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Abstract The surface air temperature increase in the
southwestern United States was much larger during the last
few decades than the increase in the global mean. While the
global temperature increased by about 0.5 °C from 1975 to
2000, the southwestern US temperature increased by about
2 °C. If such an enhanced warming persisted for the next
few decades, the southwestern US would suffer devastating
consequences. To identify major drivers of southwestern
climate change we perform a multiple-linear regression of
the past 100 years of the southwestern US temperature and
precipitation. We find that in the early twentieth century the
warming was dominated by a positive phase of the Atlantic
multi-decadal oscillation (AMO) with minor contributions
from increasing solar irradiance and concentration of
greenhouse gases. The late twentieth century warming was
about equally influenced by increasing concentration of
atmospheric greenhouse gases (GHGs) and a positive phase
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of the AMO. The current southwestern US drought is
associated with a near maximum AMO index occurring
nearly simultaneously with a minimum in the Pacific dec-
adal oscillation (PDO) index. A similar situation occurred
in mid-1950s when precipitation reached its minimum
within the instrumental records. If future atmospheric
concentrations of GHGs increase according to the IPCC
scenarios (Solomon et al. in Climate change 2007: working
group I. The Physical Science Basis, Cambridge, 996 pp,
2007), climate models project a fast rate of southwestern
warming accompanied by devastating droughts (Seager
et al. in Science 316:1181-1184, 2007; Williams et al. in
Nat Clim Chang, 2012). However, the current climate
models have not been able to predict the behavior of the
AMO and PDO indices. The regression model does support
the climate models (CMIP3 and CMIP5 AOGCMs) pro-
jections of a much warmer and drier southwestern US only
if the AMO changes its 1,000 years cyclic behavior and
instead continues to rise close to its 1975-2000 rate. If the
AMO continues its quasi-cyclic behavior the US SW tem-
perature should remain stable and the precipitation should
significantly increase during the next few decades.

1 Introduction

Climate change in the southwestern US is of concern
because a slight increase in temperature and decrease in
precipitation can transform the semi-arid land into a
desert-like landscape (Seager et al. 2007; MacDonald
2010; Cayan et al. 2010; Williams et al. 2012). The
region has experienced several severe droughts in the
recent and distant past (Woodhouse et al. 2010; Cook
et al. 2010; Touchan et al. 2011; Fawcett et al. 2011;
Oglesby et al. 2012). Current climate models forecast an
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imminent transition to a more arid climate (e.g. Seager
et al. 2007; Williams et al. 2012).

The global climate change is driven by increasing
atmospheric concentration of greenhouse gases (GHGs) as
well as by natural climate variability (Wu et al. 2007,
2011a; Tung and Zhou 2013). While the warming by
increasing GHGs is well captured by climate models
(Solomon et al. 2007), the treatment of natural variability
remains a challenge (Dai et al. 2005; Zhang et al. 2007;
Solomon et al. 2011; Wyatt et al. 2011).

The AMO index which tracks the North Atlantic sea
surface temperature (SST) variability may be tied to the
Atlantic meridional overturning circulation (AMOC) (e.g.
Knight et al. 2005; Mahajan et al. 2011; Yang et al. 2013).
Compo and Sardeshmukh (2009) found that the recent
worldwide land warming has a significant component
originating from warmer oceans rather than being a direct
effect of increasing greenhouse gases. Semenov et al.
(2010) estimated the AMO contribution to post 1970 global
warming to be 0.24 °C. Tung and Zhou (2013) found that
neglecting the AMO leads to an overestimation of the
global mean anthropogenic warming trend during the sec-
ond half of the twentieth century by about a factor of two.
Hansen et al. (http://www.columbia.edu/~ jehl/mailings/
2013/20130115_Temperature2012.pdf) suggested that nat-
ural variability is responsible for over a decade of stable
global mean temperatures since about 2000. On a regional
scale the AMO may account for even a larger fraction of
temperature variability (Polyakov and Johnson 2000;
Chylek et al. 2009, 2010; Mahajan et al. 2011; Humlum
et al. 2011).

