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ABSTRACT
Drier future conditions are projected for the arid southwest of North America, increasing the chances of the
region experiencing severe and prolonged drought. To examine the mechanisms of decadal variability, 47
global climate model historical simulations performed for phase 5 of the Coupled Model Intercomparison
Project (CMIP5) were assessed. On average, the CMIP5 models have higher climatological precipitation over
the past century in southwestern North America than current instrumental or reanalysis products. The timing
of the winter peak in climatological precipitation over California and Nevada is accurately represented.
Models with resolutions coarser than 28 show a larger spread in the location and strength of the North
American monsoon ridge and subsequent summer precipitation, in comparison with the higher-resolution
models. Less than 20% of decadal variability in wintertime precipitation over California is associated with
North Pacific sea surface temperature anomalies, a larger proportion than is associated with the tropical
forcing but not sufficient for making decadal drought predictions. North American monsoon precipitation
is strongly associated with local land temperatures on interannual-to-decadal time scales attributable
to evaporative cooling and radiation changes driven by varying cloud cover. Soil moisture in Texas and
Oklahoma in April is shown to be positively correlated with monsoon precipitation for the following summer, indicating a potential source of nonoceanic interseasonal persistence in southwestern North American
hydroclimate. To make meaningful decadal predictions in the future, it is likely that forecasting will move
away from sea surface temperature–driven anomaly patterns, and focus on land surface processes, which can
allow persistence of precipitation anomalies via feedbacks.

1. Introduction
Southwestern North America is projected to undergo
drying in the twenty-first century (Seager et al. 2007;
Cayan et al. 2010; Christensen and Lettenmaier 2007),
potentially increasing the frequency of occurrence and
duration of drought-like conditions in the region. Climate records derived from tree core measurements (e.g.,
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Stahle et al. 2007; Cook et al. 2004; Woodhouse et al.
2006) or vegetation growth in lake beds (e.g., Stine 1994)
from the past millennia indicate that the southwestern
United States is susceptible to severe impacts from multidecade droughts (‘‘megadroughts’’; Woodhouse and
Overpeck 1998; Meehl and Hu 2006). Although shorter
in duration, the Dust Bowl drought in the 1930s, named
for the large dust storms caused by the degradation of
soil stability resulting from agricultural use of the land
(e.g., Schubert et al. 2004a), and the Southwest drought
in the 1950s (e.g., Swetnam and Betancourt 1998) also
had significant consequences lasting almost a decade.

DOI: 10.1175/JCLI-D-13-00317.1
Ó 2014 American Meteorological Society
Unauthenticated | Downloaded 01/09/23 04:30 AM UTC

2736

JOURNAL OF CLIMATE

The potential economic and social cost of such intense
and sustained events such as these motivates the need to
understand the mechanisms for drought variability and
persistence, critical for the eventual development of effective forecasting methods.
Decadal (5–10 yr) precipitation variability in southwestern North America is hypothesized to be partly
attributable to Pacific or Atlantic Ocean sea surface
temperature (SST) anomalies (e.g., Barlow et al. 2001;
Hoerling and Kumar 2003; Hoerling et al. 2009; Schubert
et al. 2004a, b; McCabe et al. 2004; Feng et al. 2011;
Kushnir et al. 2010). Links of regional climate with tropical and extratropical SST anomalies are expected to
lead to the potential to predict future drought conditions,
as a result of the seasonal-to-multidecadal time scales
present in oceanic modes (e.g., Hoerling et al. 2009). A
number of modes, such as tropical, northern, and panPacific Ocean SST anomalies, have been identified with
varying impacts on regional climate at annual-tomultidecadal time scales (e.g., Barlow et al. 2001;
Capotondi and Alexander 2010; Schubert et al. 2004b;
Ting and Wang 1997). Specific drought or pluvial episodes during the past century have been previously
shown to be associated with tropical Pacific Ocean SST
anomalies via forced atmospheric models or composite
analysis (Hoerling and Kumar 2003; Schubert et al.
2004a; Trenberth and Guillemot 1996). Cool tropical
Pacific Ocean SST anomalies of La Ni~
na periods are
associated with positive height anomalies that divert the
storm tracks farther north, resulting in reduced precipitation over California in winter (Schubert et al. 2008;
Seager et al. 2010). North Pacific Ocean SST anomalies,
forced by an atmospheric bridge from tropical heating anomalies (Lau 1997; Deser and Blackmon 1995;
Alexander et al. 2002; Pierce 2002; Kumar et al. 2013),
may modulate the tropical forcing on interannual-todecadal time scales (Barlow et al. 2001; Gershunov and
Barnett 1998; Gan and Wu 2013; Barsugli and Battisti
1998), influencing the moisture available to the storm tracks
reaching western North America or the exact latitude of
the polar jet (Cole et al. 2002; Liu et al. 2013; Sheppard
et al. 2002; Gershunov and Barnett 1998; Seager et al.
2005; Yu et al. 2007; Yu and Zwiers 2007). Uncertainties
remain with regard to the dynamics of how different
modes of SST variability can influence interannual-tomultidecadal precipitation over western North America.
The longer persistence of time scales of oceanic anomalies compared to atmospheric fluctuations has drawn
much of the focus of decadal predictability; however, the
land surface is also an important source of decadal persistence. The interior of the contiguous United States is
more likely to recycle local moisture and be influenced by
the antecedent land conditions, as large-scale circulation
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driven by oceanic anomalies is less dominant farther
inland over continental areas (Koster et al. 2000, 2004;
Conil et al. 2007). The prevalence of seasonal-tomultidecadal drought in western North America suggests the importance of soil moisture in this region in
terms of atmospheric feedbacks and the availability of
water for local evaporation (Oglesby and Erickson 1989;
Eltahir 1998). It has been theorized that the North
American monsoon is influenced by the follow-on from
winter and spring conditions, and that seasonal precipitation is strongly tied to land surface feedbacks in the
region (Gutzler and Preston 1997; Gutzler 2000; Higgins
et al. 1998; Higgins and Shi 2000; Matsui et al. 2003; Mo
and Paegle 2000; Zhu et al. 2005; Notaro and Zarrin
2011; Small 2001; Entekhabi et al. 1992). Gutzler and
Preston (1997) showed that suppressed monsoon precipitation during summer occurred in years with above
normal snowpack in the southern Rocky Mountains, for
1961–90. This was thought to be attributable to abundant soil moisture reservoirs from snowmelt increasing
the evaporation rate and thermal inertia of the western
United States, maintaining low land surface temperatures and affecting the strength of the monsoon ridge
and the subsequent precipitation (Gutzler and Preston
1997; Gutzler 2000; Lo and Clark 2002; Matsui et al.
2003). However, this relationship breaks down when the
analysis is extended to the entire twentieth-century record (Gutzler 2000; Griffin et al. 2013). The respective
roles of land feedbacks, oceanic forcing, and atmospheric
internal variability in persisting long-term drought-like
conditions therefore constitute an outstanding research
question.
Recently, there has been increased interest in the capability of global climate models (GCMs) to simulate
decadal conditions and the potential to predict nearterm conditions on a global scale (e.g., Meehl et al. 2009;
Branstator and Teng 2012; Keenlyside et al. 2008;
Goddard et al. 2013; Jia and DelSole 2012). Mechanistic
analysis of decadal variability in the coupled model
framework requires robust simulations that faithfully
simulate the conditions during the instrumental era,
over which they can be validated for three-dimensional
fields on monthly time scales. A comparison of the recently performed historical simulations from phase 5 of
the Coupled Model Intercomparison Project (CMIP5)
in section 3 evaluates basic model performance statistics
in representing the dominant precipitation variability in
southwestern North America. The large ensemble of
simulations available through the CMIP5 archive also
aids investigation of precipitation anomalies and decadal
variability, which can lead to the long-term drought-like
conditions seen in the proxy records (Ault et al. 2013a).
Section 4 evaluates the consistency of the CMIP5 models
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in reproducing relationships between the Pacific Ocean
and 5-winter average precipitation variability over
California, and identifies the most important oceanic
regions for driving decadal drought. Because of the
relative importance of internal variability, the relationship of decadal variability of precipitation with SST anomalies is not sufficient to be of practical use in making
predictions. Section 5 assesses the importance of land
feedbacks to the North American summer monsoon precipitation variability, a potential source of nonoceanic
intraseasonal persistence in the southwestern North
American hydroclimate. Implications for the future of
decadal predictability studies are discussed.

