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Abstract The early-to mid-Pliocene (5.3–3 Ma), characterized by warmer temperatures and similar
CO2 concentrations to present day, is considered a useful analog for future warming scenarios. Geological
evidence suggests that during the Pliocene, many modern-day desert regions received higher levels of rainfall
and supported large perennial lakes and wetter vegetation types. These wetter conditions have been difficult
to reconcile with model predictions of 21st century drying over most subtropical land regions. Using an
atmospheric General Circulation Model, we show that underestimates of Pliocene rainfall over certain areas
in models may be related to insufficient sea surface temperature (SST) warmth simulated over relatively local
eastern boundary current regions. When SSTs off the coast of California are raised to more closely match some
proxy reconstructions, rainfall increases over much of adjacent western North America. Over the southwestern
USA, this increased rainfall is mainly due to a convergent monsoonal circulation that develops over late boreal
summer. A smaller wintertime increase in precipitation also occurs due to differences in rainfall associated with
midlatitude cyclones. Wetter land conditions are expected to weaken upwelling-favorable coastal winds, so
that increased rainfall caused by coastal SST warming suggests a positive feedback that could help sustain wet,
Pliocene-like conditions.
1. Introduction
The early to middle Pliocene (5.3–3 Ma) was the most recent epoch of prolonged global warmth relative to modern day. Proxy records point to several notable differences between Pliocene and modern-day climates. The Pliocene was characterized by strongly polar-amplified warming (Dowsett et al., 1994; Thompson & Fleming, 1996),
with slightly smaller Antarctic ice sheets and minimal Northern Hemisphere ice coverage (Ravelo et al., 2004).
The mean east-west sea surface temperature (SST) gradient in the tropical equatorial Pacific may have been
weaker (Chaisson & Ravelo, 2000; Dekens et al., 2008; Dowsett & Robinson, 2009; Wycech et al., 2020) and
some studies suggest it was similar to that during modern El Niño events (K. T. Lawrence et al., 2006; Molnar &
Cane, 2002, 2007; Ravelo et al., 2006; Wara et al., 2005). The character of the east-west equatorial SST gradient,
however, continues to be debated (O’Brien et al., 2014; Tierney et al., 2019; Zhang et al., 2014).
More relevant to the specific goals of this work, some proxy reconstructions indicate that during the early-to
mid-Pliocene, SSTs near midlatitude coastal upwelling zones, such as along the California coast, may have been
as much as 9°C warmer than modern day (Brierley et al., 2009; Dekens et al., 2007; LaRiviere et al., 2012).
This indicates that coastal upwelling may have functioned differently during the Pliocene. Coastal upwelling
in the modern climate is driven by upwelling-favorable surface winds, which are geostropically balanced by
the contrast between the subtropical highs (regions of high surface pressure over oceans at around 20°S–40°S
and 20°N–40°N), and the lower surface pressures over the warm, dry, western continental regions. This leads to
alongshore wind stress parallel to shore, which causes offshore Ekman transport and cold upwelling from below.
This upwelling forms a strip of cold water along the eastern side of major ocean basins, for instance, within the
California, Canary, Humboldt, and Benguela upwelling systems. Although coastal upwelling at high rates occurs
within tens of kilometers of the shore, the cold SST signal extends hundreds of kilometers offshore, with a decay
scale set by the balance between Ekman transport and damping by air-sea fluxes and radiative adjustment (Spall
& Schneider, 2016).
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the anomalously warm Pliocene SSTs in these regions. One idea is that the
SST anomalies in these regions could have been due to weaker upwelling
winds caused by a different large-scale Pliocene SST (Arnold & Tziperman, 2016; Li et al., 2019), or by a wetting of the coastal areas near these
upwelling zones (Fu et al., 2021). Alternatively, a deeper thermocline would
inhibit the upwelling of deeper, colder water (Boccaletti et al., 2004; Philander & Fedorov, 2003), although a study using an idealized ocean model
that resolves the coastal upwelling system suggests that weaker winds are
also necessary (Miller & Tziperman, 2017). Model-data mismatches along
coastal upwelling zones may be related to insufficient model resolution, as
high model resolution in both the atmospheric and ocean components is necessary to accurately simulate upwelling systems (Capet et al., 2004; Gent
et al., 2010; Grodsky et al., 2012; Kurian et al., 2021; Miller & Tziperman, 2017; Small et al., 2015).