State-of-the-art coupled atmosphere—ocean general cir-
culation models (AOGCMs) are limited by an incomplete
understanding of the related physics as well as by the
capacity of even the fastest computers. The extreme com-
plexity of the nonlinear climate system prevents AOGCMs
from providing an unambiguous causal description of cli-
mate. Research establishing a meaningful decadal climate
forecast by properly initiated dynamical models is only
beginning (Yang et al. 2013). In this situation, simplified
semi-empirical and statistical models (e.g. North 1975;
Lean and Rind 2008; Humlum et al. 2011) can provide
valuable insights that may complement the mechanistic
understanding obtained by AOGCMs simulations.

2 Data

In the following we perform multiple linear regression
analysis (Wilks 2006; Lean and Rind 2008; Zhou and Tung
2013) of the southwestern US surface air temperature and
precipitation records using historical radiative forcing and
natural variability indices as predictors. For our analysis we
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consider the southwestern US as a region between latitudes
of 31° and 41°N and longitudes of 102°W and 114°W. This
is an area comprising approximately the states of New
Mexico, Arizona, Colorado, and Utah. Although there are
currently many meteorological stations in the US SW, their
temperature and precipitation records start at different
dates and contain frequent gaps. In the following we use
the data (annual mean temperature and precipitation) pro-
vided by the NOAA National Climate Data Center (NCDC)
at the website (http://www.ncdc.noaa.gov/oa/climate/
research/cag3/nm.html).

The US SW annual temperature and precipitation
(1895-2012) is shown in Fig. 1. The year 2012 was the
warmest and 2003 the third warmest year since beginning
of this instrumental record in 1895. The warmest multi-
year period (5 year moving averages) was centered on the
year 2001. The coldest years occurred between 1912 and
1923. The NOAA NCDC temperature records show that
the US SW has warmed from 1895 to 2012 at an average
rate of 0.08 °C per decade, with much faster warming
during the 1915-1935 (0.46 °C/decade) and 1970-2000
(0.40 °C/decade) periods.

The US SW precipitation was more than two standard
deviations below the average only during the 1950s
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Fig. 1 a Southwestern United States (US SW) temperature, b precip-
itation. Annual data (black), 5 year moving average (red), mean (thick
black) plus or minus two standard deviations for annual data (light
blue) and 5 year moving averages (yellow)
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drought (Fig. 1b). The second lowest precipitation occur-
red in 2002. While the wettest single year was 1941, the
highest multiyear precipitation period was 1981-1985. The
overall precipitation trend (1895-2012) is slightly positive,
however not statistically significant. Thus the US SW has
moved towards a warmer climate with a nearly unchanged
rate of precipitation during the last 118 years. The post
1985 US SW precipitation decrease is not outside the range
of natural variability and in fact a similar decrease occurred
between 1940 and 1955.

The temperature and precipitation history of individual
states within the US SW (NM, AZ. CO, and UT) resemble
closely that of the whole US SW region.

