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[1] The North American monsoon (NAM), an onshore wind shift occurring between July
and September, has evolved in character during the Holocene largely due to changes in
Northern Hemisphere insolation. Published paleoproxy and modeling studies suggest that
prior to �8000 cal years BP, the NAM affected a broader region than today, extending
westward into the Mojave Desert of California. Holocene proxy SST records from the Gulf
of California (GoC) and the adjacent Pacific provide constraints for this changing NAM
climatology. Prior to �8000 cal years BP, lower GoC SSTs would not have fueled
northward surges of tropical moisture up the GoC, which presently contribute most of the
monsoon precipitation to the western NAM region. During the early Holocene, the North
Pacific High was further north and SSTs in the California Current off Baja California were
warmer, allowing monsoonal moisture flow from the subtropical Pacific to take a more
direct, northwesterly trajectory into an expanded area of the southwestern U.S. west of
114�W. A new upwelling record off southwest Baja California reveals that enhanced
upwelling in the California Current beginning at �7500 cal year BP may have triggered a
change in NAM climatology, focusing the geographic expression of NAM in the southwest
USA into its modern core region east of �114�W, in Arizona and New Mexico. Holocene
proxy precipitation records from the southwestern U.S. and northwestern Mexico,
including lakes, vegetation/pollen, and caves are reviewed and found to be largely
supportive of this hypothesis of changing Holocene NAM climatology.
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1. Introduction

[2] The North American monsoon (NAM), also known as
the Mexican, Arizona, and Southwest monsoon, occurs
mainly between July and September and provides �60% of
mean annual precipitation to central and northern Mexico
and �35% to 45% of mean annual precipitation to Arizona
and New Mexico in the USA [Mitchell et al., 2002]. In
common with other monsoon areas, an upper level (200 hPa)
anticyclone develops in June/July and a low level heat low is
formed which disrupts the normal zonal wind flow
[Ropelewski et al., 2005]. NAM precipitation is driven by
the northward migration of the ITCZ, along with convec-
tional uplift generated by the thermal low (primarily over the
Mexican Plateau), which entrains atmospheric moisture
derived from nearby ocean sources including the Gulf of
California (GoC) and the Gulf of Mexico (GoM) (Figure 1),

as well as by transient features such as easterly waves and
tropical cyclones. Although it was initially thought that
GoM moisture was responsible for most of the summer
precipitation in northern Mexico and the southwestern
United States, the eastern tropical Pacific is now known to
be the predominant source of monsoon rainfall over the
western slopes of the Sierra Madre Occidental in Mexico
and northward into Arizona and western New Mexico
[Adams and Comrie, 1997; Mitchell et al., 2002; Bordoni
and Stevens, 2006]. Within the southwestern U.S., Comrie
and Glenn [1998] differentiate a western NAM region in
Arizona and westernmost New Mexico that receives most of
its monsoonal moisture from the GoC, from an eastern NAM
region in eastern New Mexico where GoM monsoonal
moisture is more important (Figure 1). The Sierra Madre
Oriental acts as a barrier to low-level moisture transport
from the GoM into the western part of the monsoon region.
At the same time, the Sierra Madre Occidental in the west
channels and confines low-level moisture flow from the
tropical Pacific up the axis of the GoC toward Arizona and
western New Mexico (Figure 1).
[3] The existence of a strong thermal contrast near the

mouth of the GoC between cooler (22–24�C) sea surface
temperatures (SSTs) along the Pacific coast of Baja Cali-
fornia and much warmer (28–30�C) SSTs along the coast of
mainland Mexico is an important aspect of modern NAM
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climatology. This thermal contrast facilitates the formation
of moisture-laden air masses (“gulf surges”) that move
northward over the warmer waters of the GoC [Adams and
Comrie, 1997; Bordoni and Stevens, 2006] toward a region
of low pressure centered over Arizona. Today, these mois-
ture surges are concentrated in areas east of 114�W, con-
tributing to summer rainfall in both the western and eastern
NAM regions of Comrie and Glenn, but particularly in the
west. In contrast, low-level moisture from the GoM strongly
influences monsoon rainfall in eastern New Mexico. GoM
moisture also contributes to spring and summer precipita-
tion over the southern Great Plains. During June, develop-
ment of a high-pressure system over the Texas panhandle
region re-directs the east-northeastward flow of GoM mois-
ture to the west over northeastern Mexico (Figure 1) [Adams
and Comrie, 1997; Comrie and Glenn, 1998]. Warming of
GoM SSTs facilitates the onshore flow of this monsoonal
moisture into northern Mexico and the southwestern U.S.
[Markowski and North, 2003; Li et al., 2005].
[4] SSTs in the GoC and the nearby Pacific coastal waters

off Baja and southern California provide constraints on the
oceanic moisture sources and the geographic expression of
the northwestern part of the NAM [Higgins and Shi, 2001;
Castro et al., 2001; Bordoni and Stevens, 2006; Corbosiero
et al., 2009]. Mitchell et al. [2002] argue that monsoon
rainfall does not occur in Arizona before SSTs in the GoC
exceed 26�C. They note that the incremental advance of
SSTs > 26�C up the mainland coast of Mexico appear to be
necessary for the northward advance of the monsoon. When
northern GoC SSTs are relatively high (>29�C) during the

first half of July, rainfall amounts during July–August in
Arizona are also high. Anomalously wet July–September
periods in Arizona do not correspond to anomalously wet
periods in New Mexico, however, supporting evidence of
different moisture sources for the two regions [Comrie and
Glenn, 1998].
[5] During late fall to early spring, the GoC is dominated

by northwesterly winds which cause cooling of SSTs
through upwelling of nutrient-rich deeper waters, resulting
in abundant diatom blooms [Thunell et al., 1993; Thunell,
1998]. Slackening [Thunell, 1998] or reversal [Bordoni
and Stevens, 2006] of these winds during the late spring
and early summer leads to an influx of tropical Pacific
waters that spread northward, eventually warming SSTs
throughout the GoC [Thunell, 1998; Lavín et al., 2003].
Reiterating, Gulf-wide warming of SSTs is an important
precursor for the northward advection of tropical moisture
up the GoC and into Arizona as gulf surges [Mitchell et al.,
2002; Bordoni and Stevens, 2006].
[6] Although the role of insolation has been the focus of

