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ABSTRACT
This study presents climate change results from the North American Regional Climate Change Assessment
Program (NARCCAP) suite of dynamically downscaled simulations for the North American monsoon system in
the southwestern United States and northwestern Mexico. The focus is on changes in precipitation and the processes driving the projected changes from the regional climate simulations and their driving coupled atmosphere–
ocean global climate models. The effect of known biases on the projections is also examined. Overall, there is strong
ensemble agreement for a large decrease in precipitation during the monsoon season; however, this agreement and
the magnitude of the ensemble-mean change is likely deceiving, as the greatest decreases are produced by the
simulations that are the most biased in the baseline/current climate. Furthermore, some of the greatest decreases in
precipitation are being driven by changes in processes/phenomena that are less credible (e.g., changes in El Niño–
Southern Oscillation, when it is initially not simulated well). In other simulations, the processes driving the precipitation change may be plausible, but other biases (e.g., biases in low-level moisture or precipitation intensity)
appear to be affecting the magnitude of the projected changes. The most and least credible simulations are clearly
identified, while the other simulations are mixed in their abilities to produce projections of value.

1. Introduction
Annual drying, increased aridity, and decreased streamflow have been projected for the southwestern United
States (SWUS) and northwestern Mexico (MX) because
of increased greenhouse gas forcing in analyses focusing
on phases 3 and 5 of the the Coupled Model Intercomparison Project (CMIP3 and CMIP5, respectively) global
climate model (GCM) simulations (e.g., Milly et al. 2005;
Christensen et al. 2007; Hoerling and Eischeid 2007;
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Seager et al. 2007; Seth et al. 2013; Cook and Seager
2013). Statements about precipitation associated specifically with the North American monsoon (NAM) season
for these regions are more uncertain, however. In the
CMIP3 suite of GCMs, a decrease in summertime-mean
precipitation was projected for the SWUS and northwestern MX, but model agreement on that projection was
weak (Christensen et al. 2007, their Fig. 11.12). In the
CMIP5 ensemble, decreases in monsoon season rainfall
are small and insignificant overall, given a shift in the
season to less early season rainfall (June–July) and more
late season rainfall (September–October) due to local
and remote processes creating a more unfavorable early
season convective environment (Seth et al. 2011; Cook
and Seager 2013; Seth et al. 2013; Torres-Alavez et al.
2014). The CMIP3 and CMIP5 models, however, have
problems simulating precipitation in this region. During
monsoon season, performance is mixed, with reasonable
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precipitation in some models but a complete lack of a
monsoon in others. Late monsoon season termination is a
widespread and common problem also, and the annual
cycle is usually too wet, particularly in winter (Lin et al.
2008; Dominguez et al. 2010; Cook and Seager 2013; Geil
et al. 2013; Torres-Alavez et al. 2014).
Uncertainty in precipitation projections for the NAM
is high partly because of the dependence of the system on
dynamics and finescale orography that are not well resolved by many models, particularly at typical global
model scales. For example, the representation of mountains and their effects on moisture convergence has been
shown to be important in projections of precipitation in
this region (Gao et al. 2012). Near-surface flow and sea
surface temperatures (SSTs) over the Gulf of California
(GoC) are also important and not resolved at coarse
resolutions (Mitchell et al. 2002; Collier and Zhang 2007;
Lee et al. 2007). Note, however, that higher-resolution
models that can resolve features like the GoC also do not
always produce a proficient simulation of these features
(e.g., Gutzler et al. 2009; Bukovsky et al. 2013). Geil et al.
(2013) found no major differences in model performance
between higher- and lower-resolution members in the
CMIP5 ensemble for this region, where the models
ranged from about 0.578 to 3.768 in latitude–longitude
resolution. In that case, even the highest-resolution model
was determined to be too coarse to capture smaller-scale
orographically driven processes. At a resolution near that
of the highest-resolution models in CMIP5 (50 km), however, Bukovsky et al. (2013) showed that some regional
models can produce some of the terrain forcing and mesoscale features important to a good representation of the
NAM. Perhaps this difference is due to the use of parameterizations that are adjusted for region-specific use
and not generalized for global use. Castro et al. (2007a,b,
2012) have also demonstrated the potential of regional
models to improve forecasts of the NAM system. Therefore, in an attempt to overcome some of the uncertainty
resulting from resolution, in this study we will present
precipitation projections from the set of 50-km-resolution
dynamically downscaled simulations produced as a part of
the North American Regional Climate Change Assessment Program (NARCCAP; Mearns et al. 2012).
This study builds off of Bukovsky et al. (2013, hereinafter BUK13), where it was shown that many of the
NARCCAP regional climate models (RCMs) do reasonably simulate the NAM system and its topographically influenced mesoscale features when forced with a
reanalysis product, within the limits of their given resolution. However, most of the RCMs undergo a major
reduction of skill when forced by GCMs in the baseline
climate scenario because of the biases they inherit from
the GCMs. In BUK13, some of the identified inherited
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biases include atmospheric moisture content, which led to
huge dry biases and no monsoon precipitation signal in
some of the RCMs; warm SST biases in the GCMs, which
led to more realistic (warmer) GoC SSTs in the RCMs
when interpolated into GoC grid boxes in the RCMs; and
large-scale circulation errors that, at a minimum, caused
problems in the timing and magnitude of the monsoon. In
the RCMs, biases related to the still too coarse resolution
for many of the NAM system features were also identified and were shown to be RCM specific and not dependent on the driver. For example, while the RCMs
provided a good terrain-driven spatial pattern of precipitation in the region for their resolution, not all of them
were able to simulate a reasonable northward GoC lowlevel jet (LLJ), which likely contributed to those models’
low precipitation biases in Arizona (AZ).
In this study, we identify further biases in the baseline
climate and discuss how these biases and those presented in BUK13 may affect the projections of NAM
precipitation for the future. We also identify processes
responsible for the changes in precipitation projected by
the RCMs. It is this deeper analysis of the simulations
that then allows us to assess the differential credibility of
the RCMs.

2. Models, methods, and datasets
a. Models
Six RCMs were used to downscale four GCMs to 50 km
as a part of NARCCAP. Results from all 12 of the planned
combinations are included in this study. The 12 combinations were chosen using a fractional factorial design to
sample the matrix of possibilities in a statistically meaningful way [see Mearns et al. (2012) for further information]. Table 1 provides an overview of the RCMs and
GCMs; Table 2 presents the RCM and GCM simulation
combinations. When referring to an RCM and its parent
GCM, we list the forcing simulation in lowercase (e.g.,
WRFG–ccsm); otherwise, all acronyms are in uppercase.
The ECP2-hadcm simulations were not available for use
in BUK13; therefore, some precipitation verification information complementary to that in BUK13 has been included in Figs. S1 and S2 of the supplementary material.
All future simulations utilize the Special Report on
Emissions Scenarios (SRES; Nakicenovic et al. 2000) A2
emissions scenario; the twentieth-century (20c3m)
emission representation is used for the baseline period.
All baseline simulations span 1971–99, whereas the future simulations span 2041–69. All averages herein are
performed over these specified years.
The NAM region our analysis focuses on is defined in
Fig. 1. This also includes two specific subregions over AZ
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TABLE 1. RCMs and GCMs used in NARCCAP, their identifying acronyms (RCM acronyms are as used in the NARCCAP
model archive), and relevant references. For the GCMs, horizontal
resolution and CMIP3 archive ensemble member number are
also listed.
Acronym
CRCM
ECP2

HRM3
MM5I

RCM3
WRFG

RCM
Canadian RCM (Caya and Laprise 1999)
Scripps Experimental Climate Prediction Center’s
version of the Regional Spectral Model (Juang
et al. 1997)
Hadley Centre RCM, version 3 (Jones et al. 2003)
Fifth-generation Pennsylvania State University–
National Center for Atmospheric Research
(NCAR) Mesoscale Model (Grell et al. 1993),
Iowa State University version
International Centre for Theoretical Physics RCM,
version 3 (Giorgi et al. 1993a,b; Pal et al. 2007)
Weather Research and Forecasting Model
(Skamarock et al. 2005), Pacific Northwest
National Laboratory (PNNL) version
GCM