To assemble a set of potential predictors for regression
analysis we consider first the forcing used in the Coupled
Model Inter-comparison Project phase 5 (CMIP5S). These
include anthropogenic radiative forcing by increasing
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Fig. 2 Explanatory variables (predictors) used in our regression
analysis (GHGA—anthropogenic greenhouse gases and aerosols,
AMO—Atlantic multi-decadal oscillation, SOL—solar variability,
ENSO—EIl Nino-Southern Oscillation, PDO—Pacific decadal
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atmospheric concentration of greenhouse gases and aero-
sols (GHGA), total solar irradiance (SOL), volcanic aero-
sols (VOLC), and El Nino Southern Oscillation (ENSO).
The twentieth century combined radiative forcing due to
increasing anthropogenic greenhouse gases and variable
aerosols (GHGA) is taken as prescribed by the CMIP5 RCP
Database Version 2.0.5 at website http://tntcat.iiasa.ac.at:
8787/RcpDb/dsd?Action=htmlpage&page=compare. Vari-
able solar irradiance (SOL) (Foukal 2012) is from Kopp
and Lean (2011), and volcanic aerosols (VOLC) from
Vernier et al. (2011). To avoid observational uncertainty in
the early years of the twentieth century we limit the ana-
lysis to 1910-2012. To remove the year to year weather
anomalies, we smooth all predictors by calculating first the
5 year moving averages (Fig. 2). To select a set of suitable
predictors for the regression analysis we adopt the forward
selection procedure to avoid over-fitting and errors in
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oscillation, VOLC—volcanic aerosol). All predictors are smoothed
by a 5 year moving average, and normalized to zero mean and unit
variance
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regression coefficients caused by highly correlated pre-
dictors (Wilks 2006).

The US SW climate (temperature and precipitation) is
highly correlated with oceanic indices. Therefore we add
two additional “effective forcings” characterizing the
multi-decadal variability of atmosphere/ocean circulation,
namely the Pacific decadal oscillation (PDO), and the
Atlantic multi-decadal oscillation (AMO). Since current
climate models do not reproduce the amplitude and timing
of these oscillations in their forced runs, they are generally
considered to be an intrinsic property of the climate system
that are averaged out in ensemble mean of individual
simulations. Although there are several different ways how
to characterize the Atlantic Ocean variability (Zanchettin
et al. 2013) for our analysis we employ the NOAA
unsmoothed AMO long series from http://www.esrl.noaa.
gov/psd/data/timeseries/ AMOY/.

3 Regression model of the US SW temperature

The considered predictors are listed in Table 1. Although
we start with 102 years of annual temperature data, our
5 year moving averages and the autocorrelation of indi-
vidual time series reduces significantly the number of
independent samples. The effective sample size (Wilks
2006) is reduced to below ten for all the predictors except
the ENSO.

None of the predictors by themselves can account for
more than 59 % of the observed temperature variance
(Table 1). To construct the regression model we consider
first the usual forcing used in climate models consisting of
GHGA, SOL, VOLC and ENSO. This set of predictors can
account for 71 % of the temperature variance (Table 2, line
1). We find that the residual (difference between the
observed and regressed temperature) is correlated with the
AMO (r = 0.64) suggesting that AMO may be a good
additional predictor (Fig. 3a). The inclusion of AMO
increases significantly the fraction of the US SW

Table 1 List of considered explanatory variables (predictors) for
regression analysis of the US SW climate, and their correlation
coefficients, r, with the observed US SW temperature and
precipitation

Predictor r (temperature) r (precipitation)
GHGA 0.77 0.21
SOL 0.52 0.03
VOLC 0.03 —0.32
ENSO 0.31 0.48
AMO 0.65 —0.34
PDO 0.16 0.69
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temperature variance accounted for. Just two of the pre-
dictors (GHGA and AMO) can account for 86 % of tem-
perature variance (Table 2).

We start the stepwise regression (Wilks 2006) with the
GHGA and AMO and add one additional potential pre-
dictor. We use the square of the adjusted correlation
coefficient (Wilks 2006) Rﬁdj, to quantify the goodness of
the regression.

For three predictor combinations (Table 2) we find the
highest Rﬁdj = 0.87 for a set of GHGA, AMO, and SOL.
Other three predictor sets do not increase the fraction of
temperature variance accounted for above that achieved by
the GHGA and AMO alone. The addition of the ENSO to
this triplet leads to the Ridj = 0.88. Finally the five pre-
dictor set of GHGA, AMO, SOL, ENSO, and PDO reaches
Rﬁdj = 0.89. The relative contribution of the GHGA and
AMO is a robust results of our analysis which is inde-
pendent of the regression model chosen as long as the
GHGA and AMO are among the explanatory variables. For
further analysis we consider the regression model based on
the three predictor set (GHGA, AMO and SOL) as a suit-
able compromise between complexity and accuracy (with a
correlation coefficient r = 0.94 and Rﬁdj = 0.87).