Figure 1. Topographic map of the western United States showing Pliocene
lakes and other sites where lacustrine deposits or fossil finds indicate
wetter environments than today. Pollen and megaflora fossils call for a
drier environment than today at Oak Grove, but wetter at Cache Valley and
Sonoma (e.g., Minnich, 2007; Thompson, 1991; Thompson & Fleming, 1996;
Wolfe, 1990). Abundant lacustrine sediment with fish fossils and pollen
suggestive of moist environments attest to a large lake, Lake Idaho, that had
formed before 3.7 Ma and lingered until ∼3 Ma (e.g., Forester, 1991; Leopold
& Wright, 1985; Smith, 1987; Smith & Patterson, 1994; Thompson, 1996).
Diatoms, pollen, and ostracods attest to a wetter environment in Tulelake
than today (Adam et al., 1989, 1990; Thompson, 1991), but ostracods and
other organisms in lacustrine sediment dated to 4.8 at Alturas suggest little
difference from today (Forester, 1991). Pliocene lacustrine sediment, in some
cases with pollen, mega-plant fossils, and fossils of animals, suggestive of
environments wetter than those today, have been reported from numerous
inland sites: the Salt Lake Formation in Lake Bonneville cores (Davis &
Moutoux, 1998; Kowalewska & Cohen, 1998; Thompson, 1991) and Cache
Valley (Brown, 1949; Thompson, 1991; Wolfe, 1990); Rhodes Salt Lake,
Clayton Valley, and Lakes Russell and Rennie (Reheis et al., 2002); Verde
Valley (Forester, 1991; Thompson, 1991); Donnelly Ranch (Hager, 1974;
Thompson, 1991), Santa Fe Group in the Rio Grande Rift (Bartolino
& Cole, 2002; Brister & Gries, 1994; Connell et al., 2013; Galusha
& Blick, 1971), and Hueco Bolson (Collins & Raney, 1994; Stuart &
Willingham, 1984). Hay et al. (1986) used the chemistry of caliche and related
deposits to infer marshland and ponds in the Amargosa Desert, as did G.
A. Smith (1994); Smith et al. (1993) for the San Pedro Valley. A large lake
occupied the Alamosa Basin throughout much of Pliocene and Quaternary
time (Machette et al., 2013). Knott et al. (2018) showed shorelines of a number
of Pliocene Lakes in the Death Valley-Owens Valley region: Lake Russell,
the predecessor to Mono Lake, Lake Manley, Owens, China, Searles Lakes,
and other small lakes. Spencer et al. (2013) reported widespread lacustrine
sediment that seemed to occupy a series of early Pliocene lakes (Blythe,
Mojave, Havasu, and Hualapai) along the modern Colorado River valley in
California-Arizona. Petrified wood from the Anza Borrego Desert suggests a
wetter climate there (Remeika et al., 1988).

Over land, there exists geological evidence of wetter subtropical land conditions throughout the Pliocene. Western North America was wetter, with
sedimentary evidence of large perennial lakes in Colorado (Machette
et al., 2013), Southwestern Idaho (Forester, 1991), and the Death Valley and
Lower Colorado River regions of eastern California (Knott et al., 2008; Knott
et al., 2018; G. I. Smith, 1984). Paleobotanic evidence also indicates higher levels of rainfall to the south of the Oregon-California border (Thompson, 1991; Thompson & Fleming, 1996). Figure 1 shows a map summarizing
evidence of Pliocene lakes over the western United States (the figure appears
as Figure S1 in Fu et al., 2021). Overall, global climate was characterized
by wetter subtropical continents, with many modern-day subtropical desert
regions apparently far less arid during Pliocene time (Burls & Fedorov, 2017;
Pound et al., 2014; Salzmann et al., 2008). For a more comprehensive summary of the global geological evidence, see Fu et al. (2021) and references therein. Previously proposed explanations for wetter Pliocene conditions
over the subtropics include atmospheric teleconnections from a warmer
Eastern Equatorial Pacific (the so-called “permanent El Niño” mechanism
mentioned above; Ibarra et al., 2018; Molnar & Cane, 2002, 2007; Winnick
et al., 2013). Other studies have additionally considered the role of reduced
zonal and meridional SST gradients, which can lead to Hadley cell weakening and reduced moisture divergence over the subtropics (Burls & Fedorov, 2017). Searles (2008) performed a modeling study that prescribed SST
warmth along coastal regions and found wetter environments adjacent to all
four present-day eastern boundary currents. They used an older and coarser
atmospheric model and did not examine the seasonal structure of the precipitation enhancement nor its mechanisms.