CCSM
CGCM

GFDL
HADCM
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NCAR CCSM, version 3.0, T85 spectral truncation
(1.48 3 1.48), run 5 (Collins et al. 2006)
Third Generation Canadian Coupled Global
Climate Model, T47 spectral truncation
(1.98 3 1.98), run 4 (Flato et al. 2000)
GFDL Climate Model, version 2.0, 2.08 3 2.58, run
2 (Anderson et al. 2004)
Hadley Centre Coupled Model, version 3, 2.58 3
3.758, this run is not part of the CMIP3 archive
(Gordon et al. 2000; Pope et al. 2000)

and northwestern MX. Note that there is some variation
in the size and placement of these regions in each model
owing to differences in their map projections and the
southward extent of their domains. Most of the RCM
domains do not extend very far south of the Baja California peninsula; thus, for some consistency, but to include as much of the domain as possible, the southern
edge of the analysis region is defined to be as close to
208N as possible. In ensemble-mean plots, however, the
largest common domain is used instead.
The core of the monsoon season is the target period of our
analysis. We use a July–August (JA) average instead of the
traditional June–August (JJA) or June–September (JJAS)
average because of the challenge CMIP3 GCMs have in
simulating monsoon onset and retreat (e.g., Geil et al. 2013).
These GCM characteristics are transferred to some of the
NARCCAP simulations, as documented in BUK13.

b. Verification datasets
Two reanalysis datasets are used briefly in model verification. They are the National Centers for Environmental Prediction (NCEP)–U.S. Department of Energy

TABLE 2. NARCCAP RCM and GCM simulations. All planned
combinations (all of which are used here) are marked with an X.

CRCM
ECP2
HRM3
MM5I
RCM3
WRFG

CCSM

CGCM

X

X

GFDL

HADCM

X
X

X
X
X

X
X
X

X

X

(DOE) AMIP-II reanalysis (hereinafter simply NCEP;
Kanamitsu et al. 2002) and the North American Regional
Reanalysis (NARR; Mesinger et al. 2006). NCEP was
also used to force the NARCCAP RCMs and is used here
only in an examination of 500-hPa winds and geopotential
heights. NARR was compared to several other observationally based datasets and the NARCCAP NCEP- and
GCM-forced simulations in BUK13 during the NAM
season and over the same regions used herein. Its precipitation is used again in this complementary study for
consistency and because it was found that the spread in
the models is considerably larger than the spread in the
observationally based datasets.

c. Statistical methods
1) SIGNIFICANCE TESTING
Unless otherwise noted, statistical significance of the
changes between the baseline and future climate is tested
at the 0.1 level using bootstrapping with bias correction
and acceleration following von Storch and Zwiers (1999)
and Efron and Tibshirani (1993), as described in
Bukovsky and Karoly (2011). For the changes in wind,
the change in the magnitude of the north–south component of the wind and the change in the east–west component of the wind are tested separately for significance.
If either is significant, the change in the vector wind at
that point is considered significant.

2) ANALYSIS OF VARIANCE CALCULATIONS
The statistical analysis that will be presented in Table 3
is done in three steps. First, we tested the hypothesis that
the average rainfall, rainfall intensity, and fraction of dry
days in the NARCCAP model runs have mean values
equal to the corresponding NARR values using twosided, one-sample Student’s t tests. Second, we assessed
whether the differences between future and baseline
average rainfall, rainfall intensity, and fraction of dry
days in the NARCCAP model runs were zero. We used
two-sided pairwise Student’s t tests, where a pair consists
of the future and past values from the same model.
Third, we tested the hypothesis that the means of the
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calculated for separate cumulative distribution functions from the baseline and future periods. As such, we
can present the change in the magnitude for daily precipitation at the 0.90 quantile, for example, during wet or
dry years (as will be done in Tables 4 and 5). For the
change in frequency, in the 0.25 quantile, the frequency
is measured as the number of days with precipitation less
than or equal to the 0.25 quantile threshold. For other
quantiles, the frequency is the number of days greater
than or equal to the given threshold.

3. Precipitation projections

FIG. 1. Surface elevation (m) over land from the HRM3. Ocean
points are filled in blue. Names and location indicators for important topographic features indicated with white text and lines.
Outlines for analysis subregions in AZ and northwestern MX are
outlined in magenta. Large NAM ‘‘core’’ region covers the full
area shown. Locations for vertical cross sections (shown later in the
analysis) across the GoC and through AZ are indicated by thick
black lines. Note that the southern extent of each RCM varies, and
this impacts the size of the NAM core analysis region. Most
NARCCAP RCM domains end around the southern tip of the Baja
California peninsula.

differences between baseline and future for average
rainfall, rainfall intensity, and fraction of dry days differ
as a function of the driving GCMs. In the case of a significant difference, we conducted a multiple-comparison
procedure to identify which pairs are different. A multiplecomparison procedure adjusts for the fact that the chance
of incorrectly finding a significant difference increases with
the number of comparisons when comparing individual
pairs and instead provides an upper bound on the probability that any comparison will be incorrectly found significant. We conducted all analyses separately for the
NAM region and the two subregions, AZ and MX.

3) ANALYSIS OF WET AND DRY YEARS
Wet and dry years are defined using the JA season
mean for each year averaged across all land-based grid
points in the full NAM region. Wet years are defined as
years that exceed a standardized precipitation index
(SPI; McKee et al. 1993) value of 1.0 and dry years as
those that fall below 21.0 SPI. This is calculated separately for the baseline (1971–99) and future (2041–69)
periods. Most simulations have at least five wet and five
dry years using this definition. Quantiles for wet and dry
years are then calculated from JA daily total precipitation values that have been averaged across the
NAM region (for land points only). The quantiles are

As illustrated in Fig. 2, the 12-RCM mean projects a
decrease in JA average precipitation across the region.
While most of the changes in precipitation are within
the bounds of natural variability in the majority of the
models, there is strong agreement on the sign of the
change in much of the region, particularly in southwestern AZ and northwestern MX. The majority of the
models agree that changes are significant and decreasing, as indicated by the hatching in Fig. 2, in the
central plains and at a few locations along the west coast
of Mexico and the Baja California peninsula.
The ensemble mean, however, does not capture the
large variability in magnitude and spatial distribution of
the precipitation projections across the 12 simulations
(Fig. 3). There are some broad similarities across RCMs
that have the same parent GCM, but among those, one
still finds substantial variation across RCMs when the
details are examined. As the spatial distribution of
convection in this region is governed largely by local
orography, one might expect the pattern of change to be
influenced by the orography as well, but that is not
clearly the case. For example, the Sierra Madre Occidental (SMO) and Mogollon Rim appear to influence
the pattern of change in some of the RCMs (more or less
precipitation on one side or the other), but the change is
not consistent across the models.
Generally, the CCSM- and CGCM-forced simulations
project less future precipitation for most of the region,
whereas the signal for change is more mixed in the
GFDL- and HADCM-driven simulations. In the CCSMforced simulations, this is opposite to what the CCSM
GCM projects. This is not the only region where RCMs
forced with this CCSM simulation produce precipitation
projections that are contrary to what the CCSM has, nor
are these the only RCM simulations that do this
(Bukovsky and Karoly 2011; Mearns et al. 2013).
To aid in the interpretation of these precipitation
projections, we present projection summaries for average precipitation, precipitation intensity, and the number of dry days (DD) in Table 3. The values are averaged
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TABLE 3. The JA future-minus-current difference in average precipitation (avg; percent and mm day21), precipitation intensity (int; %),
and the number of dry days (DD; %) for the entire analysis region over land only and the AZ and MX subregions (as shown in Fig. 1). The
ensemble averages for each statistic are given in the last five rows for the full ensemble (average), and then for subensembles of models
grouped by forcing GCM. In the average row only, boldface values indicate a statistically significant change from the baseline to the future,
and italicized values indicate a strong bias in the baseline value [see section 2c(2) for details]. The values followed by an exclamation point
indicate where mean differences between the baseline and future climate differ significantly as a function of the driving GCMs, and these
are explained further in the text.
NAM region