The past US SW temperature (in °C) can be now
approximated (using corresponding regression coefficients)
by a linear regression

T(t) = 11.13 4+ 0.29GHGA (t) +0.24AMO(t) +0.07SOL(1)
(1)

where each dimensionless predictor is normalized to zero
mean and unit variance.

Table 2 Considered regression models of the US SW temperature

n k SW Temperature predictors Rgdj
1 4 GHGA, SOL, VOLC, (ENSO) 0.71
2 2 GHGA, AMO 0.86
3 3 GHGA, AMO, SOL 0.87
4 3 GHGA, AMO, (VOLC) 0.85
5 3 GHGA, AMO, ENSO 0.86
6 3 GHGA, AMO, PDO 0.85
7 4 GHGA, AMO, SOL, ENSO 0.88
8 4 GHGA, AMO, SOL, (VOLC) 0.87
9 4 GHGA, AMO, SOL, (PDO) 0.87
10 5 GHGA, AMO, SOL, ENSO, (VOLC) 0.88
11 5 GHGA, AMO, SOL, ENSO, (PDO) 0.89
12 6 GHGA, AMO, SOL, ENSO, PDO, (VOLC) 0.89

The n is the model number, k is the number of predictors in the given
model, and Rﬁdj (Wilks 2006) provides the fraction of the observed
temperature variance accounted for by the given model. The paren-
thesis around the acronym of an explanatory variable indicates that
the predictor is not statistically significant at p = 0.05 significance
level
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To check how the regression coefficients depend on the
uncertainty of the predictors, we have added to each pre-
dictor time series (GHGA, AMO, SOL) annual value ran-
dom numbers (zero mean and standard deviation of 0.1)
and repeated the regression reconstruction. The regression
coefficients appearing in Eq. (1) changed slightly to: 11.13,
0.31, 0.23, and 0.04. Thus the considered uncertainty of
about 10 % in the predictor values does not change sig-
nificantly the results of our analysis (specifically they do
not change the relative contributions of the GHGA and
AMO).

To demonstrate that our results do not depend on the
exact source of the data, we have also reconstructed the US
SW temperature using meteorological stations data. We
used all the stations within US SW that are used in the
NASA GISS temperature analysis and that have at least
90 % complete annual mean temperature for the years
1920-2012. This temperature set produced a very similar
regression results with the ratio of the GHGA to AMO
regressions coefficients of 1.23 compared to 1.21 obtained
with the NOAA NCDC data.

The regression reconstructed temperature with two
(GHGA and AMO) or three (GHGA, AMO, and SOL)
predictors, and the observed US SW temperature are shown
in Fig. 3b while contributions of individual predictors to
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Fig. 3 a Residual of the regression model with the known radiative
forcing and ENSO as predictors (black) and the AMO index (blue).
b US SW observed temperature (red) and its regression reconstruction
using GHGA and AMO as predictors (black) or GHGA, AMO, and
SOL (blue). ¢ Individual contributions to the US SW temperature

the US SW temperature are shown in Fig. 3c, d. According
to our regression analysis the early twentieth century US
SW warming (1915-1935) and the following cooling per-
iod (1955-1975) were dominated by the AMO with only
minor contributions from GHGA and SOL. The contribu-
tions to the post 1975 warming trend were about equally
divided between the GHGA and AMO (Fig. 3c, d). A
variability of solar irradiance (SOL) had only a minor
influence on the late twentieth century US SW warming.

A relative apportion of temperature between the AMO
and GHGA is a robust result that does not depend on the
final selection of predictors as long as the AMO and GHGA
are among them. Even when only the AMO and GHGA are
used the Rﬁdj decreases only to 0.86 (Table 2). We have
also analyzed a smaller version of the US SW consisting
just of AZ and NM as well as individual states alone. We
found identical conclusions with only minor differences in
the proportion of the GHGA and AMO in explaining the
temperature time series.