2. CMIP5 models and reanalysis products
Phase 5 of the Coupled Model Intercomparison Project (see, e.g., Taylor et al. 2012) involves a large number
of international modeling centers providing a suite of
experiments to address scientific questions and provide
simulations to the Intergovernmental Panel on Climate
Change (IPCC) Fifth Assessment Report (AR5). Historical simulations are available from 20 different modeling centers extending over approximately the past 150
years, using appropriate forcings; the details of the model
simulations and expanded names of all models are listed
in Table 1. Many of the models have similar components,
but different resolutions, land modules, biochemistry components, or physical parameterizations. Monthly mean
fields for a single ensemble member are selected per
model simulation.
This analysis is focused on the oceanic and land surface temperature, midtropospheric geopotential height
(as a representation of the large-scale circulation), and
North American precipitation. Meridional and zonal wind
fields are also examined for details of the mean circulation during the summer. The Goddard Institute for Space
Studies (GISS) Surface Temperature Analysis (GISTEMP)
Land–Ocean Temperature Index (LOTI) is available from
1880 (Hansen et al. 1981, 1999, 2001, 2010) and is used to
assess the SST anomalies and the skin temperatures at the
interface between soil and the atmosphere. Geopotential
height, zonal and meridional winds in the midtroposphere,
and precipitation measures are available from the 40-yr
European Center for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERA-40) from 1958 (Uppala
et al. 2005), and the National Oceanic and Atmospheric
Administration (NOAA) Cooperative Institute for Research in Environmental Sciences (CIRES) TwentiethCentury Reanalysis, version 2 (20CR V2), from 1871
(Compo et al. 2011, 2006; Whitaker et al. 2004).
The data sources used here do suffer from limitations,
both in terms of accuracy and temporal extent. The

midtropospheric reanalysis fields are likely to suffer from
a lack of robust input data prior to the mid-twentieth
century. Monthly mean gauge precipitation records from
the Global Precipitation Climatology Centre (GPCC;
Rudolf et al. 2005, 1994, 2003; Rudolf and Schneider
2005; Beck et al. 2005; Schneider et al. 2014; Becker
et al. 2013) from 1931 are used for southwestern North
America. GPCC combines gauge data primarily from
an international network of national weather services.
Precipitation anomalies from around 67 200 stations
worldwide are interpolated (more than 8 stations per
2.58 grid point, with durations of 10 or more years) and
added to the climatology at that resolution. Reanalysis
data based on satellite data, such as the 1979 onward
Climate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP; Xie and Arkin 1997), are not
suitable because of the short period of record. The focus
here on precipitation, and therefore meteorological
drought, is due to the more robust nature of gauge precipitation measurements for the past century than
streamflow or soil moisture measurements, as well as the
fact that precipitation is available in the archive for all of
the CMIP5 historical simulations. Additionally, hydrological variables such as soil moisture or streamflow may
not be similarly defined in each model.

3. Precipitation climatology for southwestern
North America
Understanding the dynamics driving North American
precipitation requires identifying an appropriate study
region, as many distinct processes operate in different
parts of the continent. One commonly used such region
is the Great Basin in the southwestern United States
(328–428N, 1068–1188W; Meehl and Hu 2006). However,
even this region encompasses a range of interannual variability. Great Basin precipitation is dominated by mesoscale convective activity from the south during the summer
monsoon season, and large-scale storms crossing the U.S.
West Coast in winter. To identify the relationships between precipitation variability in these regions and SST
or atmospheric circulation anomalies, and to choose more
appropriate study regions, the accuracy of precipitation
climatology during the winter and summer is first assessed. Around 50% of the annual precipitation in New
Mexico and Arizona falls in a 3-month period during the
North American summer monsoon, an important contribution to southwestern North America hydroclimate
(Adams and Comrie 1997; Douglas et al. 1993; Hales
1972; Higgins et al. 1997; Vera et al. 2006). In California,
however, precipitation is dominated by storm systems
arriving from the ocean during the winter months. Therefore, the two regions that isolate the areas of highest
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TABLE 1. Table of CMIP5 historical simulations. Stars indicate models in the higher-resolution category (,28). Crosses indicate the
models with soil moisture data available through the archive.
Atmosphere
Model
+3 Australian Community Climate
and Earth-System Simulator
(ACCESS), version 1.0
(ACCESS1.0)
+3 ACCESS version 1.3
(ACCESS1.3)
3
Beijing Climate Center (BCC),
Climate System Model,
version 1.1 (BCC-CSM1.1)
+
BCC, Climate System Model,
version 1.1 (moderate
resolution) (BCC-CSM1.1-M)
3
Beijing Normal University–Earth
System Model (BNU-ESM)

3
+
+

+

+
3

+
+
+

Fourth Generation Canadian
Coupled Global Climate
Model (CanCM4)
Second Generation Canadian
Earth System Model
(CanESM2)
Community Climate System
Model, version 4 (CCSM4)
Community Earth System
Model (CESM), version
1–Biogeochemistry
(CESM1-BGC)
CESM, version 1, using
Community Atmosphere
Model (CAM), version 5
(CESM1-CAM5)
CESM, version 1, using CAM,
version 5.1 with second-order
finite volume dynamical core
(CESM1-CAM5.1-FV2)
CESM, version 1 with
FASTCHEM
(CESM1-FASTCHEM)
CESM, version 1 with Whole
Atmosphere Community
Climate Model
(CESM1-WACCM)
Centro Euro-Mediterraneo sui
Cambiamenti Climatici
(CMCC) Carbon Earth System
Model (CMCC-CESM)
CMCC Climate Model
(CMCC-CM)
CMCC Climate Model with
resolved stratosphere
(CMCC-CMS)
Centre National de Recherches
M
et
eorologiques Coupled
Global Climate Model, version 5
(CNRM-CM5)

Years

Ocean

Resolution (8) Levels Resolution (8) Levels

References

1850–2005 1.875 3 1.25

L38

1.0 3 1.0

L50

https://wiki.csiro.au/display/
ACCESS

1850–2005 1.875 3 1.25

L38

1.0 3 1.0

L50

L26

1.0 3 1.0

L40

https://wiki.csiro.au/display/
ACCESS
Xin et al. (2013)

L26

1.0 3 1.0

L40

Xin et al. (2013)

http://esg.bnu.edu.cn/
BNU_ESM_webs/htmls/
index.html
http://www.ec.gc.ca/ccmaccccma/