most research into the history of the monsoon regions (see
Section 3), in order to understand the Holocene climatology
of the NAM, it is also necessary to obtain detailed Holocene
SST records of its moisture sources, the GoC and the GoM.
These are central to establishing thermal and pressure gra-
dients and constraining paleo-circulation patterns that, in
turn, affect the genesis of tropical cyclones. Modeling stud-
ies such as those of Harrison et al. [2003] typically utilize
modern SSTs or impose insolation-forced changes in SST.
They do not incorporate the SST variability that proxy
records reveal has occurred in tropical waters during the
Holocene [Poore et al., 2005; Barron et al., 2005; Leduc
et al., 2010].
[7] This paper compares Pacific and GoC Holocene SST

records with the published hypotheses of NAM climatology
and its regional expression in the southwest USA and parts
of northern Mexico, based on climate model and previous
data-model comparisons. It includes new proxy upwelling
data from core MV99-GC31 (Figure 1), a well dated
sequence off southern Baja California which aids in the
reconstruction of a key feature of modern NAM oceanic
circulation and provides a basis, along with other Holocene
upwelling and SST records, for posing a conceptual model
of change in NAM climatology in the early to mid-Holo-
cene. We propose that during the early Holocene, summer
precipitation associated with the NAM was stronger west of
114�W and may have reinforced the effects of increased
winter rain in areas such as southern California and southern
Arizona. By the mid-Holocene, the North Pacific High
moved south, leading to enhanced upwelling and reduced
SSTs in the California Current. A cyclonic gyre developed
off the SW tip of Baja California, triggering an influx of
tropical waters into the GoC. Increased SSTs in the GoC
allowed the development of low-level moisture surges up the
GoC. As gulf surges became more prominent between
�7500 and 6200 cal years BP, the focus of Pacific-derived
NAM precipitation shifted east of 114�W. This mid-Holo-
cene increase in NAM rainfall from the GoC was probably
matched by an increase in monsoon moisture transport from
the GoM. We test this conceptual model with a new review

Figure 1. Region of the North American monsoon (pink
shading) after Comrie and Glenn [1998] and the approxi-
mate limit of strong (wet) monsoons after Harrison et al.
[2003] (pink dashed line) showing deep sea core records dis-
cussed. Low-level moisture (red arrows) from the Gulf of
California (GoC) and Gulf of Mexico (GoM) is channeled
northward along the slopes of the central Mexico highlands.
Mid-level moisture (gray, dashed arrows) flows around
high-pressure systems (H) over the North Pacific and Texas
panhandle. NAM moisture moves toward a low-pressure
system (L) that develops over Arizona.
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of individual terrestrial proxy precipitation records that
reflect the Holocene evolution of NAM.

2. Marine SST and Upwelling Proxy Records

2.1. Holocene Gulf of California SSTs

[8] Barron et al. [2005] reconstructed Holocene SSTs
using calcium carbonate, biogenic silica (opal), diatoms, and
silicoflagellates in deep-sea cores DSDP480 and JPC56 in
the Guaymas Basin of the central GoC (Figure 1). Following
the arguments ofMitchell et al. [2002] for the significance of
summer time SSTs (see above), Barron et al. [2005] pro-
posed that SSTs of the central GoC were too cool between
�11,000 and 6200 cal years BP to support modern NAM
climatology in the southwestern U.S..
[9] Modern sediments on the western side of the central

GoC contain 10 to 15% biogenic calcium carbonate [Douglas
et al., 2007], which is produced and deposited during warm,
oligotrophic summer conditions [Thunell et al., 1993;
Thunell, 1998]. Although calcium carbonate content of core
JPC56 from the west central GoC (Figure 1) typically ranges
between 5 and 15% during the late Holocene, between
�10,000 and 6200 cal years BP, it is consistently <2%
[Barron et al., 2005] (Figure 2). Low % calcium carbonate
during this interval is coincident with greater values of opal
accumulation, indicating that winter upwelling conditions
were enhanced relative to the warm, more oligotrophic
summer conditions [Barron et al., 2005]. Tropical diatoms
(Azpeitia nodulifera) and tropical silicoflagellates of the
genus Dictyocha, which are currently present in the central
GoC when summer SSTs are >25�C, are absent or rare in

DSDP480 and JPC56 records deposited between �11,000
and 6200 cal years BP, implying that modern summertime
surface water conditions were suppressed relative to winter-
time conditions (Figure 2). Barron et al. [2005] speculated
that an enhancement of El Niño/La Niña cycles at �6200 cal
years BP caused a shift in the mean state of spring wind
directions (or strength) in the central GoC that allowed
tropical waters to spread northward and into the northern
GoC; however, they did not provide details of how this cli-
matological change occurred.
[10] Supporting evidence for Barron et al.’s [2005]

Holocene proxy GoC SST records comes from McClymont
et al.’s [2012] detailed alkenone-based SST record from a
central GoC core MD02–2515, which lies very close to core
JPC56 (Figure 1).McClymont et al.’s [2012] data reveal that
during the Holocene, central GoC SSTs typically ranged
between 24 and 26�C; however, they dropped to 20–21�C
between 10,000 and 8200 cal years BP, roughly the same
interval that Barron et al.’s [2005] diatom and calcium car-
bonate SST proxies suggest cooling in the central GoC.
[11] The onset of Holocene warming of central GoC SSTs

between�8200 [McClymont et al., 2012] and 6200 cal years
BP [Barron et al., 2005] coincides with a post-7000 cal
years BP trend of warming SSTs that is seen throughout the
eastern tropical and subtropical Pacific [Pahnke et al., 2007;
Leduc et al., 2007, 2010]. Alkenone-based SST warming is
also recorded between �7000 and �5000 cal years BP in
subtropical waters off the southern tip of Baja California
[Herbert et al., 2001].

Figure 2. Comparison of Holocene proxies of summertime SST (tropical water influx) in the central
GoC [Barron et al., 2005] (pink), a precursor for gulf surges of monsoonal moisture into Arizona, with
record of coastal upwelling from the SW Baja margin in core GC31 (% opal, blue; diatom abundance,
red) (this paper), and the proxy wind directions ofMurillo De Nava et al. [1999] of dunes on the southwest
coast of Baja California. Blue shading shows that cooler GoC SSTs and the inferred the absence of gulf
surges between �10.5 and 7.5 cal ka coincides with reduced upwelling and the absence of westerly winds
on the southwest coast of Baja California.