4 US SW temperature projection until 2050

Assessment of future climate change in the US SW is
needed for planning future developments, water

US SW Temperature Anomaly
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availability, and forest management. Currently the climate
models (CMIP3 and CMIP5 simulations) serve as basic
tools for this task. Although climate models are quite
successful in reproducing the past global and continental
scale temperature variability, their application to regional
climate is less reliable (Kerr 2013; van Oldenborgh et al.
2013). The same reservation applies to nested regional
climate models or dynamical downscaling by regional
models that are forced by boundary conditions produced by
AOGCMs simulations.

To supplement projections provided by the coupled
atmosphere—ocean climate models we use the above
regression reconstruction of the US SW temperature to
assess possible changes for the next few decades. To esti-
mate the future temperature changes using the above
regression equation we need the future projection of the
AMO, SOL, and GHGA forcing. For the GHGA we use the
CMIPS prescribed path RCP4.5 leading to 487 ppm of CO,
by the year 2050. Although some other studies use the
RCP8.5 to demonstrate maximum warming and the most
devastating consequences, we consider the RCP4.5 sce-
nario to be the closest what we can expect with an average
CO, concentration increase of about 2 ppm/year. The
future solar variability is not expected to be substantially
different from the variability observed within the last four
to five solar cycles, thus a repetition of the past four cycles
is a reasonable assumption.

Predicting the future behavior of the AMO is more
problematic. Although there have been several attempts to
deduce the past AMO behavior (Latif et al. 2004; Delworth
and Mann 2000; Keenlyside et al. 2008; Ting et al. 2009;
Chylek et al. 2011, 2012; Knudsen et al. 2011) its future
evolution is uncertain. Booth et al. (2012) based on the
HadGEM2-ES earth system model simulation suggested
that the twentieth century observed Atlantic variability was
caused by anthropogenic aerosols. However, Zhang et al.
(2013) showed that this assumed aerosol driver is not
compatible with the observed twentieth century North
Atlantic variability. Also paleoclimate data (e.g. Delworth
and Mann 2000; Gray et al. 2004; Chylek et al. 2011, 2012)
showing a long time persistence of the AMO does not
support an anthropogenic cause of the twentieth century
AMO cycle.

Instead of relying on a particular model we consider
three AMO scenarios that should bracket the possible
range. In the first case we assume that the AMO cycle will
not be significantly affected by increasing anthropogenic
activities and that the next cycle will be similar to the one
observed within the twentieth century with the cycle length
of about 65 years (Schlesinger and Ramankutty 1994;
Chylek et al. 2010). In this scenario the future AMO is a
repetition of its past from the peak in 1943 (case [1] in
Fig. 4a). As the second scenario we assume that the GHG
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induced warming will destroy the AMO oscillating char-
acter and that in the future the AMO index will remain
constant at its current value (case [2]). Finally in the third
scenario the AMO index continues to grow similarly to its
growth during the 1970-2010 time span (case [3] in
Fig. 4a). Based on the past AMO experience (e.g. Delworth
and Mann 2000; Gray et al. 2004; Chylek et al. 2011, 2012)
we assign a high probability to the case of the AMO
continuing its cyclic behavior with a cycle length of
60-70 years and a low probability to the case of AMO
continuing to rise at its post 1975 rate.

These three AMO extensions (Fig. 4a) are combined
with specified projections of GHGA and SOL, and our
regression equation is used to obtain three projections for
the future (up to 2050) US SW temperature (Fig. 4b). For
comparison we also show the CMIPS ensemble mean of
the US SW temperature projection for the RCP4.5
pathway.

The repetition of the 65 year AMO cycle suggests the
US SW temperature in 2050 to be close to its current value
(case [1] in Fig. 4b). A constant AMO (case [2]) suggests
warming of about 1 °C, while a continually increasing
AMO (case [3]) leads to a warming of about 2 °C which is
comparable to the CMIP5 ensemble mean projection.