CRCM–ccsm
MM5I–ccsm
WRFG–ccsm
CRCM–cgcm
RCM3–cgcm
WRFG–cgcm
ECP2–gfdl
HRM3–gfdl
RCM3–gfdl
ECP2–hadcm
HRM3–
hadcm
MM5I–hadcm

Arizona

Avg
(%)

Avg
(mm day21)

Int
(%)

DD
(%)

Avg
(%)

Avg
(mm day21)

221.30
237.13
226.16
225.29
230.59
221.79
5.52
211.79
26.57
21.35
23.35

20.18
20.16
20.11
20.34
20.19
20.14
0.07
20.24
20.11
0.25
20.06

24.04
211.95
211.07
29.96
26.66
28.73
0.39
25.98
3.76
13.67
2.84

7.38
4.60
3.45
10.46
3.97
3.81
21.08
6.29
3.22
21.58
5.47

216.73
243.53
23.91
237.63
232.56
240.49
33.44
217.59
3.46
21.815
225.17

20.10
20.06
20.01
20.24
20.04
20.09
0.20
20.24
0.02
0.23
20.23

3.24

0.08

Average
212.82
CCSM driven 228.20
CGCM driven 225.89
GFDL driven
24.28
HADCM
7.08
driven

20.09
20.15
20.22
20.09
0.09

6.63
22.59
29.02!
28.45!
20.61
7.71!

Mexico
Int
(%)

DD
(%)

Avg
(%)

22.53
4.85 218.45
210.40
2.18 237.86
7.21
0.75 237.67
219.01
7.26 238.31
7.31
0.96 262.82
25.08
3.43 253.07
13.15 21.92
8.52
26.32
9.34 23.11
4.75
0.15 210.39
35.74 15.54 21.93
214.09
8.66
3.97

Avg
(mm day21)

Int
(%)

DD
(%)

20.37
20.45
20.28
21.10
20.45
20.44
0.24
20.15
20.57
0.95
0.12

20.58
217.35
214.77
220.77
223.38
230.48
1.89
4.62
24.46
21.16
7.11

15.16
10.00
8.29
23.77
8.13
9.56
22.79
30.29
4.35
28.65
5.45

21.46

26.99

20.32

20.01

2.17

0.97 221.46

21.38

3.99 215.24
5.14 221.39
6.08 236.89
2.81
6.44
1.93 29.10

20.05
20.05
20.12
0.00
0.00

1.07
21.91
25.59
3.86
7.94

4.35 222.72
2.59 231.33
3.88 251.40
2.52 21.66
8.39 26.47

20.32
20.37
20.66
20.16
20.10

1.89

over the full NAM region, and the values for the AZ and
MX subregions in Fig. 1 are averaged over land only.
The upper part of Table 3 shows the individual model
values, and the lower part shows the means for both the
full model ensemble and the GCM-driven subensembles.
Overall, most models indicate a small increase in the
number of dry days over the full region and over AZ,
with a larger increase over MX. The number of dry-day
projections is more consistent in magnitude and sign
across the full ensemble and the subensembles than for
other precipitation metrics, and in the full-ensemble
mean, this change is significantly different from zero.
However, the number of dry days is also significantly
biased relative to NARR. For mean precipitation change,
it is clear here, as in Fig. 3, that the CCSM- and CGCMforced simulations produce the greatest decreases. The
same is true for projected decreases in intensity. Regarding intensity, the projections from the CCSM- and
CGCM-driven ensembles are significantly different from
the HADCM-driven ensemble in the NAM region (as
indicated by the values followed by an exclamation point
in Table 3). Similarly, in MX, both the HADCM- and
GFDL-driven intensity projections are significantly different than the CCSM- and CGCM-driven ensembles.

28.40 13.99
210.90! 11.15
224.88! 13.82
0.68! 10.62
1.50! 20.36

There are no significant differences in projections between the GCM-driven subensembles for any other variable or region, however.
Within the GFDL-driven group in Table 3, projections are less in agreement over all regions, particularly with regard to the HRM3–gfdl and the ECP2–gfdl.
The same is true, to some extent, in the two HADCMforced simulations. The HRM3–hadcm simulates a
strong percent decrease in precipitation average and
intensity over AZ and an increase in the number of dry
days, with a slight increase in average and intensity over
MX. This is in disagreement with the MM5I–hadcm,
which projects little change in AZ and a stronger decrease in average and intensity in MX.
The change in the frequency of 3-hourly precipitation
rates or events during JA is illustrated in Fig. 4 for the
MX and AZ subregions. All but one of the RCMs simulate
decreases in the frequency of events of nearly every
magnitude; the ECP2 simulations are outliers. The decrease in frequency is strongest in the CCSM- and CGCMdriven simulations. The decrease is smaller, though not
always insignificant, in the other simulations. Half the
simulations project an increase in the frequency of
events that are classified at or above the 99.9th
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TABLE 4. The JA percent change in the magnitude and frequency of daily precipitation at the given quantiles for wet years
only between the baseline and the future. The upper table shows
the change in magnitude, where each column represents a specific
quantile threshold. The lower table shows the frequency change in
daily precipitation defined for the quantiles in the upper table. The
ensemble average for each quantile is given in the last five rows for
the full 12-simulation ensemble (average) and then for subensembles grouped by forcing GCM.
Quantiles
Magnitude (%)
CRCM–ccsm
MM5I–ccsm
WRFG–ccsm
CRCM–cgcm
RCM3–cgcm
WRFG–cgcm
ECP2–gfdl
HRM3–gfdl
RCM3–gfdl
ECP2–hadcm
HRM3–hadcm
MM5I–hadcm
Average
CCSM driven
CGCM driven
GFDL driven
HADCM driven
Frequency (%)
CRCM–ccsm
MM5I–ccsm
WRFG–ccsm
CRCM–cgcm
RCM3–cgcm
WRFG–cgcm
ECP2–gfdl
HRM3–gfdl
RCM3–gfdl
ECP2–hadcm
HRM3–hadcm
MM5I–hadcm
Average
CCSM driven
CGCM driven
GFDL driven
HADCM driven

0.25

0.5

0.75

0.95

0.99

219.6
257.8
263.6
235.1
260.2
253.4
51.6
218.3
27.9
34.8
25.5
25.7
220.1
247.0
249.6
8.5
7.9

222.9
260.6
240.6
228.7
254.4
246.2
44.2
217.9
4.5
24.6
26.9
7.5
216.5
241.4
243.1
10.3
8.4

216.4
252.0
227.9
228.2
237.6
235.5
24.5
29.4
23.9
22.3
9.9
12.9
211.8
232.1
233.8
3.7
15.0

12.9
213.7
221.4
212.7
217.7
223.0
13.3
27.9
29.7
20.7
20.7
10.3
22.4
27.4
217.8
21.4
17.2

27.0
211.1
1.8
210.4
24.9
234.3
26.6
27.8
8.8
29.1
40.1
7.9
5.4
5.9
26.6
9.2
13.0

15.4
117.5
2.6
117.9
66.7
116.7
230.6
48.7
87.2
236.0
210.7
6.7
41.8
45.1
100.4
35.1
213.3

252.3
247.6
265.8
250.6
255.1
249.0
79.8
220.6
78.5
34.7
230.0
11.3
213.9
255.2
251.6
45.9
5.3

248.7
261.3
260.3
253.8
257.7
251.3
109.7
219.2
48.9
46.7
26.7
33.3
210.0
256.8
254.3
46.5
24.4

25.0
216.7
275.0
243.8
243.8
256.3
50.0
268.8
22.2
66.7
106.7
46.7
1.1
222.2
247.9
1.2
73.3