In this article, we investigate the effect of warm coastal SSTs near upwelling
zones on the hydroclimate over the adjacent subtropical continent. Neither
coupled General Circulation Models (GCMs) forced by Pliocene-like boundary conditions (Dowsett et al., 2012; Fedorov et al., 2013; Feng et al., 2020),
nor commonly used full-field reconstructions of Pliocene SSTs (e.g., the Pliocene Research, Interpretation and Synoptic Mapping project; Dowsett &
Robinson, 2009) reflect marked warmth along subtropical coastal upwelling
regions, although such warmth is seen in some proxy records from studies
done at individual Ocean Drilling Program (ODP) sites, such as Site 1012
(Brierley et al., 2009), Site 1014 (Dekens et al., 2007), and Sites 1010 & 1021 (LaRiviere et al., 2012). We will
therefore explore the implications of SST warming along the California coast to climate over western North
America by prescribing plausible patterns of warmth along the California Current in an atmospheric GCM.
We demonstrate that the inclusion of enhanced coastal SST warming leads to increased rainfall over the nearby
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southwestern United States, helping to reconcile the wetter Pliocene subtropical conditions with projections of
21st century drying (Seager et al., 2007; Seager & Vecchi, 2010).
In Section 2, we introduce our methodology, including model configuration and procedure for prescribing coastal
SST warming. Section 3 describes our results, including analysis of the atmospheric moisture budget and storm
tracks. We conclude and discuss implications for the understanding of Pliocene climate in Section 4.

2. Methods
2.1. Model Configuration
For our study, we use the NCAR Community Earth System Model (CESM) version 1.2.2.1 with the Community
Atmosphere Model version 5.3 as the atmospheric component (Neale et al., 2012). The Community Land Model
version 4.0 (D. M. Lawrence et al., 2011) is used, with all orbital parameters set to modern values; bulk aerosols
are prescribed and the chemistry package is disabled. All simulations are run at approximately 1° horizontal resolution (0.9° × 1.25°) with 30 vertical levels. Modern topography, a reasonable approximation for Pliocene values,
and modern land surface types, are used in all simulations for simplicity. All simulations are run for 100 yr, with
the initial 5 yr discarded to allow for spin-up.
A simulation representing modern-day conditions (experiment Modern) is run with a CO2 concentration of 355
ppm and prescribed HadISST SSTs (Hurrell et al., 2008), whereas a simulation representing Pliocene conditions
(experiment PRISM) is run at a presumed Pliocene CO2 concentration of 405 ppm (Haywood et al., 2010), with
prescribed SSTs from PRISM3 representative of mid-Piacenzian conditions (Dowsett & Robinson, 2009). Next,
we perform two simulations, as in experiment PRISM, except with modified SST boundary conditions. In these
experiments, SSTs along the California margin are adjusted to more closely match early-to mid-Pliocene SSTs
inferred at ODP sites 1010, 1012, 1014, and 1021 (experiments PRISM135W and PRISM150W).
2.2. SST Modification
Both HadISST (representing modern conditions) and PRISM3 SSTs are characterized by a relatively broad southward intrusion of cold SSTs off the coast of California (Figures 2a and 2b). This pattern is associated with the
California Current, an Eastern Boundary Current flowing southward along the west coast of North America. The
current is associated with cold surface temperatures due to a combination of alongshore advection of subarctic
waters, offshore Ekman transport leading to upwelling of cold subsurface waters, as well as positive wind stress
curl leading to additional upwelling farther offshore from the near-coastal strip. The fact that proxy reconstructions of the early-to mid-Pliocene SST along the California coast show temperature differences of as much as
+9°C (Brierley et al., 2009; Dekens et al., 2007; LaRiviere et al., 2012) indicates that this southward intrusion of
cold SSTs may have been much weaker, if not absent, during the early-to mid-Pliocene.
We begin with the PRISM3 SST (Figure 2a). For each month in this data set, the meridional SST profile at the
135°W meridian is obtained for the PRISM135W experiment, and at the 150°W meridian for PRISM150W. SSTs to
the east of this meridian, if lower, are replaced by their corresponding value at the same latitude; otherwise they
remain unchanged. This procedure is performed starting from 135°W/150°W eastward to the California coast
between the latitudes of 10°N and 60°N. This generates two modified SST patterns that are virtually independent
of longitude over the eastern part of the subtropical Eastern Pacific (Figure 2a, white contours) and unchanged
over the rest of the Earth.
The SST differences resulting from the procedure described above are largest around 35°N near the coast, but
they decay offshore over a scale hundreds of km (Figures 2c and 2d). The resulting SST difference for PRISM150W
is larger in magnitude and spatial scale than for PRISM135W, as the contours are flattened starting from farther
offshore. The annual-mean SST difference between PRISM and Modern near the location of ODP Site 1014
off the California margin without modification is around +2°C; the adjustment performed here results in a total
SST difference of around +6°C between PRISM150W and Modern and +4.5°C between PRISM135W and Modern,
making the SST field more consistent with the approximately +7°C–9°C-SST difference inferred from proxy reconstructions during the early-to mid-Pliocene (Brierley et al., 2009; Dekens et al., 2007; LaRiviere et al., 2012).
The plausibility of the prescribed SST patterns will be discussed further in Section 4.
FU ET AL.

3 of 15

Paleoceanography and Paleoclimatology

10.1029/2021PA004357

Figure 2. (a) Annual mean PRISM SST (shading), PRISM150W SST (solid white contours), and PRISM135W SST (dashed white contours). (b) Difference between
PRISM and Modern SST. (c) Difference between PRISM135W and PRISM SST. (d) Difference between PRISM150W and PRISM SST.