BARRON ET AL.: HOLOCENE SSTS AND NAM EXPRESSION PA3206PA3206

3 of 17



2.2. Holocene Coastal Upwelling off Southern
Baja California

[12] What triggered the warming of GoC surface waters
between 8000 and 6200 cal years BP? Gravity core MV99-
GC31 (23� 28.03′N, 111� 35.91′W, 705 m water depth, [van
Geen et al., 2001, 2003] (Figure 1) lies within the localized
anomaly of cyclonic winds near the southwest tip of Baja
California that Bordoni and Stevens [2006] identify as an
important feature of modern NAM climatology. Intensifi-
cation of this cyclonic gyre is a precondition for the advec-
tion of tropical waters from the Pacific into the GoC

[Bordoni and Stevens, 2006]. Satellite maps of chlorophyll-a
show that phytoplankton blooms associated with coastal
upwelling characterize this region during the spring, and
serve to define this cyclonic gyre (Figure S1 in the auxiliary
material).1 As diatoms are the main phytoplankton respon-
sible for chlorophyll-a increases in the surface ocean, it
follows that a Holocene record of diatom abundance and
percent biogenic silica in core GC31 might serve as a proxy
record for the strength of this cyclonic gyre.

Figure 3. Proxy records of upwelling along the California margin: (a) the alkenone-based SST and %
Sequoia coastal upwelling proxy record of ODP 1019 off northern California with ENSO interpretations
[Barron et al., 2003], (b) the SST record of Kennett et al. [2007], (c) the radiolarian assemblage record of
Pisias [1978] from the Santa Barbara Basin off southern California, and (d) the Mg/Ca SST record
[Marchitto et al., 2010] and ppm Cd upwelling record [Dean et al., 2007] from MV99-PC-14 off south-
western Baja California. Intervals of enhanced upwelling shaded in blue. Significant increases in upwell-
ing in the California Current between �7.2 and 5.4 cal ka appear to be coincident with the onset and
intensification of GoC gulf surges (Figure 2).

1Auxiliary material are available in the HTML. doi:10.1029/
2011PA002235.
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[13] Core GC31 has a well-constrained age model based
on 13 AMS radiocarbon dates on mixed benthic for-
aminifers. Results show a remarkably steady sediment
accumulation rate of 30 cm/kyr [van Geen et al., 2003].
Samples were taken from core GC31 at 5–10 cm intervals to
document its coastal upwelling record by quantifying both
diatom abundance and percent biogenic silica.
[14] Diatom abundance was estimated by weighing oven-

dried sediment, which was then placed in a weak solution of
hydrochloric acid (3%) to remove calcium carbonate and
disaggregate the sediment. The acid was removed through
repeated washings in distilled water and then centrifuged.
Next, the residue was placed into a vial to which distilled
water was added until the volume was precisely 16.0 ml. The
vial was agitated and a micropipette was used to extract 0.8
ml of the suspended liquid. This extract was then spread out
evenly on a 22 x 30 mm cover slide and air-dried. Complete,
random vertical traverses of the cover slide were made using
a Leitz Ortholux light microscope at X790 magnification,
and diatoms were counted using the techniques of Schrader
and Gersonde [1978] until at least 300 valves were tabu-
lated. The number of microscope transects needed to com-
plete this count was taken as a ratio of the total number of
microscope transects on the slide. This ratio was then used to
calculate the total number of diatoms on the slide. The
number of diatoms per gram was calculated using the ratio
of volume on the slide (0.8 ml) to the total volume in the vial
(16 ml) for which the weight was known.
[15] Biogenic silica (opal) measurements were made fol-

lowing the modified procedure of Mortlock and Froehlich
[1989]. 70 samples from marine sediment core GC31 were
treated with 2N HCl overnight to remove carbonate and
rinsed with double-distilled Nanopure water three times.
Sediments were then freeze-dried, and �25 mg per sample
was placed in a 0.1 M Na2CO3 solution at 85�C for four
hours. Samples then cooled to room temperature overnight,
and 100 microliters were reacted with a molybdate blue
complex. Sample absorbances were measured at 812 nm
wavelength using a Thermo Scientific GeneSys 10S spec-
trophotometer. Biogenic silica measurements were con-
verted to opal concentrations using a 2.4 multiplication
factor assuming 10% hydration (SiO2 • 0.4 H2O). To esti-
mate error, three sets of internal standards were measured
alongside samples, with a mean 1 s deviation of 2.2 wt.%
from established values. A subset of 10 sample replicates
was also measured, and had a mean difference from initial
values of 0.44 wt.%.
[16] Figure 2 compares the Holocene diatom abundance

and opal concentration records of core GC31 with the central
GoC proxy SST records of Barron et al. [2005]. Intervals of
relatively high diatom abundance (>1 � 105 diatoms gm�1)
and opal concentrations >6% in GC31 coincide with inter-
vals in the central GoC when calcium carbonate was high
(>4%), and when the relative abundance of the tropical
diatom A. nodulifera was relatively high (>10%). In partic-
ular, the earliest Holocene (between �11,600 and 10,200 cal
years BP) and the latter half of the Holocene (last �7500
years) are periods when the intensification of the south-
western Baja cyclonic gyre coincided with increased influx
of tropical waters into the central GoC. The interval between
�10,200 and 7500 cal years BP is marked by both reduced

diatom abundance and low opal (<6%) in GC31 and reduced
values of the tropical SST proxies in the central GoC
[Barron et al., 2005], suggesting cooler SSTs which would
have inhibited GoC monsoonal moisture surges. The central
GoC alkenone SST record of McClymont et al. [2012] in
core MD02–2515 is supportive of these conclusions.
[17] Supporting evidence for the timing of these Holocene

SST changes comes from studies of well-defined dune fields
in the Purisima-Iray Magdalena area of southern Baja Cali-
fornia (Figure 1). Murillo De Nava et al. [1999] employ
thermoluminescence, amino acid racemization, and radio-
carbon techniques to date dune sands and shells that range in
age from the Late Pleistocene to late Holocene. They docu-
ment the orientation of the dune fields and infer that
although wind directions were dominantly northwesterly
(down the Baja Pacific coast) during the Holocene, westerly
winds were also present during much of the period. Their
data suggest that the westerly winds that currently contribute
to the formation of the cyclonic gyre off southwest Baja
California were absent between �10,500 and 7500 cal years
BP, the interval coincident with reduced diatom abundances
and low opal in GC31 (Figure 2). The onset of westerly
winds at �7500 cal years BP coincides with the onset of
cyclonic gyre upwelling in core GC31, signaling an impor-
tant change in the climatology of coastal waters off south-
west Baja California.