300.0
0.0
0.0
266.7
100.0
2100.0
450.0
233.3
150.0
2100.0
300.0
66.7
88.9
100.0
222.2
188.9
88.9

percentile in the baseline period, including the three
GFDL-driven simulations, the CRCM–ccsm, and two
others depending on the region. These increases range
from around 7% to 212%.
Precipitation magnitude and frequency projections
for wet and dry years only are shown in Tables 4 and 5,
respectively. In the full-ensemble mean, in Tables 4 and
5, there is a decrease in the magnitude of total daily
precipitation in all quantiles except those at the 99th
percentile and above in both wet and dry years. The
HADCM-driven ensemble is a relative outlier, with
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TABLE 5. As in Table 4, but for dry years only.
Quantiles
Magnitude (%)
CRCM–ccsm
MM5I–ccsm
WRFG–ccsm
CRCM–cgcm
RCM3–cgcm
WRFG–cgcm
ECP2–gfdl
HRM3–gfdl
RCM3–gfdl
ECP2–hadcm
HRM3–hadcm
MM5I–hadcm
Average
CCSM driven
CGCM driven
GFDL driven
HADCM driven
Frequency (%)
CRCM–ccsm
MM5I–ccsm
WRFG–ccsm
CRCM–cgcm
RCM3–cgcm
WRFG–cgcm
ECP2–gfdl
HRM3–gfdl
RCM3–gfdl
ECP2–hadcm
HRM3–hadcm
MM5I–hadcm
Average
CCSM driven
CGCM driven
GFDL driven
HADCM driven

0.25

0.5

0.75

0.95

0.99

238.0
254.2
256.1
231.1
248.8
241.0
5.1
210.9
247.4
26.4
217.8
21.7
226.3
249.4
240.3
217.7
2.3

229.9
245.2
258.5
229.9
239.9
217.8
27.7
213.0
227.2
34.2
218.8
1.7
221.0
244.5
229.2
215.9
5.7

225.0
240.0
253.8
226.4
242.7
0.7
20.3
27.5
29.3
50.4
211.6
2.9
213.5
239.6
222.8
25.7
13.9

216.2
232.2
243.2
225.7
235.2
214.8
5.0
22.1
218.3
91.9
23.6
24.4
28.2
230.5
225.3
25.1
28.0

216.1
246.7
210.7
218.1
237.6
14.8
211.2
27.2
219.0
104.6
30.9
20.7
0.4
224.5
213.6
212.5
52.1

102.6
63.5
45.2
93.6
25.3
21.8
261.5
12.8
84.6
8.2
2.7
2.7
33.5
70.4
46.9
12.0
4.5

248.4
232.3
264.3
246.5
249.7
224.5
262.6
232.9
217.3
53.7
236.7
0.0
230.1
248.3
240.2
237.6
5.7

257.7
239.7
269.4
265.4
266.7
220.0
260.3
232.1
230.8
111.7
244.0
1.3
231.1
255.6
250.7
241.1
23.0

243.7
2100.0
283.3
275.0
281.3
243.7
256.2
225.0
250.0
433.3
226.7
233.3
215.4
275.7
266.7
243.7
124.4

266.7
2100.0
233.3
2100.0
266.7
0.0
275.0
2100.0
2100.0
2100.0
66.7
133.3
138.2
266.7
255.6
291.7
766.7

increases in the magnitude of all quantiles in both wet
and dry years. However, the more interesting results
occur in the 0.99 quantile for wet years and the 0.25
quantile for dry years. In wet years, an increase in
magnitude of about 5% and an almost 90% increase in
the frequency of days with precipitation totals at or
above the 99th percentile is seen in the full-ensemble
mean. Likewise, in three of the four subensembles these
heavy precipitation days also become more frequent and
more intense during wet years (the CGCM-driven ensemble is the outlier), though there are differences
among individual simulations. In dry years (Table 5),
days with low precipitation totals (at the 0.25 quantile or
less) become more frequent and even less intense in all
but one RCM (both ECP2 simulations). In the ensemble
mean, there is around 26% less precipitation on these
days and they occur about 34% more often. These
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errors that inhibit precipitation in the RCMs only. The
CGCM-driven simulations perform well during the rest
of the year, as does the CGCM GCM, but the RCMs are
too dry during monsoon season (with the exception of
the CRCM–cgcm, which is not as heavily biased in JA).
This, again, is due to a combination of inherited errors
that prohibit RCM precipitation only; the CGCM does
not contain this bias.

4. Understanding the precipitation projections

FIG. 2. Average JA precipitation change (%) from the baseline
period for the 12-model ensemble mean. Precipitation is presented
following methodology proposed by Tebaldi et al. (2011), with
slight modification: hatching indicates where more than 50% of the
models show change that is significant at the 0.10 level (as determined by a Student’s t test) and where more than 75% of the
models agree on the sign of change (thus, where the majority of the
models agree on significance and sign). White grid cells indicate
where more than 50% of the models show change that is significant
but also where 75% of the models or less agree on the sign of the
change (thus indicating true disagreement and little information).
Additionally, the number of models that agree on the sign of the
change is indicated by the color saturation and value (the vertical
axis on the color bar). To facilitate creating this ensemble average,
all models were regridded to a common 0.58 3 0.58 latitude–
longitude grid.

results simultaneously suggest that extreme wet years
get wetter and extreme dry years get drier. Results here
are also consistent with those above in that in the
CCSM-driven and CGCM-driven simulations, the extreme wet years projection is suppressed compared to
the other subensembles, and the extreme dry years
projection is enhanced; that is, the models that have the
driest bias have drier projections.
Overall, combining these precipitation projections
with the analysis of BUK13, we find that the RCM
simulations that have the greatest biases in precipitation
during the monsoon season also have some of the
greatest decreases in future precipitation total, intensity,
and frequency. This is emphasized in Fig. 5 for average
JA precipitation. The simulations that are most biased in
Fig. 5 are not consistently biased throughout the year, as
is shown in BUK13 (their Figs. 11–13). In fact, the
CCSM-driven simulations, which have no signal for the
monsoon in their annual precipitation climatology, are
strongly wet-biased during the cool season. While the
cool season wet bias is inherited from the CCSM GCM,
the lack of monsoon season precipitation is not directly
inherited (the CCSM does have monsoon-related precipitation); this is due to a combination of inherited

In this section, we examine the processes driving the
precipitation projections. The aim is to determine if the
projected precipitation change is reasonable and credible, despite the known biases in the baseline simulations.

a. The CCSM-driven simulations
All CCSM-driven simulations project an increase in
low-level specific humidity over the GoC and in AZ
(shown for AZ only in Figs. 6c–e; color fill indicates the
change in specific humidity). This is likely due in part to
increasing temperature (not shown), but the low-level
increase in AZ may also be as a result of changes in the
GoC LLJ. The GoC LLJ is an important NAM feature
as it transports tropical Pacific moisture into northwestern Mexico and the SWUS. It runs northward along
the GoC, parallel to its axis. It is confined to the boundary
layer, below about 850 hPa, with a core around 250–400 m
above the surface (Douglas 1995; Mo et al. 2005). The
CRCM and the WRFG do generate a GoC LLJ in the
NCEP-driven and baseline GCM-driven runs, although it
is weak in the WRFG GCM-driven runs (Figs. 7c,e;
baseline mean in color fill, northward is blue; BUK13,
their Figs. 8 and 17). Both of these also increase the
strength of their northward flow in the future (Figs. 7c,e;
solid magenta lines indicate an increase in northward
flow). The MM5I does not have a mean GoC LLJ
(Fig. 7d), and flow becomes slightly more southward in
the future (Fig. 7, dashed magenta lines indicate an increase in southward flow). This difference explains why
the increase in specific humidity in the MM5I is not as
strong in AZ as in the CRCM and WRFG (Figs. 6c–e,
color fill). It also supports the more uniformly negative
precipitation change across AZ in the MM5I compared
to the CRCM and WRFG and the small, insignificant
increase on the windward side of the Mogollon Rim in
the latter two. In the CRCM–ccsm and WRFG–ccsm, the
changes in moisture and local flow alone imply potential
for an increase in NAM system precipitation in the future
in AZ and MX. However, all of these simulations start
out with a strong low bias in specific humidity (BUK13),
inherited from the CCSM, and the projected increase in
humidity is not enough to compensate for the starting
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FIG. 3. The JA average precipitation change (%) from the baseline period. Hatching indicates where the change is statistically significant
at the 0.1 level. Each row is organized by parent GCM, with the change from the GCM in the left panels.
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FIG. 4. Percent change from the baseline period to the future in the frequency of 3-hourly precipitation rates in JA for (a) AZ and
(b) MX subregions. Rates are binned according to their percentiles in the baseline climate. The given number associated with a bin is the
starting point for values within that bin; for example, the blue 90th-percentile bin examines the change in the frequency of events with
a magnitude greater than or equal to the 90th-percentile magnitude and less than the 95th-percentile magnitude from the current climate
period. A dark block under a given bin at the bottom of each panel indicates that the change in that bin is statistically significant at the 0.1
level. Note that the 99.9th-percentile bars are cut off in the ECP2 simulations to make the smaller changes more visible. The changes are
212% (GFDL driven) and 155% (HADCM driven).

