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Atlantic-Pacific influence on western U.S. hydroclimate and

water resources
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The El Niflo Southern Oscillation (ENSO) in the tropical Pacific Ocean is an important driver of winter precipitation variability over
western North America as a whole, but ENSO exhibits a weak and inconsistent relationship with precipitation in several critically
important headwaters including the upper Colorado River Basin. We present interactions between North Atlantic sea surface
temperatures (SSTs) and ENSO that influence western U.S. precipitation, accounting for substantial variability in areas where ENSO
alone yields limited guidance. Specifically, we performed a statistical analysis on hemispheric SSTs and western U.S. winter
precipitation in a century of observations and a 10,000-year perpetual current-climate simulation. In both frameworks, the leading
coupled pattern is ENSO, and the second pattern links an Atlantic Quadpole Mode (AQM) of SST variability to precipitation
anomalies over most of the western U.S., including the transition zone where ENSO provides little predictability. The AQM SST
anomalies are expansive in latitude, but its primary mechanism appears to involve a strengthening/shifting of the intertropical
convergence zone (ITCZ) over northern South America and the tropical Atlantic. The ENSO pattern accounts for a larger fraction of
the total covariance between SSTs and precipitation (65% versus 12% for the AQM pattern), but the percent anomalies of
precipitation associated with ENSO and the AQM are comparable in magnitude, meaning 20% or larger over much of the western
U.S. The interaction between ENSO and AQM influences precipitation across the western U.S., with cold AQM generally reducing
precipitation irrespective of ENSO whereas warm AQM increases the amount of precipitation and the area of influence of ENSO;

knowledge of these interactions can increase predictability of western U.S. precipitation.
npj Climate and Atmospheric Science (2023)6:139; https://doi.org/10.1038/s41612-023-00471-7

INTRODUCTION

Water resources in western North America rely on the seasonal
cycle of snow accumulation over winter and melt each spring’ 2.
There is mounting evidence that climate change is altering the
timing of snow accumulation, rate of snow melt, and the fraction
of precipitation falling as rain or snow?, all of which will require
changes in the management of western water resources. The
impacts of climate change however, are superimposed on high
interannual, decadal, and multi-decadal variability in precipitation,
the drivers of which are poorly understood for much of the West.
The largest source of variability in annual streamflow and water
supply in these mountain catchments is the amount of precipita-
tion that falls in any given winter'®", For example, the coefficient
of variability (ratio of standard deviation to mean) is 0.86 for
winter snowfall in the western U.S., which accounts for 85% of
annual precipitation'2. This historic variability in precipitation has
challenged water resource management for decades'>'%; under-
standing the drivers of this variability is a critical knowledge gap
underlying more efficient management of water resources. Recent
work has documented a coherent, quasi-decadal periodicity in
precipitation-driven groundwater recharge in both Utah and
Colorado''®, emphasizing the importance of multi-year inte-
grated precipitation as a driver of streamflow anomalies.

The effects of tropical Pacific Ocean sea surface temperatures
(SSTs) on the hydroclimate of the western U.S. have been studied
for decades'’~%, and these investigations focus mainly on
variability of the El Nifio Southern Oscillation (ENSO). ENSO results
in a north-south precipitation dipole where the northwestern U.S.
tends to be drier than average and the southwestern U.S. tends to

be wetter than average during El Nifio years while during La Nifa
years these precipitation anomalies are reversed?®?3, During the
warm phase (El Nifio), the enhanced sensible and latent heating in
the central tropical Pacific excites a poleward and eastward
propagating Rossby wave. An intensification and eastward shift is
seen in the Aleutian low, a semi-permanent feature of the North
Pacific winter climate, and results in above average precipitation,
snowpack, and streamflow in the southwestern U.S5.2%24,

Observations and modeling studies indicate that North Atlantic
SST variability is dominated by a multidecadal mode, which
features like-signed anomalies across the basin, referred to as the
Atlantic Multidecadal Oscillation (AMO) or Atlantic Multidecadal
Variability (AMV)?>25, AMV has been associated with hemispheric-
scale precipitation anomalies?” and a mode of circum-hemispheric
atmosphere-ocean-sea ice interactions?®, One possible mechan-
ism for far-reaching effects of the Atlantic is modulation of ENSO
by the AMO*2°77 Decadal to multidecadal Atlantic variability
contributes to the occurrence of persistent dry and wet periods
across the western U.S., and correlation analyses indicate relations
between persistent droughts (pluvials) and North Atlantic warm-
ing (cooling) and tropical and eastern Pacific cooling (warm-
ing)?>3%31 North Atlantic SSTs have also been associated with
variability of North American hydroclimatic variables such as
spring snowpack, annual streamflow, and multiyear base-
flow?>30-3538-50 " Analysis of these relationships in conjunction
with atmospheric circulation indicates that western U.S. snowpack
and Atlantic SSTs are correlated with changes in the jet stream
and equatorial westerlies®’.