1850–2012

2.8 3 2.8

1850–2012 1.125 3 1.125

1850–2005

2.8 3 2.8

L17

1.0 3 1.0

L50

1961–2005

2.8 3 2.8

L35

1.4 3 0.9

L40

1850–2005

2.8 3 2.8

L35

1.4 3 0.9

L40

http://www.ec.gc.ca/ccmaccccma/

1850–2005

0.9 3 1.25

L17

1.0 3 0.5

L60

1850–2005

0.9 3 1.25

L17

1.0 3 1.0

L60

http://www.cesm.ucar.edu/
publications
http://www.cesm.ucar.edu/
publications

1850–2005

0.9 3 1.25

L17

1.0 3 1.0

L60

http://www.cesm.ucar.edu/
publications

1850–2005

1.9 3 2.5

L17

1.0 3 1.0

L60

http://www.cesm.ucar.edu/
publications

1850–2005

0.9 3 1.25

L17

1.0 3 1.0

L60

http://www.cesm.ucar.edu/
publications

1850–2005

1.9 3 2.5

L17

1.0 3 1.0

L60

http://www.cesm.ucar.edu/
publications

1850–2005

3.75 3 3.75

L39

2.0 3 2.0

L31

http://www.cmcc.it/datamodels/models

1850–2005 1.125 3 1.125

L31

2.0 3 2.0

L31

1850–2005 1.875 3 1.875

L95

2.0 3 2.0

L31

http://www.cmcc.it/datamodels/models
http://www.cmcc.it/datamodels/models

L31

1.0 3 1.0

L42

1850–2005

1.4 3 1.4

Voldoire et al. (2013)
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TABLE 1. (Continued)
Atmosphere
Model

+

Commonwealth Scientific and
Industrial Research
Organisation Mark, version 3.6.0
(CSIRO Mk3.6.0)
Flexible Global Ocean–
Atmosphere–Land
System Model (FGOALS),
gridpoint version 2
(FGOALS-g2)
3
FGOALS, second spectral version
(FGOALS-s2)
3
First Institute of Oceanography
Earth System Model
(FIO-ESM)
Geophysical Fluid Dynamics
Laboratory (GFDL)
Climate Model, version 3
(GFDL CM3)
GFDL Climate Model, version 2.1
(GFDL CM2.1)
3
GFDL Earth System Model with
Generalized Ocean Layer
Dynamics (GOLD) component
(GFDL-ESM2G)
3
GFDL Earth System Model with
Modular Ocean Model, version
4 (MOM4), component
(GFDL-ESM2M)
3
Goddard Institute for Space
Studies (GISS) Model E2
coupled with the Hybrid
Coordinate Ocean Model
(HYCOM) (GISS-E2-H)
3
GISS Model E2 coupled with
the HYCOM ocean model,
with interactive carbon cycle
(GISS-E2-H-CC)
3
GISS Model E2 coupled with the
Russell ocean model
(GISS-E2-R)
GISS Model E2 coupled with the
Russell ocean model, with
interactive carbon cycle
(GISS-E2-R-CC)
3
Hadley Centre Coupled Model,
version 3 (HadCM3)
+
Hadley Centre Global
Environment Model
(HadGEM), version
2–Atmosphere and Ocean
(HadGEM2-AO)
+3 HadGEM, version 2–Carbon Cycle
(HadGEM2-CC)
+3 HadGEM, version 2–Earth System
(HadGEM2-ES)

Years

Ocean

Resolution (8) Levels Resolution (8) Levels

1850–2005 1.875 3 1.875

References

L18

1.875 3 0.94

L31

Rotstayn et al. (2010); Collier
et al. (2011); Syktus et al.
(2011)

1900–2014

2.8 3 3.0

L26

1.0 3 1.0

L30

http://www.lasg.ac.cn/
FGOALS/CMIP5

1850–2005

1.7 3 2.8

L26

0.5 3 0.5

L30

1850–2005

1.4 3 2.8

L26

1.0 3 1.0

L40

http://www.lasg.ac.cn/
FGOALS/CMIP5
http://www.lasg.ac.cn/
FGOALS/CMIP5

1860–2005

2.0 3 2.5

L48

1.0 3 1.0

L50

http://nomads.gfdl.noaa.gov/

1861–2040

2.0 3 2.5

L24

1.0 3 1.0

L50

http://nomads.gfdl.noaa.gov/

1861–2005

2.0 3 2.5

L24

1.0 3 1.0

L63

http://nomads.gfdl.noaa.gov/

1861–2005

2.0 3 2.5

L24

1.0 3 1.0

L50

http://nomads.gfdl.noaa.gov/

1850–2005

2.0 3 2.5

L40

1.0 3 1.0

L26

www.giss.nasa.gov/research/
modeling

1850–2010

2.0 3 2.5

L40

1.0 3 1.0

L26

http://data.giss.nasa.gov/
modelE/ar5

1850–2005

2.0 3 2.5

L40

1.0 3 1.25

L32

www.giss.nasa.gov/research/
modeling

1850–2010

2.0 3 2.5

L40

1.0 3 1.25

L32

http://data.giss.nasa.gov/
modelE/ar5

1859–2005

3.75 3 2.5

L19

1.25 3 1.25

L20

1860–2005 1.875 3 1.25

L38

1.0 3 1.0

L40

Collins et al. (2001); Smith et al.
(2007, 2010)
Johns et al. (2006)

1860–2005 1.875 3 1.25

L38

1.0 3 1.0

L40

1860–2005 1.875 3 1.25

L38

1.0 3 1.0

L40

Jones et al. (2011); Martin et al.
(2011); Collins et al. (2011)
Bellouin et al. (2007); Collins
et al. (2008)
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TABLE 1. (Continued)
Atmosphere
+

+
+

+
3

3
+
+
+
+

3

3

Model

Years

Institute of Numerical
Mathematics Coupled Model,
version 4.0 (INM-CM4.0)
L’Institut Pierre-Simon Laplace
(IPSL) Coupled Model,
version 5A, low resolution
(IPSL-CM5A-LR)
IPSL Coupled Model,
version 5B, low resolution
(IPSL-CM5B-LR)
IPSL Coupled Model, version 5A,
mid resolution
(IPSL-CM5A-MR)
Model for Interdisciplinary
Research on Climate (MIROC),
version 4 (high resolution)
(MIROC4h)
MIROC, version 5 (MIROC5)
MIROC, Earth System
Model, Atmospheric
Chemistry Coupled
(MIROC-ESM-CHEM)
MIROC, Earth System Model
(MIROC-ESM)
Max Planck Institute (MPI)
Earth System Model, low
resolution (MPI-ESM-LR)
MPI Earth System Model,
medium resolution
(MPI-ESM-MR)
MPI Earth System Model, paleo
(MPI-ESM-P)
Meteorological Research
Institute Coupled
Atmosphere–Ocean General
Circulation Model, version 3
(MRI-CGCM3)
Norwegian Earth System Model
(NorESM), version 1
(intermediate resolution)
(NorESM1-M)
NorESM1-M (carbon cycle)
(NorESM1-ME)

1850–2005

Ocean

Resolution (8) Levels Resolution (8) Levels
2.0 3 1.5

References

L21

1.0 3 0.5

L40

Volodin et al. (2010)

1850–2005 1.875 3 3.75

L39

2.0 3 2.0

L31

http://icmc.ipsl.fr

1850–2005 1.875 3 3.75

L39

2.0 3 2.0

L31

http://icmc.ipsl.fr

1850–2005

1.25 3 2.5

L39

2.0 3 2.0

L31

http://icmc.ipsl.fr

1950–2005

0.5 3 0.5

L56

0.28 3 0.19

L48

Sakamoto et al. (2012); Tatebe
et al. (2012)

1850–2012
1850–2005

1.4 3 1.4
2.8 3 2.8

L40
L80

1.4 3 1.0
1.4 3 1.4

L50
L44

Watanabe et al. (2010)
Watanabe et al. (2011)

1850–2005

2.8 3 2.8

L80

1.4 3 1.4

L44

Watanabe et al. (2011)

1850–2005 1.875 3 1.875

L47

1.5 3 1.5

L40

Raddatz et al. (2007); Marsland
et al. (2003)