2.3. Reanalysis
For model-data intercomparison, we use monthly averaged precipitation and evaporation fields from the ERA-5
global reanalysis (Hersbach et al., 2020) over the period of 1979–2019.

3. Results
Increased coastal temperatures are found to have a wetting effect on the southwestern USA. The prescribed coastal SST warming is sufficient to transform regions of the American Southwest from regions of hyperaridity to
potential watershed areas characterized by small, but positive precipitation minus evaporation (P − E) values. We
proceed by first analyzing the annual mean hydrological cycle, and then studying monthly and seasonal rainfall.
To better understand the cause of the precipitation differences, we also study the atmospheric moisture budget
and midlatitude cyclone tracks.
3.1. Annual-Mean Precipitation
Figure 3a shows the annual-mean precipitation over North America in the Modern experiment. In this simulation,
much of the southwestern USA receives less than 1 mm/day rainfall on average. As a result, there exist near-zero
or negative values of precipitation minus evaporation (P − E) over these areas, corresponding to extreme aridity.
Precipitation differences between PRISM and Modern are positive south of 30°N, as shown in Figure 3b. Over
the southwestern USA, however, differences are small and not of consistent sign, with negative values along the
California coast. The large-scale SST differences between PRISM and Modern are therefore not sufficient to
explain the wetter Pliocene conditions inferred over much of western North America. A comparison of annual-mean climatologies between the Modern CESM simulation and ERA5 reanalysis is also provided in Figure
S1 in Supporting Information S1 , showing that CESM reproduces the observed annual-mean precipitation and
P − E patterns over this region.
FU ET AL.
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Figure 3. (a) Annual mean Modern precipitation over North America. (b) Precipitation difference between PRISM and Modern. (c) Precipitation difference between
PRISM135W and PRISM. (d) Precipitation difference between PRISM150W and PRISM. (e, f) As in (c, d), but for differences in P − E rather than P. Stippling indicating
differences significant to a 95% confidence level from the two-tailed t test. Southwest Region (SWR) shown by the solid black contour over land.

When warmer SSTs are prescribed along the coast (experiments PRISM135W and PRISM150W), rainfall increases
∼20%–40% over the southwestern USA, with some regions receiving an extra 0.5–1 mm/day of precipitation
(Figures 3c and 3d). The region of statistically significant rainfall increase is large in extent and covers most of
the areas where Pliocene lakes were inferred (Figure 1). Furthermore, the excess precipitation leads to increased
P − E over much of western North America (Figures 3e and 3f). PRISM135W, the experiment with a smaller SST
increase, leads to differences of smaller magnitude compared to PRISM150W, but of a similar spatial pattern. The
mechanisms for increased precipitation caused by the prescribed coastal warming turn out to differ between summer and winter, so we next consider monthly rainfall over the southwestern USA.
3.2. Monthly Precipitation
Rainfall in the southwestern USA is known to vary seasonally (e.g., rainfall associated with the North American
Monsoon; Adams & Comrie, 1997), so we investigate the seasonality of rainfall and evaporation in our experiments. To analyze monthly rainfall, we define a domain, referred to as the Southwest Region (hereafter referred to
as the SWR). It is a box extending meridionally from 32°N to 41°N, and bounded by the 110°W meridian on the
east, and the California coast on the west. The SWR is visualized by the solid black contour over land in Figure 3.
FU ET AL.
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We plot in Figure 4a the seasonal variation in rainfall averaged over the
SWR. The seasonal precipitation from ERA5 reanalysis is also included for
comparison in the dashed black curve. Compared to Modern, PRISM shows
increased summertime rainfall but reduced precipitation over winter and
spring. As we will show shortly, this is due to differences in storm tracks
and summertime moisture convergence. The annual-mean rainfall, however,
does not differ significantly over this region between PRISM and Modern.
Compared to PRISM, the PRISM135W and PRISM150W simulations show elevated precipitation rates throughout the year (of around 20% and 40% respectively), with the largest increases over late boreal summer. Due to the
high potential evapotranspiration over the arid Southwest, evaporation rises
accordingly when elevated precipitation occurs (Figure 4b). It is possible that
the large-scale atmospheric moisture divergence, influenced by the SST, also
contributes to increased evaporation. However, the net effect is characterized by increased P − E associated with warmer SSTs offshore (Figure 4c),
especially during the summer and winter seasons, and is consistent with the
statistically significant differences shown in Figures 3e and 3f.
3.3. Moisture Budget
To investigate the mechanisms behind precipitation minus evaporation
(P − E) differences quantitatively, consider the time-averaged atmospheric
moisture budget:
𝑝𝑝

𝑠𝑠
1
∇⋅
𝑃𝑃 − 𝐸𝐸 = −
𝑞𝑞 𝑞𝑞𝑞𝑞𝑞𝑞𝑞
𝑞
(1)
∫0
𝑔𝑔𝑔𝑔𝑤𝑤

Figure 4. Seasonal hydrological cycle over the Southwest Region (SWR,
as shown by the solid black contour in Figure 3). ERA5 reanalysis shown in
the dashed black curve. (a) Monthly average precipitation rate over the SWR.
(b–d) As in (a), but for evaporation rate, P − E, and surface moist static energy
(MSE) over the SWR respectively.