2.3. Comparison With Holocene Coastal Upwelling
in the California Current

[18] The GC31 proxy upwelling record, which reflects the
intensity of the cyclonic gyre off southwest Baja California,
agrees reasonably well with other Holocene records of
coastal upwelling of the California Current (Figure 3). At
ODP 1019 off northern California, pronounced cooling of
alkenone-based SSTs at 8200 cal years BP is followed by an
increase in relative abundance of Sequoia pollen at �5000
cal years BP, which is considered to be a proxy for fog and
increased coastal upwelling [Barron et al., 2003]. In the
Santa Barbara Basin (SBB) (33.4�N), Kennett et al. [2007]
suggest that increased coastal upwelling at �6300 cal
years BP signaled the onset of modern North Pacific ENSO-
like relationships that link cooler SSTs with extensive
drought in the southwest U.S. Pisias [1978] identifies a
major decline of subtropical radiolarian assemblages in the
SBB at �5400 cal years BP that appears to signal decreased
presence of subtropical waters off California and an inten-
sification of upwelling in the California Current (Figure 3).
These two proxy SBB SST records are used, because they
address regional changes in the California Current, whereas
many other proxies for SST in the SBB appear to reflect its
unusual oceanographic setting inshore from the direct path
of the California Current [Barron and Bukry, 2007].
AlthoughMarchitto et al.’s [2010] Mg/Ca-based SST record
from core MV99-PC14 (25.2�N) off central Baja California
probably represents intermediate depth rather than surface
water temperatures, comparison with a cadmium (Cd)
paleoproductivity proxy record from this same core [Dean
et al., 2006, 2007] reveals that a significant increase in
paleoproductivity at �7000 cal years BP coincides with
cooling of Mg/Ca SSTs (Figure 3), likely signaling the onset
of enhanced coastal upwelling off central Baja California.
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2.4. Pathway of Early Holocene Pacific
Monsoonal Moisture

[19] Cooler summertime SSTs associated with the pres-
ence of high atmospheric pressure off northern Baja Cali-
fornia presently limit the northerly track of tropical Pacific
storms, causing them to swing eastward over the warmer
waters of the GoC, where they become gulf surges that can
deliver monsoonal moisture to Arizona [Adams and Comrie,
1997; Bordoni and Stevens, 2006]. However, from late
August to early October, the development of a weak trough
associated with decay of the monsoon high pressure system
can allow tropical Pacific cyclones (TPCs) [Corbosiero
et al., 2009; Ritchie et al., 2011] (Figure 1) to take a more
direct path northward over Pacific coastal waters off Baja
California and into the deserts of northern Baja and southern
California. TPCs are estimated to contribute >20% of the
warm season precipitation in these areas [Corbosiero et al.,
2009]. Further south along mainland Mexico’s Pacific
coast, precipitation from tropical storms can be even more
significant, contributing up to 60% of annual rainfall
[Englehart and Douglas, 2001]. Here, heavy precipitation is
usually associated with storms that occur prior to October.
[20] During the early Holocene, the North Pacific High

was centered further to the north due to increased summer
insolation. General circulation models [Thompson et al.,
1993; Bartlein et al., 1998; Liu et al., 2003] suggest that
the early Holocene was characterized by enhanced flow of
summertime subtropical moisture into the southwestern U.S.
over Pacific coastal waters off northern Baja California and
southern California. These surface waters are presently fairly
cool (<20�C) during most of the summer, and associated high
pressure effectively blocks the advection of warm air into the
region. The Pacific pathways for early Holocene monsoonal
moisture proposed by Thompson et al. [1993] and Liu et al.
[2003] resemble the pathways taken by modern TPCs that
develop during the late summer and early fall only after the
North Pacific high pressure system has begun to decay (see
above). We propose that prior to the establishment and
strengthening of surges of monsoonal moisture up the axis of
the GoC between �7500 and 6200 cal years BP, tropical
Pacific monsoonal moisture followed a more direct pathway
over coastal waters off northern Baja California and southern
California similar to that taken by modern TPCs.

2.5. Gulf of Mexico SSTs

[21] Given the importance of the GoM and Pacific/GoC as
sources of moisture to the NAM, Holocene GoM SST
records also need to be considered. Changing SSTs in the
GoM will also affect NAM precipitation patterns, especially
in eastern New Mexico, westernmost Texas, southern Col-
orado and much of northern Mexico [Comrie and Glenn,
1998] (Figure 1).
[22] Poore et al. [2005] employed abundance records of

the planktonic foraminifer Globigerinoides sacculifer in
cores from the northern GoM as a proxy for SST change.
They argued that higher northern GoM SSTs should corre-
late with enhanced GoM summer moisture advection into
the NAM region, including the southwestern U.S. based on
maximum proxy SSTs. Poore et al. [2005] proposed that
NAM precipitation in the southwestern U.S. was enhanced
between �7000 and 4700 cal years BP, coinciding with a

more northerly position of the ITCZ that was driven by
insolation. They suggested that a southward shift in the
ITCZ, recorded in the Cariaco Basin north of Venezuela at
�4700 cal years BP [Haug et al., 2001], was responsible for
cooling of GoM SSTs and a decrease in moisture transported
into the southwestern U.S. and northernmost Mexico. Poore
et al.’s [2011] high-resolution G. sacculifer SST proxy
record from core MD02–2553 (27�11.01′N, 91�25.00′W,
water depth 2259 m) is displayed in Figure 4 along with their
hypothesized mid-Holocene interval of increased monsoonal
flow into the southwestern U.S. It should be noted that both
Ziegler et al.’s [2008] low-resolution and LoDico et al.’s
[2006] higher-resolution Mg/Ca-based SST records suggest
that high SSTs occurred in the GoM as early as �10,500 cal
years BP. Leduc et al.’s [2010] synthesis of alkenone and
Mg/Ca SSTs, however, reveals that there is little consensus
of Holocene SST trends in the broader region of the sub-
tropical North Atlantic. Clearly, more work needs to be done
to understand these differences.