1850–2005 1.875 3 1.875

L47

1.5 3 1.5

L40

Raddatz et al. (2007); Marsland
et al. (2003)

1850–2005 1.875 3 1.875

L47

1.5 3 1.5

L40

Raddatz et al. (2007); Marsland
et al. (2003)
Yukimoto et al. (2011)

1850–2005

0.75 3 0.75

L48

1.0 3 0.5

L51

1850–2005

1.9 3 2.5

L26

1.0 3 1.0

L53

Bentsen et al. (2012); Iversen
et al. (2012)

1850–2005

1.9 3 2.5

L26

1.0 3 1.0

L53

Bentsen et al. (2012); Iversen
et al. (2012)

interannual variability in southwestern North America
are selected for closer consideration (see Fig. 1; henceforth ‘‘California region’’ and ‘‘monsoon region’’). Each
of these regions comprises only a few grid points, as the
model resolutions range from 0.58 to 3.758 in the atmosphere, and results are regridded to a common spacing
when required for comparison.
Figures 2a and 2b show the mean annual cycle of area
averaged precipitation in these two regions. The monthly
mean precipitation was averaged over three consecutive
months for 12 seasonal means over the entire period of
the dataset, which is around 150 years for the CMIP5

historical simulations, and fewer years for the reanalyses
(see section 2). It can be seen from the black solid lines
in Figs. 2a and 2b that the average of the CMIP5 historical simulations has higher mean precipitation than
the reanalysis products. The spread between the individual model simulations, indicated by the gray and
colored lines, shows the range of biases in the CMIP5
historical simulations. Differences in California precipitation intensity between the models are likely a result of
difficulties in resolving coastal topology; however, all
models and reanalysis data simulate the same seasonal
cycle with a synchronous peak. Precipitation in the west,
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FIG. 1. Map of North America, with U.S. state boundaries
marked and the Great Basin (Meehl and Hu 2006) shaded. This
includes the states of California, Nevada, Utah, Colorado, Arizona,
and New Mexico. The rectangular boxes indicate the regions used
in this study. The ‘‘California region’’ encompasses most of California and Nevada (328–428N, 1148–1228W), which experience
a peak in precipitation in the winter months, and the ‘‘monsoon
region’’ includes the northernmost extension of the North American summer monsoon (288–388N, 1048–1108W).

over California and Nevada (Fig. 2a) peaks in the winter
[December–February (DJF)]. All CMIP5 historical simulations accurately represent this annual cycle, despite
a large spread in the magnitude of the midwinter peak in
precipitation between models. The model simulations
that show higher precipitation on average include IPSLCM5B-LR and MRI-CGCM3 in spring, and also
FGOALS-g2 and GISS-E2 in early winter. The ERA-40
(black, dot dashed) shows consistently lower precipitation

2741

than the other reanalysis products (GPCC: black, dashed;
20CR V2: black, dotted) and the CMIP5 historical simulations across both regions, despite showing a similar
shape to the time series.
Many of the CMIP5 historical simulations peak later
in the summer than the reanalysis products for the monsoon region, and there is more variation in the shape of
the mean precipitation time series (Fig. 2b) as compared
to the more robust California region. The highest peaks
in precipitation in July–September (JAS) correspond
to the GFDL-ESM2G and MIROC4h models, while the
Canadian Centre for Climate Modelling and Analysis
(CCCma), IPSL, INM, and FGOALS historical simulations show a lack of precipitation in the monsoon region. Although this region does not capture the core
Mexican component of the North American monsoon, it
identifies a key region of interest to the southwestern
U.S. climatology. Differences in the GPCC gauge data
from other reanalyses and the models for this region
highlight potential issues with assimilating pressure only
at the surface or systematic biases in gauges, and the
difficulty in accurately representing large-scale precipitation climatology based on measurements of small-scale
thunderstorms of the monsoon. Although the climatological precipitation intensity tends to be greater, the
CMIP5 historical simulation results have precipitation
patterns in better agreement with the ERA-40 or 20CR
V2 products, rather than the GPCC gauge data. This
suggests the reanalysis precipitation fields are more

FIG. 2. Time series of (a),(b) mean and (c),(d) standard deviation of seasonal precipitation, averaged over the (top) California region
and (bottom) North American monsoon region. The time series consist of twelve 3-month means. The gray and colored lines indicate each
of the CMIP5 historical simulations, which are averaged over the entire period of the run (see Table 1). Individual models are identified
with particularly high or low precipitation climatologies or variance. The black solid line is the average of all CMIP5 historical simulations.
The observed and reanalysis time series, averaged over their respective time periods, are 70 yr of GPCC gauge data (black, dashed), 130 yr
of 20CR V2 (black, dotted), and 40 yr of ERA-40 (black, dot dashed).
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FIG. 3. Fraction of models that exceed 3 mm day21 for average (a),(c) June and (b),(d) July precipitation. The thick
dashed line indicates where the GPCC observations exceed the same threshold, and the fine dotted line indicates
where the 20CR V2 exceeds the same threshold. High-resolution models are indicated by a star in Table 1, and
generally have grid spacing finer than 28 resolution.

reliant on the underlying model used in the assimilation,
and therefore unlikely to be the best dataset for model
validation.
The year-to-year precipitation variability is shown in
Figs. 2c and 2d for the standard deviation of the area
averaged precipitation, calculated for each 3-month period as in Figs. 2a and 2b. The California region shows
high variability in the winter months, with the largest
climatological values for the IPSL-CM5B-LR, MRICGCM3, and GISS historical simulations. The average variability of the CMIP5 model simulations in the
monsoon region shows no change across the 12 seasons
as a result of differences in the timing of maximum
standard deviation among the simulations (Fig. 2d).
For example, FGOALS-s2 peaks in October–December
(OND), while INM-CM4.0 shows a minimum in precipitation variability in late summer. GFDL-ESM peaks
in summer, with the highest year-to-year variability. The
20CR V2 and ERA-40 datasets also show a peak in
the standard deviation in summer that is not seen in the
GPCC gauge data, indicating differences between the

reanalysis products for the representation of the current
climate. The inconsistency of the CMIP5 historical simulations in this region suggests that the models do not
accurately capture the spatial and temporal structure of
the monsoon precipitation because of differences in the
circulation. Therefore some details of the model biases
need to be carefully assessed.
Since the CMIP5 models more accurately capture precipitation in the California region than in the monsoon
region, details of the spatial structure of the monthly
mean precipitation and the associated circulation during
the summer months are next examined. Figure 3 compares the spatial patterns of the mean precipitation in the
CMIP5 historical simulations during the early summer
months, when the monsoon moisture flux moves north
from Mexico into the southwestern United States. The
fraction of models exceeding a threshold of 3 mm day21
at each grid point for the monthly mean precipitation in
June or July is indicated by the shading. The dashed
and solid lines indicate the border of where the GPCC
and 20CR V2 precipitation exceeds this same threshold.
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FIG. 4. Center of 500-hPa mean circulation for each CMIP5 model run in (a) June and (b) July. The lighter gray
circles indicate the lower-resolution model simulations, and the darker gray circles the higher-resolution model
simulations. ERA-40 and 20CR V2 are indicated by the cross and asterisk, respectively. The size of the symbol is
proportional to the geopotential height and therefore strength of the monsoon ridge at that location at 500 hPa.