Skillful prediction of western U.S. hydroclimate is increasingly
important in the context of projected climate change and
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Fig. 1

ENSO pattern. The first mode of coupled variability (M;) between SSTs and western-U.S. precipitation, where SSTs lead December-

March precipitation by one month. a The M; SST pattern (homogeneous correlation of SA SST with S;). b S; correlation with Zs40 (shading) and
with outgoing longwave radiation (contoured south of 30°N at 0.2 interval with negative values dashed and zero contour suppressed). ¢ The
M, precipitation pattern (homogeneous correlation of precipitation with P;). d The M; indices S; and P; with their correlation statistics.
Stippling on maps indicates shaded correlations significant at the 95% confidence level, and magenta boxes in (a) and (c) indicate the MCA

analysis domain.

contemporary drought®2. Given the well-established role of ENSO
in western U.S. precipitation and the potential of Atlantic SSTs to
also influence regional hydroclimate, the objective of this study is
to evaluate potential interactions between the two that may
influence water resource availability. Specifically, we combine
observations with a 10,000-year perpetual present-day global
climate model simulation to investigate how the Atlantic impacts
western U.S. hydroclimate, including its potential role in modulat-
ing ENSO.

RESULTS
Coupled modes

The first mode of coupled variability between winter precipitation
and SSTs (M,) is the familiar ENSO pattern linking above-average
tropical east-central Pacific SSTs (Fig. 1a) to a dry-north/wet-south
precipitation dipole over the western U.S. (Fig. 1c). This leading
pattern was derived from lagged Maximum Covariance Analysis
(MCA; Methods) between December-March precipitation with SST
leading it by one month (November-February) to capture the
delayed response of the atmosphere®3. The squared covariance
fraction (SCF) of this mode is 0.65, meaning it accounts for 65% of
the squared covariation between the variables. The associated
300-hPa geopotential height (Z3q0) pattern shows the canonical
poleward and eastward propagating Rossby wave, producing a
strong trough in the northeast Pacific (Fig. 1b) responsible for the
positive precipitation anomalies in the southwestern U.S. (Fig. 1c).
This mode’s indices of SST (S;) and precipitation (P;) reflect strong
interannual variability with Pearson correlation r(S;, P;) = 0.54,
p <0.01 (Fig. 1d).

The second coupled mode (M,; SCF=0.12) accounts for SST
variability most strongly in the Atlantic (Fig. 2a), and we refer to
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this as the Atlantic Quadpole Mode (AQM) because it has four SST
anomalies which alternate in sign—two in the North Atlantic and
two flanking the equator in the tropics. Positive values of the AQM
SST index S, correspond to the Warm AQM and negative values
correspond to the cold AQM (Fig. 2d). The M, pattern has a weak
El Nino-like signature in the tropical Pacific, but M, and M, are
statistically orthogonal, meaning the singular vectors that define
them have zero dot product by definition.

M, captures precipitation variability across much of the West
Coast and intermountain U.S., including the transition
zone between the wet and dry anomalies associated with ENSO
(Fig. 2¢). These transition areas encompass regionally important
water resource areas including the headwaters of the Colorado
River Basin, The Great Basin, and the central Sierra Nevada
mountain range. The M, Z3o, pattern features a trough-ridge
dipole over the Gulf of Alaska into Canada, shifted east relative
to the M, dipole, with weaker correlations in the tropical Pacific
(Supplementary Fig. 1). Correlation between the M, indices S,
and P, is r=0.54 (p<0.01), matching that of the M; mode.
These first two modes together account for 77% of the squared
covariation between SST and precipitation. The SCF of Ms was
0.07 and this mode is not considered further here.

Precipitation patterns

The M, coupled mode generates the familiar wet-north/ dry-south
pattern of La Nifia years and wet-south/ dry-north pattern of El
Nifio years (Fig. 1c and Supplementary Fig. 2a, b). These ENSO
precipitation anomalies provide little predictability in the transition
zone between the anomalously wet and dry regions over western
North America. The AQM patterns are a complement to ENSO,
providing significant precipitation anomalies in the ENSO transition
zone, with the Warm AQM corresponding to anomalously wet
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Fig. 2 AQM pattern. Same as Fig. 1 but for the second mode of coupled variability (M,) referred to as the Atlantic Quadpole Mode (AQM).
a The M, SST pattern. b S, correlation with Z3o0 (shading) and with outgoing longwave radiation (contoured south of 30°N at 0.2 interval with
negative values dashed and zero contour suppressed). ¢ The M, precipitation pattern (homogeneous correlation of precipitation with P,).

d The M, indices S, and P,, and the AMO index.

conditions and the Cold AQM corresponding to anomalously dry
conditions (Fig. 2c and Supplementary Figs. 2¢, d).