3. Modeled Holocene Changes in the Expression
of the North American Monsoon

[23] We have shown that subtropical Pacific, GoC, and
GoM SSTs have varied considerably over the course of the
Holocene. Here, changes in Pacific and GoC SSTs and cli-
mate model output are used to develop a conceptual model
of changes in the pathways of tropical Pacific monsoonal
moisture and its resulting impact on the geographic extent of
the NAM at its northern margin. Terrestrial proxy precipi-
tation records from the southwestern U.S. and northwestern
Mexico are then considered in more detail to evaluate this
model.
[24] Integration of changes in the ocean/atmosphere sys-

tem and their effect on terrestrial precipitation patterns has
long been the focus of the modeling community. Kutzbach
[1981, 1987] proposed that increased Northern Hemisphere
insolation in the early to mid-Holocene should have resulted
in stronger and more extensive summer monsoons in areas
including the NAM region. Data-model comparisons have
formed a key part of the modeling approach to understand-
ing the NAM from the work of Thompson et al. [1993] using
the fixed SST CCM0, to Bartlein et al. [1998] using output
from CCM1 with an interactive 50 m slab ocean and Liu
et al. [2003] and Harrison et al. [2003] using the fully
coupled FOAM and CSM models. It must be acknowledged,
however, that models still struggle to reproduce many key
features of the NAM.
[25] Reconstructions of the spatial expression of the NAM

display an early Holocene (>8000 cal years BP) geographi-
cally broad region of monsoonal precipitation extending
from the Mojave Desert in southern California to eastern
Texas [COHMAP Members, 1988; Thompson et al., 1993;
Bartlein et al., 1998; Mock and Brunelle-Daines, 1999; Liu
et al., 2003] that is beyond its modern limits. It has been
proposed that as this enhancement of summer monsoonal
rainfall occurred, the glacial pattern of enhanced winter
precipitation that had sustained large lakes in the Great
Basin and apparently extended at least into northern Mexico
retreated northward [Bradbury et al., 2001; Metcalfe, 2006].
[26] Liu et al. [2003] suggest that during the early Holo-

cene, an intensified Atlantic subtropical high probably
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caused enhanced moisture transport toward the northernmost
part of South America, Central America, and the North
American southwest, resulting in increased monsoon rain-
fall. They note that this direct radiation effect was amplified
by positive oceanic feedback associated with a cold equator/
warm mid-latitude SST anomaly in the eastern tropical
North Pacific, which enhanced the flow of moisture-rich,
southwesterly winds toward the monsoon region in north-
western Mexico and the southwestern U.S.
[27] Harrison et al. [2003], using a more detailed con-

sideration of the paleodata than Liu et al. [2003] state that
increased summertime solar insolation during the early and
middle Holocene led to greater increases in land-surface
temperature than over the ocean, causing an enhanced
monsoon. Their studies confirm Kutzbach’s [1981] original
idea that the enhanced insolation cycle in the early Holocene
would result in a stronger summer monsoon. Harrison et al.
[2003] suggest that the monsoon regions of the southwestern
U.S. were probably wetter at 6000 cal years BP than during
the early Holocene, arguing that mid-Holocene aridity in the
mid-continent of North America was dynamically linked
with orbitally induced enhancement of NAM precipitation
in the southwestern U.S. They indicate that by the mid-
Holocene, NAM precipitation had become focused into the
modern crescent-shaped pattern centered on Arizona and

New Mexico, but extending northward into much of the
eastern Great Basin and possibly into northwestern Colorado
(Figure 1). Diffenbaugh et al.’s [2006] regional modeling
studies also suggest a crescent-shaped pattern of precipita-
tion in the western U.S. during the middle Holocene with
drought surrounding a core region of enhanced precipitation
that resembles the modern NAM.
[28] Differences in precipitation response between the

eastern and western NAM regions are not apparent in the
modeled outputs of Liu et al. [2003], possibly because
the models’ relatively coarse (2.4 to 3.6� on longitude) res-
olution does not recognize some of the finer scale features
(the GoC and topographic variations) that are important to
defining the subregions of NAM [Comrie and Glenn, 1998;
Bordoni and Stevens, 2006]. At the same time, these mod-
eling studies do not capture the detail shown in the Holocene
proxy SST records of the GoC [Barron et al., 2005;
McClymont et al., 2012] (Figure 2) and GoM [Poore et al.,
2005] (Figure 4) which are a focus of this paper.

4. Conceptual Model of Holocene Changes
in Pacific Monsoon Moisture Sources

[29] Figure 5 presents a conceptual model relating
Holocene changes in ocean/atmosphere conditions to the

Figure 4. Comparison of (a) the GoM SST proxy record of Poore et al. [2011] showing the middle Holo-
cene interval of warmest SSTs and inferred greatest flow of GoM monsoon moisture into the southwestern
U.S. (pink), (b) the SE New Mexico Pink Panther isotope cave record of Asmerom et al. [2007], which lies
in the eastern subregion of NAM precipitation, and (c) the hypothesized record of Pacific-sourced winter
precipitation in the southwestern U.S. [Menking and Anderson, 2003; Barron et al., 2003; Barron and
Anderson, 2011]. More negative oxygen isotope values in the cave record, interpreted as increased annual
precipitation by Asmerom et al. [2007] between �7.5 and 4.7 cal ka, coincide with reduced Pacific-
sourced winter precipitation during a hypothesized period of increased advection of GoM monsoonal
moisture (pink shading in Figure 4b).
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geographical extent of monsoon precipitation in southern
California, Arizona, and northwest Mexico based mainly
on the modeling and paleo-data comparisons discussed
in the previous section [Thompson et al., 1993; Mock and
Brunelle-Daines, 1999; Harrison et al., 2003; Diffenbaugh
et al., 2006]. The schematic highlights possible large-scale
dynamics present prior to �8000 cal years BP, and at
�6000 cal years BP, to compare and contrast the com-
ponents that control NAM extent and intensity. After
describing the conceptual model, selected terrestrial records
of Holocene precipitation will be reviewed and evaluated
within this framework.
[30] During the early Holocene (prior to �8000 cal BP),

the northward displacement of the ITCZ in response to
insolation forcing and the possible location of the Bermuda
High south and west of its present-day position may have
favored greater GoM moisture flow into the mid-continent
of the USA [Montero-Serrano et al., 2011]. A stronger
North Pacific High was centered further to the north, and
SSTs of the California Current were warmer than present.
Summertime SSTs in the central GoC were cooler than
present (Figure 2), and gulf surges of tropical moisture up
the axis of the GoC were not possible. It is proposed here
that the presence of summer precipitation over broad regions
of the southwestern U.S. proposed by Thompson et al.
[1993] prior to �8000 cal year BP was most likely due to
increased occurrences of tropical Pacific cyclones (TPCs)