In this equation, the overbar refers to a temporal average, ps is the surface
𝐴𝐴
𝐴𝐴𝐴 is the horizontal wind, g is the gravitational acceleration, and ρw
pressure,
is the density of water. This equation states that averaged over time, precipitation minus evaporation in an atmospheric column must be balanced by
the column-integrated convergence of moisture. We proceed by evaluating
the June-July-August (JJA) and December-January-February (DJF) moisture
budgets individually. The difference in moisture convergence between PRISM150W and PRISM is plotted in Fig𝑝𝑝
𝐴𝐴
⟨∗⟩ ≡ 1∕(𝑔𝑔𝑔𝑔𝑤𝑤 ) ⋅ ∫0 𝑠𝑠 ∗ 𝑑𝑑𝑑𝑑),
ure 5a for JJA. Differences in the RHS of Equation 1, denoted as −∇ ⋅ ⟨𝑞 𝑣⟩
⃗ (where
𝐴𝐴 of 𝑃𝑃 − 𝐸𝐸 , with agreement in sign over most areas. The mismatches, which
are found to match the spatial pattern
may arise from the calculation of divergences using centered finite differences, are shown in Supporting Information S1. The similar spatial pattern and general agreement in sign indicate that the atmospheric moisture budget
is sufficiently closed for the purposes of this study. We proceed to separate the right-hand side of Equation 1 into
its mean and eddy components:
𝑝𝑝

𝑝𝑝

𝑝𝑝

𝑠𝑠
𝑠𝑠
𝑠𝑠
1
1
1
∇⋅
∇⋅
∇⋅
−
𝑞𝑞 𝑞𝑞𝑞𝑞𝑞𝑞
𝑞 =−
𝑞𝑞 ⃗𝑣𝑣𝑣𝑣𝑣𝑣 −
𝑞𝑞 ′ ⃗𝑣𝑣′ 𝑑𝑑𝑑𝑑𝑑
(2)
∫
∫
∫
𝑔𝑔𝑔𝑔𝑤𝑤
𝑔𝑔𝑔𝑔𝑤𝑤
𝑔𝑔𝑔𝑔𝑤𝑤
0
0
0

The first term on the RHS of Equation 2 represents the convergence of moisture by the mean flow (hereafter referred to as “mean convergence”), whereas the second term corresponds to the convergence of moisture by eddy
fluxes (hereafter referred to as “eddy convergence”). Next, we use Equation 2 to diagnose
𝐴𝐴
𝑃𝑃 − 𝐸𝐸 differences.
During the boreal summer, much 𝐴𝐴
of the 𝑃𝑃 − 𝐸𝐸 difference between PRISM150W and PRISM in the southwestern
USA is related to enhanced mean convergence (Figure 5c), and eddy convergence for PRISM150W is smaller than
that for PRISM (Figure 5e). The overall spatial pattern is dominated by enhanced P − E over Mexico and the
American Southwest, with reductions in P − E north of around 40°N (Figure 5a).
Given the dominance of the difference in mean moisture convergence for the JJA moisture budget (Figure 5c),
we further decompose the difference in mean moisture convergence into its dynamic and thermodynamic components as follows:
FU ET AL.
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Figure 5. Decomposition of the atmospheric moisture budget into mean and eddy terms, defined in Equation 2. (a)
𝐴𝐴 in 𝑃𝑃 − 𝐸𝐸 between PRISM150W and PRISM over June-July-August (JJA). (b) As in (a), but for December-JanuaryDifference
February (DJF). (c) Difference in the mean moisture convergence over JJA. (d) As in (c), but for DJF. (e) Difference in eddy
moisture convergence over JJA. (f) As in (e), but for DJF. Colorbar limits in panels (c and e) differ from those in other panels.