Considering various combinations of ENSO and the AQM reveals
some important interactions between the two modes in which the
AQM alters the alignment or strength of the seasonal precipitation
impacts of ENSO (Fig. 3). During El Niflo, Warm AQM shifts the zero
precipitation anomaly transition zone north and expands the region
of above average precipitation (Fig. 3c vs. Fig. 3b). The associated
atmospheric circulation change is a strengthening and eastward
shift of the Aleutian Low (Fig. 1b; Supplementary Fig. 3¢). Cold AQM
shifts the transition zone south and expands the region of below
average precipitation (Fig. 3a vs. Fig. 3b) in conjunction with a
weakening of the Aleutian Low’s response to ENSO (Supplementary
Fig. 3a). Previously ambiguous precipitation anomalies in the
transition zone extending west to east from northern California
through northern Colorado, become drier (wetter) during the cold
(warm) AQM.

During La Nifia, the warm phase of the AQM extends the
transition zone farther south (Fig. 3i vs. Fig. 3h), increasing the
extent and magnitude of the above average precipitation anomaly.
The cold phase of the AQM extends the transition zone farther north
(Fig. 3g vs. Fig. 3h), increasing the extent and magnitude of the
below average precipitation anomaly. During La Nifa and Neutral
AQM, the classic La Nifa Gulf of Alaska ridge is evident
(Supplementary Fig. 3h), and Cold AQM strengthens this ridge
(Supplementary Fig. 3g). Warm AQM tends to shift the Gulf of Alaska
ridge west (Supplementary Fig. 3i), consistent with the expanded
region of above-average precipitation anomalies (Fig. 3i).

The barcharts in Fig. 4 summarize how the AQM alters
precipitation in basins where ENSO provides limited predictabil-
ity—Northern California, Great Basin, and Upper Colorado.
Precipitation anomalies tend to be weak in these three basins
during neutral AQM, exhibit larger positive values during warm
AQM, and shift toward negative values during cold AQM.

Published in partnership with CECCR at King Abdulaziz University

Multi-millennial climate simulation

To complement the observational results and provide a much
larger sample size for the coupled variability analysis, we analyzed
a multimillennial (10,000-year) present-day climate control simula-
tion performed with a fully coupled configuration of the
Geophysical Fluid Dynamics Laboratory (GFDL) Climate Model,
Version 2.1°%>>, MCA on the simulation produced an ENSO-like
leading mode of variability (GFDL M,, Supplementary Fig. 4)
similar in spatial pattern to that found in observations; spatial
correlation between the observed and simulated M, singular
vectors was 0.88 for SST and 0.75 for precipitation. The associated
time series of SST (S;) and precipitation (P,) exhibited correlation
comparable to observations (r=0.61, p < 0.01; Supplementary Fig.
4d). However, GFDL M; had a substantially larger SCF (0.95)
compared to the observed M, (0.65), indicating a more dominant
role for ENSO-like variability in the GFDL simulation. This contrast
in SCF is consistent with prior findings on the strength of ENSO
relative to observations in this model®®.

The second coupled mode (GFDL M,) captured the Gulf of
Alaska trough with wetter than average conditions extending
eastward into the Intermountain U.S. (Supplementary Fig. 5b, c).
The SST pattern in GFDL M, (Supplementary Fig. 5a) featured a
quadpole structure over the Atlantic similar to but less well
defined than in observations. GFDL M, captured the SST anomaly
north of the equator in the Atlantic, but the cross-equatorial
dipole is not as clearly present, and a stronger dipole appeared in
the western tropical Pacific. The spatial correlation between the
observed and simulated M, singular vectors was 0.59 for SST and
0.78 for precipitation. The associated time series S, and P,
exhibited correlation somewhat smaller than observations
(r=0.41, p<0.01; Supplementary Fig. 5d).