Note that similar results are seen when thresholds are
chosen over a range from 1 to 5 mm day21 (not shown).
The CMIP5 historical simulations were separated into
higher and lower atmospheric resolution categories,
with the cutoff at around 28 resolution. Almost half of
the model simulations fall into the higher-resolution
category and are indicated by a star in the first column of
Table 1. For June, around three-quarters of the CMIP5
historical simulations show more precipitation than the
reanalysis products over northern Mexico, indicated by
the northward expansion of the 3 mm day21 threshold
past the GPCC gauge data threshold at 228N at the coast
(Figs. 3a,c). The GPCC gauge data also show moisture
flux propagation along the west and the east coast of
Mexico in two separate northward extensions at 1058
and 958W, while the higher-resolution models tend to
have precipitation confined to the west coast of Mexico,
extending north into the United States, and the lowerresolution models have higher precipitation inland over
northern Mexico. In July, the higher-resolution CMIP5
historical simulations show a spatial pattern that is more
consistent with the GPCC gauge data and each other
than the lower-resolution model simulations (Figs. 3b,d).
The Sierra Madre Occidental mountain range bordering
the west coast of Mexico that focuses the development
of thunderstorms in this region (Douglas et al. 1993) is
critical for capturing the spatial structure of the summer
monsoon precipitation and therefore differing model
representations of this feature are likely responsible
for much of the intermodel disagreement in Fig. 3. The
lower-resolution models are unlikely to capture the thunderstorms, evident in the broad region of high precipitation propagating directly northward, rather than northwest

along the west coast of Mexico. The higher-resolution
models better represent the topographical features required to capture the higher monsoon precipitation
along the west coast of Mexico and have finer grid
spacing, which can resolve the spatial structure in the
northward propagating moisture flux.
Shortcomings in the representation of the summer
precipitation may be associated with the timing and the
spatial structure of the monsoon circulation. Therefore,
the mean circulation at 500 hPa and the location of the
subtropical ridge was also examined. Figure 4 shows the
distribution of the mean center of anticyclonic circulation over southwestern North America at 500 hPa in
the 47 CMIP5 historical simulations in June and July. The
center of circulation is determined by the location of the
minimum vorticity, which is calculated from the wind
fields at 500 hPa, after confirming that a single center
is located within the broader region of maximum geopotential height. The strengthening and northward shift
of the monsoon ridge is apparent from June to July for
most CMIP5 historical simulations and the ERA-40 and
20CR V2 results. There is more spread in the location
of the ridge for the lower-resolution model simulations,
which are more likely to have a southerly shifted weak
circulation in June that tends to be zonally broader (not
shown) and may be associated with the broader precipitation spatial structure seen in Fig. 3. The location of
the center of circulation in the early summer is important for capturing the reversal of winds across the west
coast of Mexico as the subtropical ridge moves north
along with the intense solar heating. The clockwise circulation around the high pressure region results in offshore
winds along the west coast of Mexico and southeasterly
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flow along the Gulf of California, channeling moisture
into Arizona and the southwestern United States. Models
that do not accurately capture this circulation are also
likely to lack precipitation north of 308N. For example,
the IPSL and FGOALS historical simulations, which
showed climatologically lower precipitation in the monsoon region in Fig. 2b, have a weak or delayed high
pressure system at 500 hPa and correspond to the southernmost points in Fig. 4b. Alternatively, some of the
higher-resolution CMIP5 historical simulations with more
accurate monsoon ridge locations have a strong anticyclonic circulation, resulting in offshore winds across the
Gulf of California that will not facilitate an influx of
moisture from the Pacific Ocean into the region. The
precipitation still tends to lie along the west coast of
Mexico for the higher-resolution models, despite inaccuracies in the mean wind direction in the region, suggesting that the accurate topography can still enable local
moisture to be deposited as precipitation along the Sierra
Madre Occidental range.
The mean meridional and zonal winds at 500 hPa in
July are compared for all models in Fig. 5 to examine the
direction of moisture flow along the Gulf of California.
While the CMIP5 historical simulations are typically too
coarse in resolution to resolve the details of topology or
mesoscale systems along the Gulf of California, Fig. 5
gives a measure of the winds of the larger-scale circulation discussed in Fig. 4. At the mouth of the Gulf of
California (238N, 1078W), indicated by the triangles, the
model simulations all show the expected easterly flow
(negative zonal wind), although the lower-resolution
models show a larger spread in the strength of this wind.
There is also a range of a northerly to southerly component to the wind direction at this location, suggestive
of the range of the mean location of the monsoon ridge
in July in the model simulations and also differences
between the two sets of reanalysis data. At the top of the
Gulf of California (318N, 1158W), indicated by the circles in Fig. 5, the model simulations show southerly flow
(positive meridional wind), but with a larger spread in the
east–west direction. The lower-resolution model simulations are more likely to have a westerly, onshore component resulting from the southward shift of the monsoon
ridge. This is consistent with the climatologically lower
precipitation in the lower-resolution models in the southwestern United States. Shortcomings in summer precipitation in southwestern North America are therefore
likely to be associated with the location or spatial structure of the monsoon circulation.
In comparison to the varying representation of summer precipitation climatology in the monsoon region,
winter-dominated precipitation climatology in the California region is much more consistent between the
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FIG. 5. Meridional and zonal wind strength over the Gulf of
California for each model run for the July climatology. The triangles indicate the strength of the components of the wind at the
mouth of the Gulf of California at 238N, 1078W. The circles indicate
the strength of the components of the wind at the northernmost
point of the Gulf at 318N, 1158W. The darker gray points are the
higher resolution model simulations, and the lighter gray points are
the lower resolution model simulations. The open symbols are the
ERA-40 and 20CR V2.

CMIP5 historical simulations attributable to the models’
ability to capture the main dynamical processes. Extratropical cyclones over the Pacific Ocean move inland in
the winter because of the southward migration of the jet
stream. The location of the jet stream is strongly related
to the atmospheric circulation across the northern Pacific
Ocean and North America, which has been previously
shown to be related to ocean temperature anomalies on
annual time scales (Schubert et al. 2008; Seager et al.
2010). In spite of the limitations in the details of the
simulations of southwestern North America precipitation, the robust annual cycle of precipitation and variability in California and Nevada for the CMIP5 historical
simulations and reanalysis products therefore indicates
sufficiently accurate representation of the current western U.S. hydroclimate, and the potential to identify largeto-regional relationships between the Pacific Ocean and
interannual-to-decadal precipitation for this region.

4. Teleconnections from the Pacific Ocean
Multiyear pluvial or drought episodes in western
United States during the past century have been identified as being associated with Pacific Ocean SST anomalies
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FIG. 6. Regression of area averaged California region (shown by black rectangle) standardized precipitation anomaly onto (a) 500-hPa
geopotential height anomalies (meters per standard deviation of California precipitation) and (b) SST anomalies, or surface temperature
anomalies over land (8C per standard deviation of California precipitation), for 5-yr running means of DJF. The color contours indicate the
average of all model simulation results, regridded to a coarse common grid spacing. The stippling indicates that more than two-thirds of
the models agree on the sign of the regression. The black line contours are the results for GPCC gauge precipitation and ERA-40
geopotential height for 1958–2001 in (a) and GPCC gauge precipitation and GISTEMP anomalies for 1931–2001 in (b). Contour intervals
are 4 m and 0.088C in (a) and (b), respectively; the zero contour is thickened and negative values are dashed.