that traveled over warmer than present coastal waters off
northern Baja California and southern California into an
expanded region of the southwestern U.S. In the eastern
NAM region prior to �8000 cal year BP, a more south-
easterly position of the mid-continent high-pressure system
allowed increased advection of summertime GoM moisture
into central Texas and eastern New Mexico [Mock and
Brunelle-Daines, 1999; Liu et al., 2003; Williams et al.,
2010].
[31] By 6000 cal years BP (Figure 5b), the summer time

position of the North Pacific High had been displaced to the
south, resulting in enhanced upwelling and cooler SSTs
along the margins of southern California and Baja California
[Diffenbaugh and Ashfaq, 2007; Kennett et al., 2007]
(Figure 3). Cooler summertime SSTs associated with a more
southerly position of the North Pacific high-pressure system
deflected TPCs eastward over the warmer waters of the
GoC, where they could be channeled northward up the axis
of the GoC as gulf surges of monsoonal moisture [Bordoni
and Stevens, 2006] and into regions of the southwestern
U.S. east of �114�W. TPCs became restricted to late sum-
mer and early fall, when the decay of the high-pressure
system (and onset of warmer SSTs) can allow the develop-
ment of a weak trough that facilitates the northward move-
ment of tropical storms into the deserts of northern Baja and
southeastern California [Corbosiero et al., 2009].

Figure 5. Holocene NAM expression and monsoon moisture sources. (a) Hypothesized early Holocene
(>8000 cal yr BP) NAM region (pink) after Thompson et al. [1993] and ocean/atmosphere conditions (pro-
posed low level moisture flow = red arrows; mid-level moisture flow = gray dashed arrows). Bermuda
High south and west of modern position promotes greater summer GoM moisture flow into the mid-con-
tinent [Adams and Comrie, 1997;Montero-Serrano et al., 2011]. North Pacific High (H) stronger, centered
more to the north, resulting in a weaker California Current and warmer SSTs that allow tropical Pacific
cyclones (TPC) to be displaced northward, contributing to summer precipitation to the deserts of southern
California and northern Baja California as well as modern NAM regions to the east. (b) Hypothesized NAM
region (pink) at�6000 cal yr BP after Thompson et al. [1993] showing a more focused and possibly inten-
sified region of NAM precipitation after Harrison et al. [2003]. Ocean/atmosphere conditions include a
strong California Current (cool SSTs off Baja California) and a more southerly North Pacific high-pressure
system (H) that block TPCs from entering the southwest during most of the summer. Pacific monsoon
moisture is mostly up the GoC as gulf surges (this paper). High pressure over the Texas Panhandle con-
strains the northward flow of low level GoM moisture (red arrow) (see Figure 1). Mid-level moisture (gray
arrows) flows around the high-pressure systems. Dashed purple contours show the percent of modern
annual rainfall occurring between July and September [Xie and Arkin, 1997].
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[32] In the eastern NAM region the mean summer time
position of the mid-continent high pressure system had
shifted westward by 6000 cal years BP, where it deflected
low-level GoM moisture into southwest Texas and western
New Mexico (Figure 5b). After 6000 cal BP, the geographic
distribution of NAM precipitation became more focused into
its modern crescent-shaped pattern.

5. Terrestrial Records of Proxy Precipitation

[33] It is worthwhile examining selected Holocene proxy
precipitation records in the southwestern U.S. and north-
ernmost Mexico in a more temporally continuous manner
than Thompson et al. [1993] and Harrison et al. [2003] in
order to see whether these proxy records support the change
in the pathway of Pacific monsoonal moisture between
�8000 and 6200 cal years BP that is proposed in Figure 5.
Major questions remain, however, whether such proxy
records reflect winter or summer precipitation, or annual
averages of both, as the seasonality of precipitation remains

a key question in the interpretations of proxy precipitation.
As reviewed by Thompson et al. [1993], numerous Holocene
proxy records from pollen, vegetation in packrat middens,
and lake levels in the southwestern U.S. have been inter-
preted as records of regional precipitation. Fritz et al.
[2001], Grimm et al. [2001], and Harrison et al. [2003]
provide more recent syntheses of terrestrial records. While
pollen, plant macrofossil and lake records have been con-
sidered as traditional NAM proxies, Holocene records from
caves (speleothem layer thickness and isotopes) [Cole et al.,
2007; Truebe et al., 2011] have also been proposed as
reflecting NAM precipitation. The locations of the most
complete Holocene terrestrial records between southern
California and New Mexico and in northernmost Mexico are
shown in Figure 6. Proxy records from the eastern NAM
subregion in the U.S. and records from the rest of Mexico
that receive most of their precipitation from the GoM will
not be discussed in detail in this review (but see syntheses of
Metcalfe et al. [2000] and Metcalfe [2006]). As many of the
ages in the literature were only published in radiocarbon

Figure 6. NAM region of Comrie and Glenn [1998] (pink shading) showing western and eastern parts
(as Figure 1). Location of various proxy records discussed are as follows. Open circles represent deep
sea cores: JPC56 and DSDP480 [Barron et al., 2005], MV99-PC14 [Marchitto et al., 2010], and
MV99-GC31 (this paper). Filled circles represent pollen and packrat midden vegetation records: CAM,
Ciénega de Camilo, Sonora, Mexico [Ortega-Rosas et al., 2008a]; MS, Murray Springs, AZ [Spaulding,
1991]; PM, Peloncillo Mountains, AZ [Holmgren et al., 2006]; EE, Eagle Eye Mountains, AZ
[McAuliffe and Van Devender, 1998]; MR, McCullough Range, NV [Spaulding, 1991]; JT, Joshua Tree
[Holmgren et al., 2010]; SSPM, Sierra San Pedro Mártir [Holmgren et al., 2011]. Barred rectangles repre-
sent lake level records: LCo, Lake Cochise, AZ [Waters, 1989]; LCl, Lake Cloverdale, NM [Krider, 1998];
SS, Salton Sea [Li et al., 2008]; LE, Lake Elsinore [Kirby et al., 2005, 2007]; DL, Dry Lake [Bird et al.,
2010]; LSSF, Laguna Seca de San Felipe, Baja Mexico [Ortega Guerrero et al., 1999]; SAP, San Austin
Plains, NM [Markgraf et al., 1984]; EB, Estancia Basin, NM [Allen and Anderson, 2000]; LP, Lake Palo-
mas [Castiglia and Fawcett, 2006]; BB, Babícora Basin [Metcalfe et al., 1997, 2002]. Triangles represent
cave records: CB, Cave of the Bells, AZ [Cole et al., 2007]; PP, Pink Panther Cave, NM [Asmerom et al.,
2007]. Yellow oval represents dune record: PIM, Purisima-Iray Magdalena [Murillo De Nava et al., 1999].
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years before present, these have been recalculated as calen-
dar years BP using the CALIB 6.0.1 program and the
IntCal09 calibration curve [Reimer et al., 2009] (http://calib.
qub.ac.uk/calib/calib.html).