bias, particularly in the MM5I and WRFG; that is, relative to historical period observations, the future simulation would still be biased dry despite the increase in
humidity.
Compounding the humidity bias, and at least partly
explaining the strong decrease in precipitation projected
for the future regionally, are the upper-level monsoon
anticyclone and changes in larger-scale flow. The monsoon anticyclone, or ‘‘high,’’ exists in the middle-toupper troposphere and is caused by enhanced heating of
the atmosphere over land, particularly the elevated
terrain in MX and the western United States (e.g.,
Higgins et al. 1997, 1999). During June, the monsoon
high migrates north along the west coast of MX, coincident with the northward migration of precipitation
along the SMO to the SWUS in the beginning of July.
This migration of the monsoon high leads to a wind shift
that favors landward moisture transport. The mean location and strength of the monsoon anticyclone and its

corresponding wind field in July and August at 500 hPa
in NCEP is given in Fig. 8 by the solid gray circle and
gray vectors. The convection associated with the monsoon also modulates the strength of the high through
latent heating, with increased precipitation leading to a
stronger and broader anticyclone (e.g., Higgins et al.
1998; Stensrud 2013).
In the RCMs, the strength and location of the monsoon anticyclone and the corresponding flow are generally inherited from the GCMs. In the CCSM-driven
simulations, this results in the high being too far south
(over northwestern MX instead of northeastern New
Mexico) and too strong (Fig. 8a). There is also an additional, separate cutoff anticyclonic circulation branch
in the south-central United States in a few of the simulations (which do show up in Fig. 8a, as they are distinct,
closed-circulation height maximums). The CCSM, the
MM5I–ccsm, and the WRFG–ccsm, specifically, contain
the greatest location errors. In reality, a southward
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FIG. 5. The JA average precipitation change (%) from the
baseline to the future period vs the precipitation bias (%). Bias is
defined as the models’ baseline period average (1971–99) simulation minus NARR (1980–2003). Values are the average of land
points only over the NAM core region. The linear fit applied to the
points does not include the driving GCM results (open black
symbols).

displacement like that seen in these simulations is usually associated with dry monsoon years in the SWUS, as
this position is not favorable for moisture flux convergence in the SWUS (e.g., Higgins et al. 1998; Higgins and
Shi 2000; Johnson et al. 2007). This location bias is
clearly inherited by the MM5I–ccsm and the WRFG–
ccsm, leading to flow into the SWUS that is not as
southerly, is less tropical in origin, and has a stronger
fetch from the Pacific Ocean. This likely explains
the stronger low-level dry bias in AZ compared to the
CRCM–ccsm (Figs. 6c–e). The magnitude bias in the
monsoon high is also clearly inherited (the initial cause
of which remains undiagnosed), as well as the high bias
in the westerlies (because of a north–south pressure/
height gradient that is too strong; not shown). It is interesting that the CRCM–ccsm is the least incorrect
here, with the center of the circulation as the center of
one very elongated anticyclone that stretches from
central AZ into Arkansas, as this is the only one of these
three RCMs to include nudging (weakly, at 500 hPa and
above). This would generally make it more likely to
match the large-scale pattern from the CCSM.
In the future, while the monsoon anticyclone does not
substantially change its mean position (Fig. 8; cf. open
and filled circles), the continental-scale geopotential
height pattern changes such that there is an increase in
flow that is continental in origin above 900 hPa over
the SWUS and northwestern MX. This is illustrated at
700 hPa in Fig. 9 (and in Figs. 6c–e over AZ). In the
CRCM and WRFG, this is associated with a well-defined

VOLUME 28

future-minus-current anticyclonic flow anomaly at 700 hPa
centered near northern AZ or over Nevada (depending
on the RCM; Fig. 9) or at 500 hPa centered near or just
northeast of the Great Salt Lake (not shown). There is
also a stronger inverted trough at 700 hPa east of the
SMO (Fig. 9).
The future flow anomaly resembling a stronger inverted trough is similar to an anomaly that would precede
inverted trough/tropical easterly wave (TEW) passage
and often-associated gulf surges1 (Schiffer and Nesbitt
2012). However, given that there is little-to-no TEW activity in this version of the CCSM (McCrary et al. 2014),
at least as far as TEWs originating over Africa are concerned, this is unlikely to be associated with a future
change in TEW activity. The increased strength of the
inverted trough to the east of the SMO in the RCMs is
likely forced by an incidental change in the CCSM and is
only seen in the RCMs because it is inherited. It is not a
propagating feature. In the future, in the CCSM, the
southward flow on the eastern side of the monsoon anticyclone increases and the northerly flow on the western
side of the south-central U.S. anticyclone center (which
does not exist in observations) increases. This gives the
false sense of a stronger inverted trough in the anomaly
field between the two anticyclonic centers (Fig. 9; the
cyclonic anomaly centered over far western Texas in
Fig. 9a). Furthermore, in July and August, precipitation is
forced, most evenings, on the east and southeast slope of
the coarse-resolution terrain that represents the Rocky
Mountains and the eastern slope of the SMO related to
the Gulf of Mexico (GoM) LLJ in the CCSM (not
shown). This precipitation significantly increases in the
future (Fig. 3a), unlike the already strong monsoonrelated precipitation on the western slope of the SMO
in MX, and may be increasing the strength of or causing
the anomalous cyclonic circulation.
The anomalous future-minus-current anticyclonic
flow in the Rocky Mountains, which forces an increase in
continental flow in the SWUS in the future and the decrease in precipitation, is likely tied to El Niño in this
case. Castro et al. (2001) showed that anomalous ridging
over the Rocky Mountains in late June and early July,
associated with the positive phase of the Pacific transition (PT) pattern, is significantly and strongly correlated
with a negative/cool SST anomaly over the Niño-3 region.
According to Meehl and Arblaster (2002), June–September
mean negative SST anomalies in the central-to-eastern