(
)
𝑝𝑝𝑠𝑠
𝑝𝑝𝑠𝑠
𝑝𝑝𝑠𝑠
1
1
1
∇⋅
∇⋅
∇⋅
−𝛿𝛿
𝑞𝑞 𝑣𝑣𝑣𝑣𝑣𝑣
⃗
≈−
𝑞𝑞𝑞𝑞 𝑣𝑣𝑣𝑣𝑣𝑣
⃗ −
𝑣𝑣𝑣𝑣𝑞𝑞𝑞𝑞𝑞𝑞
⃗
(3)
∫0
∫0
∫0
𝑔𝑔𝑔𝑔𝑤𝑤
𝑔𝑔𝑔𝑔𝑤𝑤
𝑔𝑔𝑔𝑔𝑤𝑤

where δ represents the difference between the PRISM150W and PRISM experiments, and differences in horizontal
wind and specific humidity are assumed to be small compared to the mean. The first term on the right hand side
of Equation 3 reflects differences in moisture convergence caused by changes in the horizontal wind field, and
will be called the dynamic component (δDYN). The second term, which is driven by differences in specific humidity, is called the thermodynamic component (δTH). A plot of the sum of δDYN and δTH, a comparison of the
sum to the mean convergence, and δDYN and δTH shown separately is provided in Figure 6. The decomposition
of the mean convergence into two terms shows that the dynamic component plays a role in enhanced mean moisture convergence near the coast (Figure 6c), whereas the thermodynamic process is dominant further inland (Figure 6d). Dynamically, the increased mean convergence over the SWR can be attributed to enhanced summertime
convection. This is related to the enhanced surface moist static energy (MSE) over the region (Figure 4d), which
reflects reduced atmospheric stability and more favorable conditions for low-level convergence (Emanuel, 1994).
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Figure 6. Decomposition of the difference in JJA mean moisture convergence between PRISM150W and PRISM into dynamic
(−∇ ⋅ ⟨𝑞𝑞𝑞𝑞
̄ 𝑞𝑞⟩)
𝑞 and thermodynamic
𝐴𝐴
(−∇ ⋅ ⟨𝑣𝑣𝑣𝑣
̄ 𝑣𝑣⟩)
𝑣 components. (a) Sum of δDYN and δTM, which is approximately equal to
−𝛿∇ ⋅ ⟨𝑣̄ 𝑞⟩
̄ as shown in Figure 5c. (b) Residual between −𝛿∇ ⋅ ⟨𝑣̄ 𝑞⟩
̄ and the sum of δDYN and δTM. (c) Dynamic component
of the difference in mean moisture convergence (δDYN). (d) Thermodynamic component of the difference in mean moisture
convergence (δTM).

𝐴𝐴
𝑃𝑃 − 𝐸𝐸 differences averaged over DJF. The spatial pattern
𝐴𝐴 of 𝐴𝐴(𝑃𝑃 − 𝐸𝐸) during DJF is quite difFigure 5b shows
ferent from JJA, with moistening observed from roughly 30°N to 50°N. Regions south of 30°N, including much
𝐴𝐴
𝑃𝑃 − 𝐸𝐸 . Decomposition of moisture convergence into its mean
of Mexico, are instead characterized by reduced
and eddy components shows greater mean convergence over Northern California and the Pacific Northwest in
PRISM150W than PRISM, but less than that for PRISM over most of the southwestern USA and northwestern
Mexico. DJF eddy convergence for PRISM150W, however, is greater than that for PRISM over nearly all of western North America, except for some regions over parts of Mexico and farther east. Therefore, the greater winter
rainfall over the southwestern USA in PRISM150W than PRISM can be mainly attributed to greater eddy moisture
convergence. Similar differences, of smaller magnitude, are seen in the PRISM135W experiment (Figure S3 in
𝐴𝐴
𝑃𝑃 − 𝐸𝐸 and moisture convergence for PRISM135W is shown in
Supporting Information S1). The residual between
Figure S4 in Supporting Information S1.

3.4. Track Analysis
Increased eddy convergence during winter suggests that midlatitude cyclones may play an important role in
excess wintertime precipitation. We perform feature tracking of atmospheric cyclone trajectories using TRACK,
an objective feature detection algorithm. TRACK applies a spectral filter to 6-hourly instantaneous sea level pressure (SLP) data by decomposing SLP into spherical harmonics and setting total wave numbers smaller than six
to zero (Hodges, 1996). The algorithm then detects filtered trajectories of atmospheric cyclone centers, which are
required to persist for at least 1 day and translate at least 1,000 km horizontally. When computing the density of
cyclone tracks, cyclone frequencies are normalized by bin area to be in units of km−2 yr−1. This results in a track
density estimate that is independent of model resolution.
We first plot the climatological cyclone track densities over JJA (Figure 7a) and DJF (Figure 7b), with track
density in shading and mean cyclone trajectory velocity shown in arrows. TRACK is able to detect both tropical
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Figure 7. (a) JJA cyclone track density and mean cyclone translation velocity for PRISM. (b) As in (a), but for DJF. (c) JJA track density difference between PRISM
and Modern simulations. (d) As in (c), but for DJF. (e) JJA track density difference between PRISM150W and PRISM simulations. (f) As in (e), but for DJF.