5.1. Pollen and Vegetation

[34] Pollen and vegetation studies from the southwestern
U.S. and northern Mexico have tried to identify changes in
effective moisture (plant-available moisture), and hence
biome type, while attempting to distinguish summer from
winter precipitation by identifying summer flowering plants
and C4 grasses that are dependent on summer rainfall
[Thompson et al., 1993; Mock and Brunelle-Daines, 1999;
Harrison et al., 2003]. Pollen data generally do not have the
taxonomic resolution required to identify the seasonality of
precipitation; however, plant macrofossils collected from
packrat middens do. Although packrat midden records from
the NAM region tend to be temporally sporadic, with limited
representation during the middle part of the Holocene
[Betancourt et al., 1993], an individual midden may span
thousands of years and integrates plant macrofossils col-
lected during the entire year. Syntheses of midden data from
each of the major desert areas within the NAM region
(Chihuahua, Sonora and Mojave) are provided in Betancourt
et al. [1990].
[35] The interpretation of precipitation seasonality in the

midden records across the major desert regions (from the
summer rain-dominated south, to the winter rain-dominated
north) has been a subject of long running debate [Spaulding
and Graumlich, 1986; Van Devender 1990; Holmgren et al.,
2011], particularly in relation to the timing of onset of the
modern monsoonal regime and the nature of the mid-Holo-
cene. Holmgren et al. [2010] report that monsoon vegetation
(C4 grasses and summer-flowering annuals) first arrived in
Joshua Tree National Park in southern California (Figure 6,
JT), at�11,000 cal years BP, whereasHolmgren et al. [2011]
document the regular appearance of C4 grasses and summer-
flowering annuals since 13,660 cal years BP from the eastern
escarpment of the Sierra San Pedro Mártir in northern Baja
California, Mexico (Table 1 and Figure 6; SSPM). Their
suggestion of an early onset—or persistence of summer rain—
is consistent with Spaulding and Graumlich’s [1986] view,
but it is contradicted by the interpretations of Rhode [2002].
[36] Various authors have argued that the deserts of the

northern part of the NAM region and northern Mexico were
characterized by either enhanced or decreased summer pre-
cipitation (relative to today) during the middle Holocene,
possibly due to the use of different age ranges to define these
intervals. Middens in both the Chihuahuan and Sonoran
deserts apparently indicate conditions wetter than present
during the middle Holocene. McAuliffe and Van Devender
[1998] argue that plant macrofossils present in packrat
middens in the Eagle Eye Mountains of southern Arizona
(Figure 6, EE) indicate that NAM precipitation there
between 7400 and 4400 cal years BP was greater than at
present (Table 1). Similarly, Holmgren et al.’s [2006] study
of pollen and plant macrofossils in packrat middens from the
Peloncillo Mountains in southeastern Arizona (Figure 6,
PM) suggests wetter-than-present conditions at the begin-
ning of the middle Holocene followed by a general drying
trend (Table 1). Further west in the Mojave desert,
Spaulding [1991] argues for a dry mid-Holocene, dating this

interval to about 7600 to 5800 cal years BP at a midden site
in the McCulloch Range (115�W).
[37] The most complete Holocene pollen record from the

NAM region of northwestern Mexico is that ofOrtega-Rosas
et al. [2008a, 2008b] from four Holocene peat bogs located
at different altitudes (1500–2000 m) on the western slopes
of the northern Sierra Madre Occidental (28�N) (Figure 6,
CAM). Ortega-Rosas et al. [2008a] argue that winter rains
prevailed there until �9200 cal years BP, followed by a
marked shift to warmer, summer rain with summer precipita-
tion reaching modern values only after �7000 cal years BP
(Table 1). Unfortunately, only one of the sites investigated
(Cienega de Camilo) has a continuous record through the
Holocene (from 9600 cal years BP) [Ortega-Rosas et al.,
2008b], so it is difficult to confirm their proposed �7000 cal
years BP onset of modern monsoonal precipitation in this
region of northwest Mexico.
[38] Figure 7 compiles key Holocene pollen/vegetation

proxy precipitation records from the Mojave Desert region
west of 114�W and the NAM region to the east. These
records are compared with Pacific proxies for Holocene
NAM precipitation from Figure 2 and the conceptual model
in Figure 5. Proxy vegetation records for summer precipi-
tation west of 114�W (Figure 7) display enhanced summer
precipitation beginning in the early Holocene, consistent
with the conceptual model of Figure 5. To the east, in the
western NAM region, the Murray Springs, Arizona record of
Spaulding [1991] seems to agree with Ortega-Rosas et al.’s
[2008a] northern Sierra Madre Occidental record in sug-
gesting that NAM precipitation increased during the middle
Holocene coincident with the onset of GoC moisture surges
between �8000–6200 cal year BP.