5 Southwestern US precipitation

A similar regression analysis was performed on the
southwestern US precipitation. The correlation coefficients
between the US SW precipitation and individual explana-
tory variable are listed in Table 1. The usual set of climate
influence variables (GHGA, SOL, VOLC, and ENSO)
accounts only for 26 % of the precipitation variance
(Table 3). Therefore we consider again the two additional
predictors representing oceanic influences in the form of
the AMO and PDO indices.

When all the predictors (GHGA, SOL, VOLC, ENSO,
AMO, and PDO) are included the regression model
accounts for 61 % of the observed precipitation variance,
however, only the PDO, AMO and ENSO are statistically
significant at p = 0.05 significance level (the PDO and
AMO are statistically highly significant at p < 0.01).

We start our forward selection procedure with this pair
of highly significant predictors (PDO and AMO) which
accounts for 59 % of the observed US SW precipitation
variance. Adding the ENSO to the set of explanatory
variables increases the fraction of accounted for variance to
62 %, while all three predictors remain statistically sig-
nificant. Adding any other combination of predictors to the
PDO, AMO, and ENSO does not increase the accounted for
fraction of variance beyond 62 %, and none of added
predictors becomes statistically significant (Table 3). Thus
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Fig. 4 a Instrumental era AMO (black), and three considered cases
of its future projection: [/] repetition of the 65 year cycle (blue), [2] a
constant at the present AMO value (green), and [3] continuation of
the 1975-2010 increasing trend (red). b Regression reconstruction of
the US SW temperature (black), and three different projections of the
US SW temperature ([/], [2], [3]) based on the three considered AMO
future projections. The observed US SW temperature (SWT gray) and
the CMIP5 ensemble mean (yellow) with the RCM4.5 pathway are
also shown. All data are the 5 year moving means. ¢ 95 % confidence
level (thin lines) for regression model and cases [/] and [3] of the
temperature projection

we consider the set of three predictors (PDO, AMO, and
ENSO) to be the most efficient set for regression analysis
of the US SW precipitation. However, since we are inter-
ested to see an effect of anthropogenic greenhouse gases
and aerosol on precipitation, we will also consider the
predictor configuration with GHGA added to the set.

The observed precipitation of the southwestern US, its
regression reconstruction and the ensemble mean of the
CMIPS5 models (decreased by 27 cm/year) are shown in

Table 3 Considered regression models of the US SW precipitation

n k SW precipitation predictors Ridj
1 4 VOLC, ENSO, (SOL, GHGA) 0.26
2 2 PDO, AMO 0.59
3 3 PDO, AMO, ENSO 0.62
4 3 PDO, AMO, (SOL) 0.59
5 3 PDO, AMO, (VOLC) 0.60
6 3 PDO, AMO, (GHGA) 0.60
7 4 PDO, AMO, ENSO, (GHGA) 0.62
8 4 PDO, AMO, ENSO, (VOLC) 0.62
9 4 PDO, AMO, ENSO, (SOL) 0.62
10 6 PDO, AMO, ENSO, (GHGA, VOLC, SOL) 0.61

The n is the model number, k is the number of predictors in the given
model, and Rgdj provides the fraction of the observed precipitation
variance accounted for by the given model. The parenthesis around
the acronym of an explanatory variable indicates that the predictor is
not statistically significant at p = 0.05 significance level

Fig. 5a. Contributions of individual explanatory variables
to the US SW precipitation for cases of three (PDO, AMO,
and ENSO) and four (GHGA added to the three) predictors
are shown in Fig. 5b, c. The partition of precipitation
between the predictors is not sensitive to details of the final
configuration of explanatory variables. Anthropogenic
gases and aerosols have essentially no direct effect on the
US SW precipitation (Fig. 5b). They can still affect the
precipitation indirectly through their influence on the PDO
and AMO, however, such effect if it exists is currently not
understood. The highest Rﬁdj = 0.62 is common to the
above stated three or four predictors as well as to other
cases listed in Table 3.