(Barlow et al. 2001; Schubert et al. 2004a,b; Capotondi
and Alexander 2010; Ting and Wang 1997). The CMIP5
models are therefore assessed for their ability to capture
the atmospheric circulation associated with precipitation anomalies over California, and teleconnections
from Pacific Ocean SST anomalies, on interannual-todecadal time scales. The DJF standardized precipitation
anomalies for the California region, using a 5-yr running
mean as a low-frequency filter, are regressed onto 5-yr
running mean DJF SST or 500-hPa geopotential height
anomalies. All fields are linearly detrended over the
entire dataset in calculating the anomalies. The resulting
regression patterns in Figs. 6a and 6b are therefore in
units of degrees Celsius or meters per one standard deviation of precipitation in the California region. Regression parameters for each CMIP5 historical run are
calculated for the full available time period, generally
around 150 years, but only around 50 years for the

MIROC4h and CanCM4 models and 100 years for
FGOALS-g2 (Table 1). The CMIP5 models have improved ENSO teleconnections compared to the previous generation, with most models able to reproduce
the seasonal geopotential departures related to tropical
SST anomalies and associated teleconnections (Polade
et al. 2013). Global climate models have been found to
underestimate the decadal to multidecadal variability
compared to proxy data (Ault et al. 2013a,b; Jamison
and Kravtsov 2010), whereas atmospheric models forced
with ocean data can capture the observed decadal variability over the instrumental record (Hoerling et al. 2011).
A failure to produce low-frequency SST variability may
contribute to differences seen in the teleconnections between the CMIP5 historical simulations and the observed
pattern.
The relationship between anomalously low 5-yr average pressure at 500 hPa over the northeast Pacific
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Ocean and high precipitation along the California west
coast, as seen in Fig. 6a, is robust amongst the CMIP5
historical simulations and the reanalysis pattern. Figure
6b shows a cool SST anomaly in the midlatitude northern Pacific Ocean associated with high California precipitation over a 5-yr average, that is similar in location
to the Pacific decadal oscillation (PDO) SST pattern based
on the leading empirical orthogonal function (EOF) pattern for detrended SST anomalies poleward of 208N in
the Pacific Ocean (Zhang et al. 1997). Equatorial Pacific
Ocean SST anomalies also show a weak positive relationship with interannual-to-decadal California precipitation. Note that the stronger response of land surface
temperature anomalies to increased precipitation in
Fig. 6b is likely a result of the land being able to excite
larger-amplitude fluctuations than the ocean. These 5-yr
running mean patterns are consistent with successive
years of a strengthening and expansion of the Aleutian
low, along with intensification and southerly shift of the
jet stream resulting in more precipitation from storms
crossing the west coast of California in winter (e.g.,
Gershunov and Barnett 1998; Schubert et al. 2008;
Seager et al. 2010). Conversely, a weaker Aleutian low is
associated with a more northerly storm track, such that
precipitation is diverted northward along the western
U.S. coast and the Pacific Northwest sees more precipitation than the California region. Associated cooler
equatorial Pacific Ocean SST anomalies also reduce the
moisture available to the remaining more southerly
storms, emphasizing the reduced long-term precipitation over California (Gershunov and Barnett 1998).
On shorter time scales, the equator is expected to have
a much more dominant relationship with California precipitation because of the influence of El Ni~
no–Southern
Oscillation (ENSO) on the Pacific–North American
(PNA) teleconnection pattern. The CMIP5 historical
simulations are consistent with previous studies that
suggest that drought conditions in the western United
States are associated with a negative SST anomaly in
equatorial Pacific Ocean (e.g., Cole et al. 2002; Trenberth
et al. 1988).
The Atlantic Ocean is also thought to have a strong
connection to drought over the United States (McCabe
et al. 2004; Feng et al. 2011). The CMIP5 historical
simulations show no relationship between the Atlantic
Ocean SST and 5-yr running mean California winter
precipitation. The regression parameters over the Atlantic Ocean tend to be weak for each individual simulation (not shown), with differences in the sign. A model
dependence of the relationship of the Atlantic Ocean
was identified for the previous generation of CMIP models
for more central U.S. precipitation over the Great Plains
(Capotondi and Alexander 2010). Models are consistently
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found to have cool SST biases in the Atlantic Ocean (Liu
et al. 2006; Richter et al. 2014) and less robust results
for the Atlantic forcing than for the Pacific (Schubert
et al. 2009; Mo et al. 2009). A major role of the Atlantic
multidecadal oscillation (AMO) is to modulate ENSO’s
effect on drought in western North America (Mo et al.
2009); therefore, the CMIP5 models may be lacking the
strength of the connection in comparison to the direct
tropical Pacific forcing and internal variability, or the
nonlinearity of the influence may be emphasized in
the models compared to the reanalysis result. This may
also be influenced by a lack of decadal variability in the
tropical Atlantic Ocean in the CMIP5 historical simulations. Further diagnosis is beyond the scope of this
study but should be undertaken as part of further assessment of the CMIP5 models on the global scale.
As operational decadal forecasting becomes a more
realistic endeavor, making accurate predictions requires
dominant relationships to account for a substantial fraction of the low-frequency variability in regional precipitation. Figure 7 shows the fraction of variance of
low-frequency precipitation averaged over the California region accounted for by anomalies at each grid
point, calculated from the coefficient of determination,
which assumes a linear relationship. The geopotential
height anomalies over the northeast Pacific Ocean are
responsible for around 60% of the variance in California
precipitation, resulting from the strong relationship of
incoming moisture with the latitude of the jet stream.
SST anomalies in central-northern Pacific Ocean are
associated with less than 20% of the variance in winter
California precipitation in the average CMIP5 historical
simulations, and less than 30% for the reanalysis. These
values are similar to previous estimates of 35% of total
interannual U.S. precipitation variability associated with
North Pacific Ocean SSTs, determined from identifying
modes of interannual-to-decadal variability in observations of the past century (McCabe et al. 2004; Wang and
Ting 2000). The CMIP5 historical simulations are also
consistent with smaller values for ENSO variability on
these time scales compared to extratropical SSTs. The
small fraction of explained variance will limit the predictability of precipitation associated with the lowfrequency variability and persistence offered by the
ocean. Furthermore, evidence that the North Pacific
Ocean SST anomalies are generated by the same atmospheric perturbation influencing the precipitation
anomaly over California suggests that they are not of
practical use in making advanced predictions (e.g., Pierce
2002; Alexander et al. 2002; Kumar et al. 2013). Additional skill would require a feedback of the North Pacific
Ocean SST anomalies on atmospheric circulation (Liu
et al. 2013; Frankignoul and Senn
echael 2007).
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FIG. 7. Fraction of variance (r2) in precipitation over California region explained by (a) 500-hPa geopotential height and (b) SST
anomalies at each grid point, for 5-yr running mean of DJF. Color contours are the average of all CMIP5 historical run results. Contour
lines indicate the GPCC precipitation variance explained by 20CR V2 500-hPa geopotential height or GISTEMP anomalies. Note that the
contour intervals differ between panels: 0.1 in (a) and 0.05 in (b).

To examine the lack of influence from Pacific SST
anomalies, the SST and 500 hPa geopotential height
anomalies were compared to the previously calculated
regression patterns. For each model, the distribution of
standardized precipitation anomalies was divided into
three categories; above average (standardized precipitation .0.4), average (standardized precipitation between 20.4 and 0.4), and below average (standardized
precipitation ,20.4), with approximately equal population in each category. For each year, the 5-yr running
mean 500-hPa geopotential height or SST anomaly was
compared to the corresponding regression patterns from
Figs. 6a and 6b. The distribution of these pattern correlations for each model was also divided into three
categories; positive (correlation .0.2), zero (correlation
between 20.2 and 0.2), and negative (correlation ,20.2),
with approximately equal population in each category.