1
Coastally trapped wave that propagates up the GoC forced by
convection associated with inverted trough/tropical easterly wave
passage near the south end of the GoC (e.g., Hales 1972; Stensrud
et al. 1997).
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FIG. 6. Vertical cross sections through AZ (location shown in the bottom-right panel with orientation) of JA
average change from the baseline to the future climate in specific humidity (g kg21; color fill) and flow parallel to the
cross section (thick black vectors; reference vector in bottom right of left panels). JA baseline-mean specific humidity (magenta contours, interval of 1 g kg21) and flow parallel to the cross section (light gray vectors) are shown
for reference. Panels are organized to maximize the number of related simulations that are adjacent. Rows are
organized by GCM driver, and RCMs are positioned as indicated in the key in the top-right corner. Note that
vertical motion has been multiplied by a factor of 1000 for visibility and that the vertical wind component is not
available and not shown for the HRM3–hadcm or both RCM3 simulations.
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FIG. 7. Vertical cross sections through the GoC (location shown in the bottom-right panel with orientation) of JA
average change from the baseline to the future climate in flow parallel to (thick black vectors; reference vector in
bottom right of left panels) and orthogonal to (magenta contours, interval of 0.25 m s21; negative contours are
dashed and zero contour is thickened) the cross sections. JA baseline-mean flow parallel to the cross section (light
gray vectors) and baseline-mean flow orthogonal to the cross section (color fill) are shown for reference. Positive
orthogonal values are approximately northward and into the page, as indicated in the bottom-right panel of the
figure. Panels are organized to maximize the number of related simulations that are adjacent to one another. Rows
are organized by GCM driver, and RCMs are positioned as indicated in the key in the top-right corner. Gray areas
indicates topography. Note that vertical motion has been multiplied by a factor of 1000 for visibility and that the
vertical wind component is not available and not shown for the HRM3–hadcm or both RCM3 simulations.
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FIG. 8. The JA average location and strength of the 500-hPa
monsoon anticyclone center in the baseline (filled circle) and future (open circle) for GCM and GCM-driven simulations for
(a) CCSM, (b) CGCM, (c) GFDL, and (d) HADCM. The size of
the filled and open circles represents the magnitude of the maximum geopotential height in the anticyclone center, following the
key on the right. This includes NCEP, the gray-filled circle in all
panels, at 5931 m, the central circle size. Vectors indicate the JA
average baseline flow at 500 hPa from all simulations and NCEP.
Note that geopotential height is not available from the RCM3;
therefore, the geopotential height of the anticyclone center in this
figure for RCM3 only is set to that of NCEP for the current and
future, and the location of the anticyclone center is taken as the
center of the circulation in the 500-hPa wind field instead of as the
maximum in the 500-hPa geopotential height field. Also, except for
the 500-hPa geopotential height field, no other upper-level information is available from the ECP2 at the time of writing;
therefore, no wind vectors are plotted for these simulations.
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equatorial Pacific follow December–February mean positive/
warm SST anomalies that are usually associated with El
Niño. It follows then that a positive winter SST anomaly
(El Niño) would be associated with the PT height anomaly
pattern at the beginning of the NAM season seen in Castro
et al. (2001). As the CCSM does project a shift to more El
Niño–like conditions in the future (van Oldenborgh et al.
2005), it is possible that the PT-like flow anomaly we observe is forced by this shift. However, the CCSM also has
a poor representation of El Niño–Southern Oscillation
(ENSO) variability to start (too frequent and too weak; van
Oldenborgh et al. 2005), and the RCMs forced by it do not
well simulate ENSO-related variability of monsoon precipitation as a result (Carrillo et al. 2015, manuscript submitted to Int. J. Climatol.), leaving confidence in these
projections even lower. Note that while this particular
change appears to be forced by an increasingly frequent El
Niño, and we consider ENSO an important factor to consider in the simulations of the recent past, the ENSO teleconnection with NAM precipitation in general is somewhat
uncertain as it is not stable over long periods of time (Griffin
et al. 2013).
In the MM5I–ccsm, the pattern of midlevel change is
different (Fig. 9c). It produces anomalous cyclonic flow in
its 700-hPa projected difference, centered over east Texas.
The reason for the divergence of this simulation from its
driver, to a much greater extent than in the WRFG and
CRCM projections, may be related to the ‘‘drift’’ that
occurs in all MM5I simulations (and only the MM5I simulations); that is, the MM5I has a warming bias that causes
it to slowly depart from its driver, any driver, rather linearly over the course of a run at all levels. In the MM5I–
ccsm simulations, this leads to about a 1.14 m yr21 increase
in 500-hPa geopotential heights over the CCSM during the
baseline simulation and a 0.86 m yr21 increase over the
CCSM in the future, averaged over the full model domain.
For additional discussion of this bias, see Bukovsky (2012).
While changes in the ingredients necessary for convection in the CCSM-driven simulations are somewhat
mixed, the starting, inherited biases in these simulations
that lead to little precipitation in the current period,
particularly the biases in the monsoon anticyclone and
specific humidity, likely lead to unrealistic and unreliable decreases in precipitation amount, frequency, and
intensity over the region. Confidence in the changes in
future upper-level, larger-scale flow that would at least
support a decrease in precipitation of an unknown
magnitude over the SWUS is also low, as the CCSM is
one of many CMIP3 GCMs with a poor simulation of
ENSO variability (Collins et al. 2005), and the NAM
system precipitation change in the CCSM-driven simulations appears to be related to a questionable increase
in El Niño frequency. Overall, all of these biased starting
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FIG. 9. The (a) CCSM and (b)–(d) CCSM-driven RCMs for JA from 1971–99 to 2041–69 average change in
700-hPa wind speed (m s21) and direction [1 m s21 reference vector inset at bottom right in (d)]. Light gray shading
indicates that the change is significant at the 0.1 level.

conditions act to strongly inhibit convection in the current period, to the extent that there is no monsoon
precipitation signal in the annual cycle of precipitation
in these models, and these biased conditions become
stronger in the future, leading to an unreliably large
decrease in midcentury precipitation.

b. The CGCM-driven simulations
Current-to-future differences in wind show a strong
anticyclonic circulation anomaly off of the west coast of
MX (Fig. 10). This could suggest a decrease in the
strength or frequency of the inverted trough off the west
coast of MX, supporting the decreases in specific humidity over the GoC (not shown) and precipitation
(Figs. 3e–h). The trough is associated with tropical
easterly waves or, on occasion, tropical cyclones. It acts
to transport moisture into the NAM region. Unlike the
CCSM, this version of the CGCM does simulate easterly
wave activity that is similar to that seen in reanalysis
over Africa, at least, so TEW forcing may be included
here (Skinner and Diffenbaugh 2013). This circulation
change anomaly is approximately collocated with a reduced/cooler SST warming signal that occurs just west of
the tip of the Baja California peninsula in these simulations (not shown). This future change in flow leads to a
lesser increase in specific humidity in the region during

the season compared to other simulations (e.g., Fig. 6 for
AZ), as flow is generally less southerly. Low-level flow
in the GoC also becomes less southerly in the RCM3 and
WRFG; however, the flow associated with the GoC LLJ
in the CRCM (which has a good representation of the
LLJ to start) becomes more northerly (Figs. 7f–h).
Combined, these changes drive decreases in precipitation in the CRCM and WRFG simulations in the
SWUS and MX (Figs. 3f,g). The RCM3–cgcm does not
have as widespread a strong precipitation decrease as
the other CGCM-driven simulations (Fig. 3h).
The RCM3, however, is one of two RCMs that typically have a large bias in precipitation intensity (the
other being ECP2), as illustrated in Fig. 11. To better
explain this intensity bias and its potential effect on the
precipitation projections, particularly for wet and dry
monsoon years, we present a Hovmöller diagram in
Fig. 12 for one dry and one wet year (as defined in section 3) in the baseline and future simulations of the
RCM3–cgcm and the CRCM–cgcm. In 1988, the wet
RCM3 produces intense precipitation, but events have a
short duration (Fig. 12); however, the dry CRCM produces less precipitation, but convection persists longer
as it propagates westward over time, which is consistent
with the observed propagation of precipitation in this
region (e.g., Gochis et al. 2007; Lang et al. 2007; Nesbitt
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FIG. 10. As in Fig. 9, but for the CGCM and CGCM-driven RCMs.

et al. 2008). In wet and dry years, the timing and frequency of events is similar between RCMs because they
have the same parent GCM; however, in Fig. 12,
whether it is a dry or wet monsoon year, current or future, the RCM3 precipitates more heavily during any
individual event than the CRCM. Therefore, the less
widespread and smaller decreases in mean precipitation
in the RCM3 versus the CRCM (or WRFG) are likely
the result of these differing changes in the intensity of
individual events along with the changes in intensity and
frequency seen in section 3.
The larger-scale changes in the CGCM-forced simulations do imply less precipitation, but the magnitude of
the precipitation projections is still questionable, as these
simulations have some of the same basic problems as the
CCSM-forced simulations and may also lead to a deceptively large decrease in precipitation. The CGCMdriven simulations also place the mean location of the
anticyclone too far south, and its position does not change
much in the future. This location is not ideal for good
moisture transport in the SWUS, as in section 4a, and it is
made even less ideal by a plausibly realistic change in flow
in the future (the anticyclonic flow anomaly described
above). The CGCM-driven simulations, like the CCSMdriven simulations, also start with a large dry bias in lowlevel specific humidity, which also causes a large low
precipitation bias (BUK13). Warmer and slightly drier
conditions, plus the other changes discussed above,

