02 0.32 0.33

Tropical Pacific 1 30.39% 0.98 0.05 0.69
35◦S–20◦N, 125◦E–265◦E 2 14.50% 0.00 0.57 0.48

N. Pacific storm track 1 30.33% 0.04 0.72 0.25
20◦S–60◦N, 135◦E–270◦E 2 14.10% 0.43 0.25 0.18

Equatorial South America 1 22.82% 0.00 0.83 0.37
40◦S–20◦N, 270◦E–365◦E 2 15.71% 0.14 0.26 0.31

Region (JJA) reg mode % var. |r(reg, glob1) | |r(reg, glob2) | σ (mm day−1)

Asian monsoon 1 32.66% 0.72 0.62 0.77
15◦S–40◦N, 65◦E–125◦E 2 13.76% 0.41 0.43 0.50

Tropical Pacific 1 23.49% 0.72 0.40 0.69
15◦S–30◦N, 135◦E–235◦E 2 18.13% 0.51 0.67 0.59

S. Pacific storm track 1 20.63% 0.15 0.04 0.17
60◦S–20◦N, 145◦E–300◦E 2 18.86% 0.43 0.59 0.17

Central America 1 35.10% 0.79 0.49 0.73
10◦S–40◦N, 240◦E–300◦E 2 24.02% 0.42 0.41 0.61

Equatorial Atlantic 1 23.31% 0.15 0.35 0.43
10◦S–25◦N, 305◦E–400◦E 2 16.87% 0.47 0.27 0.36
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FIG. 1. (a,b) 36-member MME mean end-of-century P changes for the DJF and JJA seasons, respectively. Anomalies are calculated for
the 2070–2100 climatology relative to a 1960–1990 base period. (c,d) Standard deviation of P anomalies across the 36-model ensemble. (e,f)
Agreement on positive P anomalies for the same models and seasons. In all maps, solid (dashed) lines represent the 1960–1990 (2070–2100) 4 mm
day−1 P climatology.
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FIG. 2. (a,b) First and second PUPs for the regions shown in DJF. From left to right, these regions are: The Indian Ocean region; the tropical
Pacific region; the North Pacific storm track region; the equatorial South America and Atlantic region. For each mode and region, the variance of
intermodel disagreem ent that the PUP accounts for is written as a percent. (c) The fraction of variance accounted for in each region for the first 15
modes. Tropical regions show a much stronger response when P units are used, so to plot patterns on a common color bar, each region has been
normalized by the spatial standard deviation of its EOF values; a unit of ±1 therefore represents a “standard” departure from zero in that region.
More detail on these regions and units can be found in Table 1.
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FIG. 3. As in Fig. 2, but for the JJA season. (a,b) First and second PUPs for each of the regions shown in JJA. From left to right, these regions
are: The Asian monsoon region; the tropical Pacific region; the South Pacific storm track region; the Central America region; and the equatorial
Atlantic. The variance fraction accounted for by that mode is included next to each region as in Fig. 2. (c) The fraction of variance accounted for
in each region for the first 15 modes. The units and color bar for PUP patterns are discussed in Table 1.
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FIG. 4. (a-d) First and second P change PUPs for the midlatitude Pacific storm track region during DJF. (a,b) P change PUPs 1 and 2 (shading)
with 200 hPa U- and V -winds change regressions. (c,d) as in (a,b) but for winds at 850 hPa. Black solid and dotted contours are as in Fig. 1. Wind
vectors are drawn in proportion to the 1 m s−1 reference vector. Vectors are plotted black where at least one component passes a two-tailed t-test at
the 90% confidence level, and gray otherwise. (e,f) First and second EOF U-200 change PUPs during DJF. Gray solid contours show isotachs for
the base period MME mean, and dashed contours show isotachs for the end-of-century MME mean, starting at 30 m s−1 and plotted at intervals of
10 m s−1. The first P change PUP accounts for 30.33% of intermodel variance in P change projections, and the second P change PUP an additional
14.10%. The first U-200 change PUP accounts for 48.93% of intermodel variance, and the second mode an additional 23.02%
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FIG. 5. (a,b) Expansion coefficients for the first and second P change PUPs, respectively. Red dots represent each of the 36 models in the
ensemble. Black dots show expansion coefficients for additional ensemble members (see text and Table S1 for details). Error bars show internal
variability estimation using pre-industrial control runs in the models (see text for details).
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FIG. 6. First and second MCA PUPs showing end-of-century coupled disagreement between DJF P and U-200 changes. (a,b) First and second
left singular vectors for P in units of mm day−1. (c,d) First and second right singular vectors for U-200 change in units of m s−1. Note the color
bar is reversed in (a,b) vs. (c,d) in order for blue to coincide with positive P changes, and red to coincide with positive U-200 changes. Schematic
arrows are included to depict the jet extension and shift interpretations. The covariance fraction is 41.83% for the first PUP and 19.67% for the
second. Black and gray contours are as in Figs. 4e,f.
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FIG. 7. Correlation maps between expansion coefficients from P change PUPs over the storm track region (as in Figs. 4a-d) and either (a,b)
end-of-century model TAS changes across the model ensemble at each grid point, or (c,d) P changes. For (a,b), TAS anomalies were pattern scaled
by the annual end-of-century TAS change (global mean for each model) prior to analysis. Stippling shows where correlations pass a two-tailed
t-test for statistical significance at the 95% confidence level.
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FIG. 8. (a,b) First and second PUPs for the base period P climatology, in both coupled and atmosphere-only runs. Shaded contours show PUPs
for fully-coupled historical runs (36-model ensemble, for the period 1961–1990), accounting for 25.88% and 16.54% of the variance, respectively.
Blue and red contours are overlaid to show PUPs for atmosphere-only runs (30-model ensemble, for the period 1979–2009), accounting for 25.77%
and 18.66% of the variance, respectively; lines are spaced at an interval of 0.2 mm day−1 with the zero contour drawn in black. Box and whisker
plots to the right of each mode show the median (red line), the first and third quartiles (box limits), and the total range (whiskers) of expansion
coefficients for the coupled and atmosphere-only runs; units are in standard deviation (i.e., the “typical departure” from the MME mean). (c,d) First
and second EOF PUPs for the base period U-200 climatology (atmosphere-only U-200 PUPs not shown). The first two modes capture 48.93% and
23.03% of the variance. The color bar is in units of m s−1. End-of-century P and U-200 contours are included to show the storm track outline and
the climatlogical jets in the base (solid) and future (dashed) period.