Figure 8 shows the average result of all CMIP5 simulations, as a percentage of the total number of values, while
the error bars indicate a one standard deviation spread of
the model results. When the precipitation is average,
there are similar amounts of positive, zero, and negative
pattern correlations for both the SST and 500-hPa geopotential height anomalies compared to the regression
patterns, consistent with randomly shuffling the fields
(bootstrap resampling 1000 times with replacement).
When the precipitation is above average, there are more
than 20% of the years where the SST and 500-hPa geopotential height anomaly patterns are positively correlated with the regression patterns, and less than 4% of
the years show negative pattern correlations; both values
are significantly different from the results of randomly
shuffled fields (bootstrap resampling 1000 times with
replacement). The 500-hPa geopotential height anomaly
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FIG. 8. Histogram of the average of all model results calculated
as a percentage of total years that fall into each category. For
precipitation in three categories: high (precipitation standardized
anomaly .0.4), average (precipitation standardized anomaly between 20.4 and 0.4), and low (precipitation standardized anomaly
,20.4). For pattern correlation of 500-hPa geopotential height or
SST anomalies for each year with corresponding regression patterns in Figs. 6a,b in three categories: positive (pattern correlation
.0.2), zero (pattern correlation between 20.2 and 0.2), and negative (pattern correlation ,20.2). Error bars indicate one standard
deviation of the model spread. Significant results are indicated by
a star above the bar (calculated from bootstrap resampling 1000
times).

more often exhibits the inverse of the regression pattern
for low precipitation values than for the SST anomalies.
This is consistent with the atmosphere not always requiring the Pacific Ocean SST forcing to generate deviations in the circulation that result in anomalous
precipitation over California in winter. It is likely that
decadal drought is often generated by intrinsic internal
atmospheric variability rather than forcing by oceanic
heating anomalies. A similar result has been noted in
other coupled model simulations (Hoerling et al. 2009;
Capotondi and Alexander 2010; Hunt 2011; Stevenson
et al. 2014, manuscript submitted to J. Climate) and
statistical analyses (Cook et al. 2011). Persistence of
initial anomalies driven by stochastic forcing by the atmosphere may occur in the presence of feedbacks with
the land surface. This shifts the focus of future megadrought predictability studies toward the role of antecedent land conditions.

5. Land surface influence on the North American
monsoon
The North American summer monsoon is a distinctly
different precipitation regime than the winter storms
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over California. In the central United States, the dependence of precipitation on moisture recycling occurs
predominantly during the summer season (Anderson
et al. 2008). The hydroclimate of the interior region over
New Mexico and northern Mexico is more likely to be
influenced by land processes and soil moisture than SST
teleconnections (Koster et al. 2004; Conil et al. 2007).
Because of the increased likelihood of persistence of
precipitation anomalies in regions where SST forcing
is weak, interannual to multidecadal drought research
in North America has often focused on the Great Plains
(Anderson et al. 2008; Koster et al. 2000, 2004; Oglesby
and Erickson 1989; Schubert et al. 2008; Mo et al. 1997; Mo
and Juang 2003). To assess the role of land–atmosphere
feedbacks in relation to SST teleconnections in the CMIP5
historical simulations, the North American monsoon region is examined for summer precipitation anomalies over 5 years. Standardized 5-yr running mean
precipitation anomalies were regressed onto 5-yr running
mean SST and land surface temperature or 500-hPa
geopotential height anomalies for July–September
(Figs. 9a,b). Using a summer seasonal mean shifted
later in the calendar year than June–August (JJA) accounts for the delay of the thunderstorms reaching the
northernmost extension of the monsoon in Colorado and
avoids any discrepancy in monsoon onset dates between
model simulations within June. Figure 9a indicates the
low-frequency monsoon precipitation is associated with
a positive 500-hPa geopotential height anomaly over the
northern United States, and a negative anomaly over the
monsoon region. This is consistent with a northward shift
of the monsoon ridge resulting in higher precipitation.
More than two-thirds of the models show similar results,
despite shifts in the climatological circulation pattern.
When considering only the high-resolution CMIP5 simulations to minimize the differences in climatological
circulation, the average regression pattern is similar (not
shown). The reanalysis shows an eastward displacement
of the dipole pressure anomaly compared to the average
of the model results.
The regression of monsoon precipitation onto SST
and land surface temperature anomalies shows a strong
local negative land temperature anomaly that is consistent among all of the CMIP5 models and the reanalysis
(Fig. 9b). The regression parameters for the reanalysis
also show an increase in monsoon precipitation for cooler
local Pacific Ocean SST anomalies, which would enhance
the land–ocean temperature contrast and strengthen the
offshore winds along the west coast of Mexico. There is
an order of magnitude difference between land temperature anomalies and SST anomalies in Fig. 9b, suggesting
that the land response dominates beyond the difference
between land and ocean in exciting temperature changes.
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FIG. 9. Simultaneous regression of area averaged monsoon region (shown by black rectangle) standardized precipitation anomaly onto
(a) 500-hPa geopotential height anomalies (meters per standard deviation of monsoon precipitation), (b) SST anomalies or surface
temperature anomalies over land (8C per standard deviation of monsoon precipitation), and (c) temperature anomalies at 500-hPa level
(8C per standard deviation of monsoon precipitation) for 5-yr running means of JAS. The color contours indicate the average of all model
simulation results, regridded to a coarse common grid spacing. The stippling indicates that more than two-thirds of the models agree on the
sign of the regression. The black line contours are the results for GPCC gauge precipitation and (a) ERA-40 geopotential height for 1958–
2001 and (b) GISTEMP anomalies for 1931–2001. Contour intervals are 1 m and 0.68C in (a) and (b), respectively; the zero contour is
thickened and negative values are dashed.

There is a warm anomaly over southern Canada in the
average of the regression patterns for the CMIP5 historical simulations, suggestive of the intense solar heating
during the summer months, which helps set up a strong

monsoon circulation. However, this is not supported by
the reanalysis, which shows negative regression parameters into northern Canada for the shorter time period.
This may also be attributable to the shifted location of
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the circulation anomaly relative to the average of the
CMIP5 models in Fig. 9a. The warm anomaly over
southern Canada is confirmed in the models by regressing precipitation onto the 500-hPa temperature
anomaly, which shows a strengthening of the warm
anomaly over northern North America and a cool anomaly over the Gulf of Mexico (Fig. 9c). It is apparent from
this midtropospheric temperature gradient that the upperlevel large-scale circulation plays an important role in
driving the monsoon. The models results are not consistent
for the actual monsoon region, with less than two-thirds
of the models agreeing on the sign of the regression.
The negative temperature anomaly at the surface associated with high monsoon precipitation is likely attributable to a feedback where increased evaporative
cooling occurs when the precipitation totals are higher
and there is more available surface water (Matsui et al.
2003). The changes in the land surface also influence
the water vapor abundance and cloud conditions, which
further modify the surface energy, including reduced
downwelling solar radiation because of increased clouds
cover during thunderstorms. Composites of years where
JAS monsoon standardized precipitation anomalies are
greater than 1.5 standard deviations from the mean were
calculated to investigate the timing and magnitude of
the different land feedbacks. The changes in the monthly
mean radiative, sensible, and latent heat fluxes leading
up to the monsoon season were found to occur in the
same month (around June) as the changes in land temperature and precipitation amounts. On average for the
CMIP5 historical simulations, there is a 5% increase in
the mean cloud cover in July–September associated with
one standard deviation increase in precipitation in the
monsoon region. This results in a decrease in downwelling shortwave radiation, and an increase in downwelling longwave radiation. Results for the dry monsoon
composite show opposite sign anomalies of similar magnitude. Figure 10 shows the mean components of the
surface energy flux balance for composites from 19 higherresolution models with available energy fields, and the
resulting direction of temperature change resulting from
an imbalance of the anomalous radiative, thermal, and
evaporative fluxes. The sum of the radiative components
for the wet monsoon composite is a positive anomaly
(i.e., an increase in energy into the surface) of around
3 W m22. This does not completely offset the net turbulent heat flux, which is a negative latent plus sensible
heat flux anomaly (magnitude around 3.5 W m22 out of
the surface) resulting from increased evaporation. Therefore the local surface temperature is expected to decrease during monsoon years with high precipitation.
The strong land–atmosphere feedback evident in
the monsoon region and the coincident changes in
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FIG. 10. Average of the energy flux balance components for 19
higher-resolution CMIP5 historical simulations for (a) composite
of wet monsoon years and (b) composite of dry monsoon years,
with error bars showing a one standard deviation spread in the
results. The far right bar shows the residual ground heat flux plus
temperature change. Positive values indicate an increase in energy
into the surface.