Contributions of individual predictors provide an insight
into the two recent drought episodes (1950s and 2010) of
the US SW. In our four or three-predictor regression model
(Fig. 5b, ¢) the main cause of the early drought (1950s)
was related to a rapid decrease of the PDO contribution,
while the AMO contribution was already close to its
minimum for over a decade. The current drought is again
produced by low values of both the PDO and AMO con-
tributions, with the PDO contribution not yet as low as it
was in 1950s. Also, the current drought is slightly mod-
erated by a higher ENSO contribution compared to its
1950s value. The effect of anthropogenic GHGA was
negligible during both dry periods.

6 PDO/AMO correlation

To estimate the future US SW precipitation using the above
regression analysis we need to estimate the future values of
the individual predictors. For the anthropogenic input
(GHGA) we use the CMIP5 RMC4.5 pathway which is
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Fig. 5 a Observed US SW precipitation (red) compared to the four
predictor regression model (black) and the ensemble mean of the
CMIP5 models (green). The three predictor model (thin red curve) is
visially indistinguishible from the four predictor model (black).
b Contribution of four predictors to the US SW precipitation.
¢ Contribution to the US SW precipitation from predictors of the three
predictor regression model

designed to simulate a moderate rate of GHG increase. For
ENSO we assume a cyclic repetition of its behavior from
1975 to 2010. Finally for the AMO we assume the same
three alternatives as considered in Fig. 4a. Making an
independent estimate of the future PDO is a problem.
However, Wu et al. (2011b) noticed a lag anti-correlation
between the PDO and AMO with the AMO index leading
the PDO by about 12 years. Figure 6a presents the AMO/
IPDOI correlation coefficients for PDO lag of up to
15 years. The maximum correlation is indeed observed at a
12 years lag with r = 0.78. The AMO and PDO (lagged by
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Fig. 6 a Lag correlation coefficients between the AMO and PDO.
b Normalized AMO and PDO (with 12 years lag) indices

12 years) normalized indices (zero mean and unit variance)
are shown in Fig. 6b. By using this relation, observed first
by Wu et al. (2011b), we avoid the necessity to make an
independent assumption concerning the future PDO index.
We just replace the PDO index at year X by the AMO
index with a lag of 12 years

PDO(X) = —~AMO(X — 12) (2)

and consider the three AMO cases as was done earlier
(Fig. 4a). The physical processes responsible for this
AMO/PDO connection are not yet understood (Wu et al.
2011b).

7 Future US SW precipitation

Using the above specified projection of the predictors
needed for the US SW precipitation regression model, we
can estimate the future precipitation. Figure 7 shows
expected precipitation for the three cases of the AMO
index. All three cases suggest a continuation of the present
dry spell for the next few years (3-5). After that a decrease
in the US SW precipitation (red curve in Fig. 7) occurs
only in the case of the AMO index continuing to increase at
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the rate similar to its 1970-2000 increase. A repetition of
the AMO 60-70 year cycle observed during the twentieth
century suggests a return to higher precipitation levels
reaching a maximum around the year 2050 (blue curve in
Fig. 7). A constant AMO index implies an almost constant
precipitation (green curve in Fig. 7) close to the current
value. Based on our earlier discussion and strong evidence
for a cycling AMO long time before any significant
anthropogenic influence, we assign a high probability to the
case of an oscillating AMO which suggests an increase in
US SW precipitation within the next few decades.