contribute overall to an environment that is even less favorable for convection, as seen in the decrease in the frequency of precipitation of nearly all magnitudes (Fig. 4),
and particularly for convective initiation. For example,
convective inhibition (CIN) in JA monthly mean profiles
for 1981–99 and 2051–69,2 near Los Mochis, MX, in
the CRCM–cgcm projection increases from 483 to
578 J kg21, a 19% increase. In the CRCM-ncep simulation,
however, mean CIN is 241 J kg21 at this location, and if we
simply apply the mean temperature and specific humidity
changes from the CGCM-driven simulation to the CRCMncep profile (as in the ‘‘delta’’ method, but not with the
climate change applied to observations), this increases to
358 J kg21. The latter is a larger increase in CIN, from
current to future, but the delta-method-like future value is
still lower than the value from the CRCM–cgcm in the
baseline period by 125 J kg21 and would be easier to
overcome with any given level of forcing.
Additionally, the pattern of more anticyclonic flow
west of the Baja California peninsula seen in the future is
correlated in observations with El Niño years and a
positive North Pacific Oscillation, as shown in Castro
et al. (2001). However, while the CGCM is similar to the
CCSM in that it has an ENSO cycle that is too frequent

2
An overlapping period with the NCEP-driven simulation in the
baseline period and an equivalent number of years in the future.
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FIG. 11. The JA average change in precipitation intensity from the baseline to the future period vs the precipitation intensity bias
(mm day21). Bias is defined as a model’s baseline period average (1971–99) minus NARR (1980–2003). Values are the average over (a) the
NAM core region land points only and (b) AZ and (c) MX subregions as defined in Fig. 1.

and has too weak an amplitude, it instead produces a
more La Niña–like state in the future, like other lowresolution GCMs (van Oldenborgh et al. 2005). Little
confidence is assigned to this future projection of more La
Niña–like conditions because of the poor ENSO simulations in the GCMs that project it (van Oldenborgh et al.
2005), and here it is contrary to this pattern of change,
implying that there is another cause for this flow anomaly.
Last, an increase in La Niña–like years would imply more
favorable conditions (e.g., enhanced GoC LLJ) and more
precipitation (Castro et al. 2001), not seen here.
While it is impossible to say what the magnitude of the
precipitation decrease would be if the possibly plausible
larger-scale changes in flow from the CGCM-driven simulations were applied to more realistic starting conditions,
it is likely that the decreases projected in these simulations
are not representative of those values. Furthermore,
while a decrease in precipitation would likely occur given
the change in flow, the biases existing in these simulations
may be leading to a greater decrease in precipitation than
if the larger-scale changes were applied to nonbiased
starting conditions, as the convective environment is bad
to start and only becomes worse in the future.

c. The GFDL-driven simulations
The GFDL-driven simulations’ main problem, caused
by the GFDL GCM, which forces an incredibly excessive amount of precipitation in the NAM region from
September through December, only starts to appear as a
problem in August (BUK13). It is unclear what effect
this bias has on projections for the core of the monsoon
season. However, Carrillo et al. (2015, manuscript submitted to Int. J. Climatol.) found that this misrepresentation of the NAM-region annual cycle may cause a poor
representation of the spatial variability of JA precipitation

at a continental scale associated with ENSO and PDO.
Relative to the CCSM- and CGCM-driven simulations,
most of the GFDL-driven simulations do not have a
large bias in the magnitude or location of the monsoon
high (Fig. 8c), except the ECP2–gfdl, in which the anticyclone is too weak.3 The GFDL-driven simulations
also do not have other, precipitation-exterminating
biases in their driving fields that they inherit during
JA. However, the parent GCM is known to have very
weak TEW activity (Skinner and Diffenbaugh 2013),
which likely contributes at least to the dry AZ precipitation biases seen in the RCMs. The other known
problems in JA are largely tied to the RCMs. HRM3, for
example, is the only simulation of the three that reasonably reproduces the GoC LLJ, and it projects a decrease in northward flow (Fig. 7i). The RCM3 does not
produce a LLJ in this simulation (Fig. 7j) and does not
produce a good signal for the monsoon in AZ precipitation as a result (Fig. 12 in BUK13). There is littleto-no upper-level information from the ECP2–gfdl
simulation available; however, it might be assumed that
it also does not have the GoC LLJ, since the ECP2 does
not produce one when driven with NCEP, and this feature remains fairly consistent in quality in the other
RCMs when driven with various GCMs. The HRM3 is
also the only simulation of the three that does not
have a high bias in the intensity of the precipitation it
produces. The RCM3 and, especially, the ECP2 do
(Fig. 11). Moreover, it is possible that this intensity

3
Given that the bias is fairly consistent across all ECP2 simulations throughout the NARCCAP domain (not shown), this bias
may be a result of the method in which the 500-hPa geopotential
height was postcalculated from the model’s standard output.
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FIG. 12. Hovmöller diagrams of daily precipitation (mm day21) from the RCM3–cgcm (higher precipitation
intensity RCM) and CRCM–cgcm (lower precipitation intensity RCM) for an extreme dry year (1981, baseline;
2053, future) and wet year (1988, baseline; 2060, future) in the baseline and future simulations during June–August.
Precipitation is averaged over 308–37.58N.

bias is contributing to the increase in precipitation
seen in the ECP2–gfdl, particularly in the SWUS,
where its intensity is most biased to start and it
projects the greatest increase in the future (Fig. 11).
Unfortunately, it is not possible to further examine the
ECP2–gfdl to see what is driving the relatively large
precipitation increases owing to the unavailability of

many of its output fields. The intensity bias might also
be contributing to the precipitation projections from
the RCM3, as when forced with the CGCM. Without
this intensity bias, it is possible that the areas where
less precipitation is projected would be drier and that
the increases would be weaker, given the same
changes in frequency.
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The decreases in future precipitation seen in the
HRM3, however, are warranted, given the changes in
circulation and its lack of a large precipitation intensity
bias. The small decreases in southerly flow (see Figs. 7i
and 6i), particularly over the GoC, help explain the
small but significant decreases in precipitation in this
simulation. The GFDL as well as the HADCM discussed in the next section do not have significant future
changes in ENSO, or significant problems in simulating
it, as in the CGCM and CCSM (van Oldenborgh et al.
2005); therefore, the RCMs they force do not lose
credibility from this point of view.

d. The HADCM-driven simulations
The HADCM-driven simulations inherit fewer biases
from their parent global model than the rest (BUK13).
They contain realistic NAM system precipitation during
the NAM season, and although the RCMs inherit an
early onset problem from the HADCM, this bias is much
less fatal to the precipitation simulations than what is
seen in the other GCM-driven simulations (BUK13).
The HADCM also contains reasonable African TEW
activity (not shown). This version of the HADCM is also
one of two models in the CMIP3 suite that was found
to most realistically represent ENSO variability [see
Dominguez et al. (2010) and van Oldenborgh et al.
(2005), although these analyses did not focus on the
realization used for the NARCCAP simulations].
However, despite having the same parent GCM and
fewer initial biases, there are noticeable differences in
the precipitation projections between the HADCMforced simulations (Figs. 3n–p), particularly in AZ and
the Four Corners region as well as near the west coast of
MX and the GoC. This is partly due to differences in
how mid- to upper-level flow evolves in the future (e.g.,
Fig. 13). The mean position of the monsoon anticyclone
in the MM5I–hadcm is good, relative to many of the
other simulations, and it does strengthen and shift
slightly northeast in the future, closer to the correct
position in the baseline climate, as illustrated in Fig. 8d.
The overall change in mid- to upper-level flow in the
MM5I–hadcm in the future is that of an anomalous cyclone centered over west-central Texas (Fig. 13c). This
causes a switch to predominantly northeast flow near the
west coast of MX in the future in the MM5I, explaining
the decreased precipitation there. However, the reason
for this peculiar larger-scale change, which is quite different from what the parent GCM does, may be related
to the unrealistic drift in the MM5I, as discussed in
section 4a. Also, the MM5I–hadcm has no GoC LLJ,
and it projects an increase in northerly flow over the
southern half of the GoC (Fig. 7b) and a slight increase
in onshore flow into AZ (Fig. 6b). The latter may be due