temperature, evaporation, and precipitation make it difficult to accurately relate the monsoon strength to local
antecedent soil moisture or temperature conditions.
However, the timing, strength, and location of the ridge
that influences the strength of the monsoon may be affected by the large-scale preexisting conditions. For example, the presence of above normal snowpack in the
southern Rocky Mountains in spring has been shown to
be intermittently associated with suppressed monsoon
precipitation through increased evaporation and thermal inertia maintaining low surface temperatures (Gutzler
and Preston 1997; Gutzler 2000; Mo and Paegle 2000;
Griffin et al. 2013). The CMIP5 historical simulations
and reanalysis products show no significant lagged correlation between winter or spring precipitation over the
western United States and the following summer monsoon precipitation (Fig. 11). The lack of a correlation
between antecedent conditions persisting from winter to
the following summer over 150 years is consistent with
long-term observations and tree-ring chronology (Griffin
et al. 2013; Gutzler 2000; Zhu et al. 2005; Matsui et al.
2003). The lack of a connection between southern Rocky
Mountain snowpack and monsoon precipitation may
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FIG. 11. Regression of area averaged monsoon region (shown by black rectangle) standardized precipitation anomaly (kg m22 per standard deviation of monsoon precipitation) for
JAS onto previous April soil moisture anomalies. The color contours indicate the average of all
20 simulations, regridded to a coarse common grid spacing. The stippling indicates that more
than two-thirds of the models agree on the sign of the regression.

also be attributable to the northern extension of the later
summer monsoon, which is more likely to be detached
from antecedent conditions primed in the winter and
spring. Additionally, the relevant snowpack, soil water,
and streamflow dynamics may not be accurately captured
in the CMIP5 land models in order to maintain low surface
temperatures in years with high winter precipitation.
To examine the potential for antecedent conditions to
influence the monsoon precipitation through local soil
moisture rather than winter or spring precipitation, the
top 2 m of the simulated soil moisture data was used. Not
all modeling groups provided soil moisture data to the
archive; models that contributed soil moisture data to
Fig. 11 are indicated in Table 1 by a cross in the first
column. While the top 20 cm of soil is exposed to highfrequency variability (time scales of less than a month),
at a depth of 2 m soil moisture provides a natural integrator of precipitation and evaporation, and mostly
filters out variability on time scales of less than 3 months
(Wu and Dickinson 2004). The JAS monsoon standardized precipitation anomalies were regressed on to the
integrated soil moisture anomalies for the months leading
up to summer. Figure 11 shows the average of the regression parameters for the JAS standardized precipitation
anomaly onto the previous April soil moisture. There are
20 CMIP5 historical simulations with available monthly
soil moisture values, four of which are in the higherresolution category for the atmosphere component. The
regression parameters are not significant and model
dependent for the region where a signal from snowpack
in the southern Rocky Mountains would be expected.
However, the average of the model results shown in

Fig. 11 instead highlights a consistent relationship of
high monsoon precipitation with abundant antecedent
soil moisture in the southern Great Plains region, over
Texas and Oklahoma, potentially bringing moisture to
the monsoon region via winds from the Gulf of Mexico.
The CanESM2, FGOALS-s2, and BCC-CSM1.1 historical simulations show very low regression parameters
for the entire continent (not shown), which suggests a
weak interaction between the land surface and precipitation in those models. A stronger relationship is evident
in the higher-resolution models, such as ACCESS1.0,
HadGEM2-CC, and HadGEM2-ES.
The low correlation between interannual precipitation variability and the Pacific Ocean, which was hypothesized to be an important source of decadal memory in
the western United States, suggests that an alternate
mechanism for persisting precipitation anomalies is required for effective forecasts of drought-like conditions
in southwestern North America. This analysis suggests
there is a broad consensus with CMIP5 models for local
land surface feedbacks, and the connection between the
antecedent conditions through soil moisture memory or
land temperatures, as important sources of memory in
the system. Therefore, understanding the dynamics of
consecutive dry seasons will aid in predicting perturbations that will develop into established megadroughts in
southwestern North America in the future.

6. Conclusions
The CMIP5 historical simulations were assessed for
their representation of the current hydroclimate in
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southwestern North America, and used to investigate
the connection with ocean- and land-based sources of
decadal memory over the past 150 years. An outstanding
research question in decadal predictions is the relative
roles of ocean forcing, land feedbacks, and intrinsic
variability of the atmosphere in generating and persisting long-term drought in arid regions such as southwestern North America. The potential economic and
social cost of long-term drought-like conditions, and the
benefit possible from effective forecasts, motivates the
need to understand these mechanisms.
Analysis of decadal variability in the CMIP5 coupled
modeling framework requires robust simulations that
accurately represent the current climate and dynamical
processes involved in the hydrological cycle. On average, the CMIP5 models have higher climatological precipitation in southwestern North America than reanalysis
products. The annual cycle of precipitation over California and Nevada is accurately represented in the
CMIP5 models, with a peak in boreal winter. Shortcomings in summer precipitation in southwestern North
America are more severe than for winter precipitation
and are associated with the location or spatial structure
of the monsoon circulation. Higher-resolution models
are more capable of the orographic precipitation along
the west coast of Mexico because of a better representation of topography. Climatological winds along the
Gulf of California in July are misrepresented in CMIP5
models, more severely limiting the moisture flux in Arizona and New Mexico in the lower-resolution models.
Previous studies have attributed drought in southwestern North America to Pacific or Atlantic SST anomalies
(e.g., Meehl and Hu 2006). Here, regressions have shown
that robust coincident anomaly patterns in the tropical
and North Pacific Ocean and low-frequency (5 yr) winter California precipitation exist in the CMIP5 historical
simulations, but are unable to explain more than 20%
of the decadal variability, consistent with observations
over the past century. The small fraction of explained
variance will limit the predictability of precipitation
associated with the decadal variability and persistence
offered by the ocean. The remainder of the decadal
variability is likely to be coupled with land–atmosphere
feedbacks in regions where SST forcing is limited, or
with anomalies generated by internal variability of the
atmosphere.
The interannual signal of monsoon precipitation extending into the southwestern United States is strongly
associated with local land temperatures attributable to
evaporative cooling and radiation changes with varying
cloud cover. This is consistent among the CMIP5 historical simulations, despite differences in the climatological monsoon circulation and the spatial patterns of
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resulting precipitation. The absence of a robust connection between low-frequency precipitation and SST
anomalies in the Pacific Ocean emphasizes the role of
antecedent land conditions as the source of memory in
the system. Soil moisture integrated over the top 2 m in
Oklahoma and Texas in April is shown to be positively
correlated with the following summer monsoon precipitation in 17 out of the 20 model simulations with
available data. This suggests that future investigations
of decadal precipitation predictability will require more
comprehensive consideration of land–atmosphere feedbacks involving soil moisture and aerosol (i.e., dust and
soot) forcing.
The respective roles of land feedbacks, oceanic forcing, and atmospheric internal variability in persisting
long-term drought-like conditions is an outstanding research question. These results show that the Pacific Ocean
is not a dominant driver of interannual to decadal regional hydroclimate variability in the CMIP5 models.
Therefore, in order to make meaningful decadal predictions in the future, it is likely that forecasting will move
away from SST-driven anomaly patterns and focus on
surface processes that can cause persistence of a precipitation anomaly.
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