The SCF for GFDL M, is 0.04, meaning this second mode
accounts for essentially all of the covariation orthogonal to the
ENSO mode (i.e., 0.95 + 0.04 = 0.99). In observations, the SCF for
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the first two MCA modes totals a more modest 0.65 + 0.12 = 0.77.
Although the SCF magnitudes and partitioning contrasted
between observations and the GFDL simulation, the control of
these modes on western U.S. precipitation was more comparable.
To illustrate, we consider the correlations between precipitation
and the indices P; and P, (shading in Figs. 1c and 2c for
observations and Supplementary Figs. 4c and 5c for the model);
for M,, spatially averaging the absolute correlation over the
magenta boxes yielded |F| = 0.36 in observations and |r| = 0.31 in
the model; for M, this yielded |r| = 0.27 in observations and |r| =
0.14 in the model. The correlation between the MCA indices was
also more comparable: r(S;, P;) is 0.54 in observations versus 0.61
in the model; r(S,, P,) was 0.54 in observations versus 0.41 in the
model (Figs. 1d and 2d and Supplementary Figs. 4d and 5d).

Composite precipitation anomalies for GFDL M; and M,
considered separately align well with observed patterns (compare
Supplementary Figs. 6 and 2). Composite precipitation anomalies
for different combinations of GFDL M; and M, (Fig. 5) are
consistent with corresponding observed patterns (Fig. 3) but
smoother because of the larger sample size. The canonical ENSO
north/south precipitation dipole is present in the neutral phase of
the AQM (Fig. 5b and h). As in observations, the AQM shifts the El
Nifio dipole north to produce wetter conditions during Warm
AQM and south to produce drier conditions during Cold AQM
(upper row, Fig. 5). The AQM shifts the La Nifa dipole north to
produce drier conditions during Cold AQM and south to produce
wetter conditions during Warm AQM (lower row, Fig. 5).

Published in partnership with CECCR at King Abdulaziz University

DISCUSSION

As a dominant mode of climate variability, ENSO is ingrained in
our understanding and prediction of western-U.S. hydroclimate.
The AQM mode we identify here is an effective complement to
ENSO because it accounts for precipitation anomalies where
predictability from ENSO is weak, and this desirable property of
the AQM arises in part from the orthogonality provided by MCA. In
observations and the multi-millennial climate simulation, the AQM
is linked to significant precipitation anomalies during neutral
ENSO and also north-south shifts in the ENSO precipitation dipole
during El Nifo and La Nifa. The appearance of a pattern
resembling the observed AQM in our multi-millennial current
climate simuation suggests that the physics of this mode do not
require transient anthropogenic forcing. However, tree-ring
reconstructions caution that this region’s prominent contempor-
ary cycles in precipitation may not have been stable features over
the past six centuries®’, suggesting that the patterns we study
here are characteristic of anthropogenically modified climate.
The extratropical portion of the AQM SST pattern resembles the
first mode of North Atlantic variability obtained via empirical
orthogonal function analysis, which has been described as
featuring a “quadpole pattern” in prior work®8, The extratropical
SST signature of the AQM also features a “horseshoe” pattern (red
shading, Fig. 2a) characteristic of the AMO or AMV more generally.
However, the AQM index S, is not significantly correlated with the
AMO index (r<0.01, p>0.90), reflecting differences in timescale
and phase apparent in Fig. 2d. It is interesting that the AQM
appears in our multi-millennial climate simulation without
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transient anthropogenic forcing; in contrast, AMO-like multi-
decadal oscillations are largely absent in unforced climate model
simulations, suggesting that AMV is a combination of natural
multidecadal variability and anthropogenic forcing®®°.

Considering the extratropical portion of the AQM, the dominant air-
sea interaction over the North Atlantic is forcing of the ocean by the
atmosphere®'. The preceding draws attention to the tropical portion of
the AQM SST pattern. This appears consistent with prior research
concluding that tropical North Atlantic (TNA) SST variability modulates
North American precipitation based on an atmospheric model’s
response to observed versus climatological TNA SSTs%2. The AQM
pattern features a dipole flanking the mean Intertropical Convergence
Zone (ITCZ) resembling what is known as the Atlantic Meridional Mode
(AMM)®3, and the correlation between S, and the AMM index is modest
but statistically significant (r = 0.37, p < 0.01). Mechanistically, the AMM
SST pattern is paired with surface cross winds that traverse the equator
and shift the I[TCZ%*, and the correlation of tropical outgoing longwave
radiation (OLR) with S, (green contours, Fig. 2b) features a dipole
between West Africa and the Caribbean indicative of a northwest shift
in the ITCZ during Warm AQM paired with increased convection over
the central tropical Pacific.