FIG. 13. As in Fig. 9, but for the HADCM and HADCMdriven RCMs.

to an increase in the strength of the daily sea breeze
resulting from an increase in the land–sea temperature
contrast.
In the HRM3–hadcm simulation, the precipitation
decrease centered on the Four Corners region is likely
due to the increase in mid- to upper-level northerly flow
(Fig. 13b). The change in the winds resembles an
anomalous inverted ridge that covers the western half
of the United States, with a ridge axis running along the
U.S. West Coast and thus leading to enhanced northerly
flow over the western half of the United States. Increased
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TABLE 6. Question: Is the specific feature well enough represented such that it contributes to the credibility of the final precipitation
projection? The more ‘‘yes’’ answers, the more credible the simulation.
Specific
Monsoon
Easterly
Precipitation
humidity anticyclone GoC LLJ waves ENSO
intensity
Other
CRCM–ccsm
MM5I–ccsm
WRFG–ccsm
CRCM–cgcm
RCM3–cgcm
WRFG–cgcm
ECP2–gfdl
HRM3–gfdl
RCM3–gfdl
ECP2–hadcm
HRM3–hadcm
MM5I–hadcm
No. of ‘‘yes’’ answers

No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
6

No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
6

Yes
No
Yes
Yes
No
Yes
No
Yes
No
No
Yes
No
6

No
No
No
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
6

moisture and an increase in low-level southerly flow over
the northern half of the GoC are not enough to counter
the increased, unfavorable flow aloft, leading to the decrease in precipitation in the Four Corners region. The
change in flow from the ECP2–hadcm simulation is assumed to be similar to that in the HRM3–hadcm simulation, as changes in the 500-hPa height field are similar in
pattern (not shown; also, other upper-level fields from the
ECP2 are not available). Despite this similarity, precipitation increases are much more widespread in the
ECP2 than in the HRM3, and decreases are less widespread in the Four Corners region (Figs. 3n,o). This may
be due in part to the precipitation intensity bias seen in
the ECP2 (Fig. 11), as discussed with the ECP2–gfdl
simulation. With the ECP2 GFDL- and HADCM-driven
simulations, it is interesting that the precipitation change
fields more closely resemble each other than the other
RCMs with common GCM drivers; that is, the changes in
Figs. 3j and 3n more closely resemble each other than
those in Figs. 3k and 3l or Figs. 3o and 3p. This suggests
that this RCM may have more control over the changes in
precipitation than the other RCMs (even if just through
an intensity bias).

5. Discussion and conclusions
While model agreement sometimes leads to increased
confidence, it can also be irrelevant and potentially
misleading, as our examination demonstrates. We have
shown that the NARCCAP ensemble projects decreased mean precipitation and less frequent precipitation during the NAM season in the SWUS and
northwestern MX with good agreement. However, after
an in-depth analysis of the NAM system in the 12
NARCCAP RCMs, we find that the ensemble-mean
precipitation projection lacks credibility. Some of the

No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
6

Yes
Yes
Yes
Yes
No
Yes
No
Yes
No
No
Yes
Yes
8

Yes
No
Yes
Yes
Yes
Yes
No
No
No
Yes
Yes
No
7

‘‘Other’’
description
Drift

Excessive late
summer–fall
precipitation

Drift

No. of
‘‘yes’’ answers
3
1
3
4
2
4
3
5
3
5
7
5

more important features analyzed, and their contribution
to our conclusion on credibility, are summarized in Table
6. Combining this study with results from BUK13, we find
that some of the most credible simulations, regarding their
baseline performance and their projections, are the
HADCM-driven simulations and the HRM3 simulations
(including the implied overlap). These four simulations
also obtain the highest numbers of positive scores in Table
6. However, the HRM3–gfdl contains the undiagnosed
effect of the GFDL ‘‘extended’’ monsoon season, the
MM5I–hadcm contains the similarly undiagnosed effect of
the MM5I ‘‘drift,’’ and the ECP2–hadcm has a strong
precipitation intensity bias, leaving the HRM3–hadcm as
the most credible simulation in the set. This one simulation
projects small but significant decreases in mean precipitation during the core of the NAM season across the
SWUS, small increases in the number of dry days regionally, and an increase in the frequency of the heaviest
precipitation events with a decrease in the frequency of
precipitation of lesser intensities (Figs. 3 and 4; Table 3).
The WRFG–cgcm and CRCM–cgcm simulations could
be considered ‘‘runners up’’ behind the previously described simulations, but they have biases inherited from
the CGCM that cause their projections to be much more
questionable. Given that the WRFG and CRCM perform
well when forced with NCEP for the NAM system, it
would be ideal to complete simulations where they are
forced with a less biased set of GCMs (e.g., HADCM), but
this is outside the scope of this study and the planned set of
NARCCAP simulations. Here, the value added by the
WRFG and CRCM to their coarse-resolution drivers is the
addition of finer-scale forcing and appropriate mesoscale
features (e.g., local orography like the Mogollon Rim and
GoC and RCM-developed circulations like the GoC LLJ),
but this is eclipsed by the problems caused by the biased
boundary conditions from the CGCM (and the CCSM).
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The poorest simulation is the MM5I–ccsm (Table 6).
Note that this simulation includes the large-scale disadvantages of the CCSM (which leads to the lowest
average positive responses in all of the RCMs it forces in
Table 6) along with the relatively poor performance of
the MM5I regarding subregional-scale phenomena (e.g.,
the GoC LLJ). Certainly we discourage the use of the
MM5I–ccsm results in this region for, say, an impacts
analysis.
It is important to note that while our more credible
simulations generally produced a smaller signal for a
decrease in mean NAM precipitation amount by midcentury, this would not necessarily preclude drying in
the region, as temperatures are also projected to rise,
and soil moisture evaporation would increase. Exploring this effect is beyond the scope of this work, however.
The effect of the GCM bias on our RCM simulations
encapsulates the well-known ‘‘garbage in, garbage out’’
effect (e.g., Rummukainen 2010), and it governs four of
the six specifically named features in Table 6. This can be
used to argue that a GCM cannot be too skillful for further downscaling [contrary to a statement in Shindell
et al. (2014) that GCMs ‘‘should not be too skillful. . . or
there will be little opportunity for added value’’] and that
the careful selection of GCMs for downscaling is warranted. However, picking a ‘‘good’’ GCM for downscaling is clearly not a straightforward task, particularly for
large, diverse regions, like the NARCCAP domain.
It has been noted in numerous publications that it is
difficult to evaluate GCM and RCM simulations in order to either eliminate ensemble members (of too poor
quality) or differentially weight them for the sake of
coming up with more robust estimates of future climate
on regional scales (e.g., Gleckler et al. 2008; Knutti et al.
2010; Flato et al. 2013). This problem persists, and we
would likely have a difficult time determining if some of
these NARCCAP simulations should be used for any
purpose over this region aside from general research on
model results. Yet we do believe we have made headway
in applying regional, process-based methods to evaluate
the quality of future projections (Barsugli et al. 2013).
We note that the research described here, albeit very
scientifically rewarding, has also been very time consuming. However, we believe that such intensive investigations are required to make definitive progress in
determining the credibility of climate simulations.
We have determined both the best and the worst
simulations, but it is still difficult to make specific recommendations for the use of a single best model; what
could be done with just one credible simulation remains
problematic. While the NARCCAP matrix was based
on a specific statistical design, still different combinations could have been used that would have been
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consistent with that design (e.g. WRFG-hadcm). This
might have resulted in a greater number of higherquality simulations. An additional approach may be to
undertake an expert elicitation exercise to assemble
a wider range of expert opinions on the quality of the
simulations (e.g., Mearns et al. 2015, manuscript submitted to Bull. Amer. Meteor. Soc.).
Finally, we hope to take what we have learned in this
work with NARCCAP and some of the CMIP3 GCMs
and expand on it in the near future with the CMIP5 and
Coordinated Regional Climate Downscaling Experiment (CORDEX) ensembles.
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