cyclones and midlatitude cyclones; we observe large track densities south of 30°N during JJA, corresponding to
trajectories of eastern North Pacific tropical cyclones. As tropical cyclones are shown not to play a major role in
the moisture budget over the SWR (Figure 8), we instead focus on midlatitude cyclones, which show considerable differences in their track densities between JJA (Figure 7a) and DJF (Figure 7b). During winter, midlatitude
cyclones occur further to the east, near the coast of the Pacific Northwest and their trajectories exhibit a strong
northeastward translation over the East Pacific. On the other hand, during JJA, midlatitude cyclones are virtually
absent off the coast of western North America and exhibit a much smaller translation speed, thus not playing a
major role in the JJA moisture budget.
To verify the role that cyclones play in eddy moisture convergence, we identify the days with precipitation over
the SWR exceeding the 95th percentile during JJA and DJF. The track density for cyclones occurring during
these 95th percentile precipitation days is computed, and seasonal climatology track density is subtracted away to
provide anomalies in track densities associated with strong precipitation events in JJA (Figure 8a) and DJF (Figure 8b). The same procedure is performed for PRISM (Figures 8c and 8d) and PRISM150W (Figures 8e and 8f). Superimposed on Figure 8 is the anomaly surface wind field (arrows) during the 95th percentile precipitation days.
The results show that wintertime precipitation over the southwestern USA is associated with cyclonic circulation
FU ET AL.
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Figure 8. (a) Anomaly surface wind field (arrows) and anomaly cyclone track density during 95th-percentile precipitation
days over the SWR for JJA. (b) As in (a), but for DJF. (c–d) As in (a–b), but for PRISM. (e–f) As in (a–b), but for PRISM150W.
(g) Vertically integrated precipitable water for PRISM for DJF. (h) Difference in vertically integrated precipitable water for
DJF between PRISM150W and PRISM.

and elevated track densities over the Pacific Northwest around 45°N and 120°W. The surface wind field associated with these cyclones is perpendicular to shore along the California coast (Figure 8b), such that the cyclones
advect moister offshore parcels toward the continental interior. On the other hand, summertime precipitation is
not clearly attributable to either midlatitude or tropical cyclones. This is consistent with Figure 5, which showed
that increased summer precipitation is caused by higher mean, rather than eddy convergence.
Compared to Modern, wintertime midlatitude cyclone tracks for PRISM are shifted polewards (Figure 7d). This
explains why in Figure 4a, wintertime precipitation is lower in PRISM compared to Modern (and in projections
of future climates, e.g., Seager & Vecchi, 2010). During the summer, more tropical cyclones occur in PRISM150W
compared to PRISM (Figure 7e) over the subtropical Eastern Pacific. These, however, are not expected to strongly affect the moisture budget. During the winter, slightly more cyclones occur in PRISM150W compared to PRISM
around the Pacific Northwest, in the region associated with 95th percentile precipitation events (Figure 8b).
Perhaps more importantly, these storms advect surface air parcels onshore from the region of elevated SSTs,
characterized by higher specific humidity by the Clausius-Clapeyron relation (Figures 8g and 8h). The increased
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column moisture and higher storm track density help explain the enhanced eddy convergence shown in Figure 5f
that is responsible for greater DJF precipitation for PRISM150W than PRISM.