We have a one-month lag incorporated into the statistical
analyses presented here so that SST leads the precipitation patterns,
allowing for a response time of the atmosphere to the ocean>>. In a
sensitivity test, we found that similar results were obtained with SST
leading precipitation by zero months, two months and three
months (Supplementary Fig. 7). Southern tropical Atlantic warming
may also be important at longer lead times, contributing to
predictability of water supply shortages in the Colorado River at
multi-year timescales®®. Although the Atlantic mechanism explored
here is physically plausible, causality is challenging to infer from
observations and fully coupled GCM experiments alone, motivating
additional boundary forcing experiments to investigate causal
mechanisms in the AQM teleconnection.

METHODS
Observations

For SSTs, we utilized the Hadley Centre Sea Ice and SST data set
(HadISST)®® Version 3 for 1869-2019 on a 1° grid. Precipitation data for
the western U.S. were obtained from Global Precipitation Climatology
Center (GPCC)%”8 for 1891-2019. These GPCC data are gauge-based
values interpolated onto a 0.5° grid. From the Twentieth Century
Reanalysis®® (20CR) Version 3, we used ensemble mean 300-hPa
geopotential heights (Z3p0) and outgoing longwave radiation (OLR)
for 1891-2015. The resultant period for the MCA of SST and
precipitation was 1891-2019. Correlations displayed based on 20CR
were for the overlapping period 1891-2015. All fields were averaged
over the months December-March (or November-February for SST),
the least-squares linear trend was then removed, and results were
labeled with the year in which March occurred. SSTs were averaged
over November-February to lead the December—March precipitation
data by one month.

The AMO Index was obtained from the Climate Analysis Section
of NCAR and was defined as the area average of detrended low-
pass filtered North Atlantic HadISST anomalies’®. Monthly AMO
index values were averaged over November-February for
consistency with the averaging period we used for the Hadley
SST data in the MCA. The AMM index®® was obtained from NOAA
PSL and averaged over November-February (overlap with our
analysis period is winters 1948-2015).

Multi-millennial climate simulation

To complement the observational results and provide a much
larger sample size for the coupled variability analysis, we analyzed
a multi-millennial (10,000-year) present-day climate control
simulation®*>> performed with a fully coupled configuration of

npj Climate and Atmospheric Science (2023) 139

the GFDL Climate Model, Version 2.17'. Greenhouse gases, ozone
concentrations, and other external forcings were held constant at
1990 levels to remove the confounding effects of transient climate
change. The simulation was performed on a 2° latitude by 2.5°
longitude horizontal grid. After discarding a spin-up period, there
were 7990 years used focusing on monthly mean SSTs, Z3, and
precipitation.

Statistical methods

We identified modes of coupled variability using maximum
covariance analysis (MCA), also known as singular value decom-
position (SVD)”2. In this application, the left field was hemispheric
SST from 10°S-70°N (magenta box in Fig. 1a), and the right field
was western-U.S.  precipitation (domain  30°S-50°N and
125°W-100°W, magenta box in Fig. 1c). To prevent spatial
heterogeneity in precipitation variance from heavily influencing
the results, the time series of SST and precipitation were
standardized to have zero mean and unit standard deviation at
each grid point, meaning the elements of the spatial cross-
covariance matrix (C) were correlations”>,

In the n™ MCA mode (M,), S,, was the time series index of SST
variability and was the projection of SST onto the n'" left singular
vector of C. P, was the time series index of precipitation variability
in M,, and was the projection of precipitation onto the n™ right
singular vector of C. Homogeneous correlation maps were used to
show the SST and precipitation spatial patterns associated with
M,,, meaning the correlation of SST at each grid point with S, and
the correlation of precipitation at each grid point with P,. The
squared covariance fraction (SCF) indicates the portion of the total
covariation between SST and precipitation captured by a MCA
mode. The MCA modes were arranged so that M; had the largest
SCF, and subsequent modes had progressively smaller SCFs. In this
study, the first two MCA modes were presented.

Correlations, anomalies, and trends were tested for significance
at the 95% confidence level using t-tests assuming one degree of
freedom per year. All calculations were performed in MATLAB™*
and maps were produced using its Mapping Toolbox.

DATA AVAILABILITY

Data analyzed here that are publicly available were obtained from the following
sources: HadISST Version 3 from https://www.metoffice.gov.uk/hadobs/hadisst/,
GPCC from https://psl.noaa.gov/data/gridded/data.gpcc.html, 20CR Version 3 from
https://psl.noaa.gov/data/20thC_Rean/, and AMO index from NOAA PSL at https:/
psl.noaa.gov/data/timeseries/AMO/. Due to its large size, the multi-millennial,
perpetual-climate GFDL simulation is archived at NERSC and can be made available
upon request.
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