8 Discussion and conclusion

A multiple linear regression analysis of the twentieth
century US SW climate suggests a strong oceanic influence
on both the southwestern US temperature (from the AMO)
and precipitation (from the PDO and AMO). About a half
of the recent (post 1975) US SW warming trend can be
attributed to the anthropogenic influences of increasing
atmospheric concentration of greenhouse gases and aerosol
variability (GHGA), with the remaining half being due to a
positive phase of the AMO. The US SW precipitation has
been dominated by oceanic influences (PDO and AMO)
with no direct effect due to anthropogenic greenhouse
gases and aerosols (GHGA). This of course does not
exclude a possibility that the GHGA affects the AMO and
PDO.

To estimate the future US SW climate evolution using
the regression model we need to make an assumption
concerning the future AMO behavior. The situation that we
consider most likely is the repetition of a cyclic behavior
that was observed during the twentieth century (Schle-
singer and Ramankutty 1994) as well as during the

US SW Precipitation
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Fig. 7 Regression model projection of the US SW precipitation for
the three cases of the assumed AMO behavior (Fig. 3a): [/] repetition
of a 60-70 year cycle (blue), [2] constant AMO index (green), and [3]
continuation of post 1975 rising trend (red). A 95 % confidence levels
are shown for cases [/] and [3]

previous hundreds of years (Delworth and Mann 2000;
Gray et al. 2004; Chylek et al. 2011, 2012). The regression
model with a continuing AMO cyclic behavior suggests a
stable temperature close to its present level and increasing
precipitation within the next two to three decades.

A rising AMO index at the rate comparable to its
1975-2005 increase would bring harsh climatic conditions
to the southwestern US. Projected temperature would
increase by 2050 by about 2 °C above the current level (a
warming similar to that predicted by the ensemble mean of
the CMIP5 simulations) and precipitation would decrease
by an additional 30 % compared to the current conditions.
A strong warming and severe drought predicted on the
basis of the ensemble mean of the CMIP climate models
simulations (Seager et al. 2007; Williams et al. 2012) is
supported by our regression analysis only in a very unlikely
case of the continually increasing AMO at a rate similar to
its 1970-2010 increase.

There is substantial evidence to support future AMO
cyclic behavior. Instrumental records of central England
temperature (Tung and Zhou 2013), tree rings (Delworth
and Mann 2000; Gray et al. 2004) and ice core analysis
(Meeker and Majewski 2002; Chylek et al. 2011, 2012;
Henriksson et al. 2012) demonstrate the existence of the
AMO cycles for many hundreds and possibly thousands
of years when anthropogenic influences were negligible.
Ice core analysis suggests a shorter AMO quasi-period-
icity (about 20 years) during the Little Ice Age and a
longer periodicity in the Medieval Warm Period (Chylek
et al. 2012). Atmosphere—Ocean coupled climate models
(Metha and Delworth 1995; Griffies and Bryan 1997,
Delworth and Knutson 2000; Dong and Sutton 2001; Wei
and Lohmann 2012; Mahajan et al. 2011; Henriksson
et al. 2012; Yang et al. 2013; Escudier et al. 2013;
Zanchettin et al. 2013) as well as simplified conceptual
ocean models (Frankcombe and Djikstra 2011), or sta-
tistical harmonic models (Humlum et al. 2011; Mazzarella
and Scafetta 2012; Scafetta 2012) suggest a future per-
sistent AMO like multi-decadal oscillation. Based on this
evidence of the past behavior we expect the AMO to
retain its cyclic behavior during the twenty-first century
with a cycle length of 60-70 years.

It seems that the AMO index may have reached its peak
around 2005 and started to turn downward (Fig. 4) but still
in a positive AMO phase. Within a few years we should be
able to see more clearly if this was a real turning point or
only a temporary pause.

The US SW temperature and precipitation are strongly
influenced by the AMO and PDO. The fact that the CMIP
simulations ensemble mean can reproduce the 1970-2010
US SW temperature increase without inclusion of the AMO
(the AMO is treated as an intrinsic natural climate vari-
ability that is averaged out by taking an ensemble mean of
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individual simulations) suggests that the CMIP5 models’
predicted US SW temperature sensitivity to the GHG has
been significantly (by about a factor of two) overestimated.
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