4. Discussion and Conclusions
We have shown that SST warmth prescribed over relatively restricted regions off the coast of the California
margin are sufficient to increase precipitation over southwestern North America. We first show that PRISM3,
a commonly used Pliocene SST proxy reconstruction, when used to force an atmospheric GCM, does not simulate significantly increased precipitation over southwestern North America as was inferred from observations
(Forester, 1991; Knott et al., 2008; G. I. Smith, 1984; Thompson, 1991; Thompson & Fleming, 1996). When
coastal SSTs are raised to values in better agreement with proxy reconstructions, much of western North America
receives increased mean rainfall throughout the year. In particular, over the southwestern USA, a large monsoonal
precipitation anomaly develops during late boreal summer in response to increased surface MSE and results in
enhanced summertime mean atmospheric moisture convergence. During the winter, rainfall increases slightly,
and instead results from an increased number of cyclones off the coast of the Pacific Northwest, which also advect
more moisture onshore. The annual-mean precipitation differences due to the raised coastal SSTs are sufficient
to transform regions of the southwestern USA from regions of hyperaridity, like that at present, to regions characterized by small, but positive P − E, which may better support the vegetated ecosystems and wetter land types
that existed during the Pliocene. The results we found are consistent with the annual-mean results shown in the
earlier modeling study by Searles (2008). They are also consistent with the correlation of rainfall over the western
US with the warm phase of the Pacific Decadal Oscillation, a mode of natural variability associated with warm
SSTs along the California coast (Mantua & Hare, 2002).
Fu et al. (2021) demonstrated that wetter subtropical conditions along the coast can lead to weaker alongshore
upwelling-favorable winds, helping to explain anomalously warm Pliocene coastal SSTs. Here, we have shown
that likewise, warmer coastal temperatures can moisten the land along the continental margin. Together, these
represent a potential feedback between weakened upwelling and enhanced rainfall over the coast. This feedback
may act to further enhance the hydrological effects associated with a “permanent El Niño” (Ibarra et al., 2018;
Molnar & Cane, 2002, 2007; Winnick et al., 2013) or reduced Pliocene meridional SST gradients (Burls &
Fedorov, 2017). Although land types are prescribed in our simulations, the increased rainfall may facilitate the
development and sustaining of wetter land types (e.g., lakes and wetlands, Ibarra et al., 2018). These land types
would then further suppress coastal upwelling.
The two SST warming patterns that we have prescribed are consistent with the proxy evidence and are seemingly
plausible. In combination with the subtropical PRISM SST warming of around +2°C, the SST is raised by around
+6°C in total along the California coast compared to Modern in the PRISM150W experiment, and by +4.5°C in
PRISM135W. We note that SST reconstructions from sediment cores reflect point measurements, so the complete
spatial pattern of SST differences is unclear. However, coastal upwelling is known to affect SST hundreds of kilometers offshore through Ekman transport (Spall & Schneider, 2016). Furthermore, the anomalous warmth at the
ODP sites has been difficult to explain via wind and stratification differences alone (Miller & Tziperman, 2017).
It seems likely that additional processes, such as a weakened California current advecting less high latitude colder
waters, or radiative feedbacks, including cloud radiative forcing, may have also contributed to Pliocene warmth
over these regions. These mechanisms would be associated with larger spatial scales of SST warming, supporting
the patterns of warming that we have prescribed.
We remark that some studies targeting the mid-Piacenzian have shown a smaller warm signal along the California
coast (e.g., Foley & Dowsett, 2019; Herbert et al., 2016). Furthermore, simulations from the Pliocene Model Intercomparison Project now show improved data-model agreement along the California current (Haywood
et al., 2020) when compared to Foley and Dowsett (2019). Given uncertainties in interpreting alkenone-based
SSTs (e.g., Leduc et al., 2014), is possible that the prescribed SST differences we have prescribed could be overestimated. In that case, the proposed mechanism may be less relevant.
SST proxies are tied to biological productivity, and it is possible that proxy reconstructions better reflect seasonal, rather than annual-mean SSTs. Given that the modern-day upwelling season is considered to occur from
approximately May to August (Dorman & Winant, 1995; Halliwell & Allen, 1987), the SST changes that we have
prescribed may be most justified over these months. Indeed, the largest precipitation differences we find are from
FU ET AL.

11 of 15

Paleoceanography and Paleoclimatology

10.1029/2021PA004357

June to August, overlapping with the modern upwelling season. The fact that the months over which our coastal
SST modification appears most justifiable are also the months with the largest difference in southwestern US
rainfall agrees with the mechanism presented.
Although the Pliocene is considered a useful analog for understanding anthropogenic climate change, there exist
notable differences between inferred Pliocene conditions and future climate projections. Chief among these is the
anomalous warmth at mid-latitude coastal upwelling sites, such as off the California coast, where SSTs may have
been up to 9°C higher than the present. Global climate models, however, generally do not reflect the warm SSTs
inferred at these coastal upwelling sites. Furthermore, when used for future climate predictions, these models
typically predict drying over the 21st century rather than a transition to wetter conditions over subtropical desert
regions (Burls & Fedorov, 2017; Seager et al., 2007; Seager & Vecchi, 2010). Model-data mismatches in these
regions are therefore of special scientific interest, and of societal relevance, due to the ecological and economic
importance of coastal upwelling zones and the need for long-term projections of rainfall trends over many parts
of the world.
The local feedback suggested here therefore hints at a potential mechanism for explaining differences between
decadal-scale drying trends in the southwestern USA (Seager et al., 2007; Seager & Vecchi, 2010) and the wetter
environment of the Pliocene, which possibly reflects the conditions of a fully equilibrated high-CO2 climate.
The use of a coupled, rather than atmosphere-only model will be needed to fully explore the feedback between
coastal SSTs and onshore conditions described above, although very high ocean model resolution is necessary to
accurately simulate coastal upwelling (Gent et al., 2010; Grodsky et al., 2012; Miller & Tziperman, 2017; Small
et al., 2015). For the foreseeable future, it may therefore be necessary to use a combination of coarse-resolution
GCMs and high-resolution regional models to study the complex interaction between coastal upwelling and regional hydroclimate, and how these mechanisms are expected to change in a warming climate.

Data Availability Statement
All GCM input files and post-processing scripts are available under https://doi.org/10.17605/OSF.IO/9WXPG.
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