5.2. Lake Level Records

[39] For the most part, Holocene lake level records in the
arid regions of the southwestern U.S. and northernmost
Mexico have been interpreted as reflecting winter precipi-
tation rather than monsoon precipitation. These lakes typi-
cally occurred in closed drainage basins that today are
commonly dry or seasonally wet playas [Thompson et al.,
1993]. It has been assumed that over the course of the
summer, evaporation will generally exceed the local accu-
mulation of summer precipitation that typically falls during
sporadic, convective thunderstorms. However, winter pre-
cipitation decreases and summer precipitation increases as
one travels increasingly southward, and the latitude of this
transition has probably changed during the course of the
Holocene in response to changing Northern Hemisphere
insolation [see Metcalfe, 2006].
[40] Holocene lake level records in the southwestern U.S.

and northern Mexico extend from the Mojave Dessert in
California to central Mexico (Figure 6). The most complete
records in the western NAM region are those of Lake
Cochise (LCo) in southeastern Arizona and Lake Cloverdale
(LCI) in the Animas Valley of southwestern New Mexico
(Figure 6). Lake Cochise has Holocene lake highstands prior
to�10,100 cal years BP, at�6200 cal years BP, and between
�4450 and 3200 cal years BP (Table 1) [Waters, 1989]. The
Lake Cloverdale (Animas Valley) proxy record in south-
western NewMexico displays no evidence of early Holocene
highstands, although the lake filled almost to the Last Glacial
Maximum highstand between�5700 and 2000 cal years BP,
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and after �930 cal years BP through the present [Krider,
1998]. These highstands were attributed to winter
precipitation.
[41] Slightly further north, the incomplete record from the

San Augustin Plains (SAP) [Markgraf et al., 1984] indicates
wetter conditions after 12,900 cal years BP lasted until about
�8800 cal years BP, followed by desiccation to modern
levels by around 5700 cal years BP. Here the authors suggest
that wetter conditions in the early Holocene were associated
with a shift to summer rain (from a winter dominated LGM).
Wetter conditions during the early Holocene (although much
less pronounced than in the Late Pleistocene) are also
recorded in the Estancia Basin in central New Mexico [Allen

and Anderson, 2000] (Figure 6, EB), which desiccated by
about 7800 cal years BP. Evidence from these basins indi-
cates two extremely dry episodes during the mid-Holocene
[Menking and Anderson, 2003] followed by a return to
slightly wetter conditions (higher water table, if not a lake).
[42] There are two published lake records from the

northern part of the state of Chihuahua, Mexico, which cover
the Holocene [Metcalfe et al., 1997; Castiglia and Fawcett,
2006]. Castiglia and Fawcett [2006] report the presence of
large pluvial lakes in the early, middle and late Holocene,
the largest, paleo Lake Palomas, dating to the early Holo-
cene. Metcalfe et al.’s [1997] studies of paleolake sediments
in the Babícora Basin reveal that conditions wetter than

Figure 7. Pacific proxies for Holocene warm season precipitation: the GoC proxy for gulf surges of
NAM precipitation (pink bar) (Figure 2) and hypothesized summer precipitation from tropical Pacific
cyclones (green bars) (Figures 3 and 5), compared with hypothesized maximum GoM moisture (pink
bar) (Figure 4). These are compared with selected proxy records of summer precipitation from vegeta-
tion/pollen in the southwestern U.S. and northwestern Mexico (Figure 6; abbreviations from Table 1)
(pink shading indicates enhanced summer precipitation; white bars indicate more arid conditions).
Records in the desert region west of �114�W display enhanced monsoon precipitation during the early
Holocene prior to �6 cal ka that is consistent with a proposed increase in TPCs (Figure 5). Records in
the NAM region east of �114�W seem to show increased monsoon precipitation after �7.5 ka, consistent
with the record of GoC moisture surges (Figures 2 and 5).
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present existed during the early Holocene up to at least
7000 cal years BP and intermittently during the late Holo-
cene. The authors suggest that winter precipitation, possibly
associated with El Niño–type conditions, was key to gener-
ating lake phases from the mid-Holocene on.
[43] Holocene lake level reconstructions from the desert

regions of southern California are more numerous. One
example is Lake Elsinore (Figure 6, LE), where a highstand
is documented between �9450 and 7670 cal years BP fol-
lowed by a long-term drying trend [Kirby et al., 2005, 2007,
2010]. Similarly, sediments from Dry Lake (DL) in the San
Bernardino Mountains have been interpreted to reflect wetter
and stormier conditions between 9000 and 7500 cal years
BP, a trend that was terminated by permanent regression at
�5500 cal years BP [Bird and Kirby, 2006]. A detailed d18O
record from tufa deposits growing in the Salton Sea of paleo
Lake Cahuilla (SS) suggests a wet period prior to 9000 cal
years BP followed by extended droughts between �6200
and 3000–2000 cal years BP [Li et al., 2008].
[44] Laguna Seca de San Felipe (LSSF), a dry playa in

northeastern Baja California, Mexico, displays expanded
lake conditions between 14,000 and �7800 cal years BP,
followed by a period of desiccation, then the reestablishment
of wetter conditions until about 5500 cal BP when the
modern, dry climate regime may have become fully estab-
lished [Ortega Guerrero et al., 1999] (ages calibrated by
Holmgren et al. [2011]). Unfortunately, there is no pollen
record from this site for the last �15,500 years due to poor
preservation [Lozano-García et al., 2002].
[45] Analyzing these data spatially (Figure 8), the sites

located in desert regions west of �114�W had their highest
lake levels prior to �8000 cal years BP, coincident with a
proposed period of both increased winter and summer pre-
cipitation. The San Augustin Plains and Estancia Basin in
New Mexico, Lake Cochise in southern Arizona and paleo
Lake Palomas in northernmost Chihuahua, Mexico
(Figure 6), all east of 114�W, display a similar pattern of
higher lake levels prior to �7800 cal years BP, but with
some evidence of high levels during the middle Holocene.
Lake Cloverdale in the western NAM region apparently only
had higher lake levels beginning at �6200 cal years BP
(Figure 8). It has been proposed that the middle Holocene
was an interval of extensive winter drought throughout the
southwestern U.S. [Menking and Anderson, 2003], but these
higher levels would have coincided with the middle Holo-
cene period of enhanced monsoon precipitation proposed in
Figures 2, 4, and 5. Evidence for significant increases in
winter precipitation in the southwestern U.S. occurs after
3400 to 4000 cal years BP [Polyak and Asmerom, 2001;
Menking and Anderson, 2003; Barron and Anderson, 2011],
suggesting that increased winter precipitation may have been
the primary driver of late Holocene lake highstands that have
been documented in the southwestern U.S. and perhaps
northern Mexico [Castiglia and Fawcett, 2006; Metcalfe,
2006] (Figure 8).

5.3. Proxy Records From Caves

[46] Holocene proxy precipitation records from caves,
primarily as oxygen isotope ratios of stalagmite calcite, have
been developed in both the western and eastern NAM
regions (Figure 6). As summarized by Asmerom et al. [2007]
and Cole et al. [2007], the flow of cave drip water that forms

stalagmites varies with groundwater recharge which is
greater during periods of extended precipitation. Summer
precipitation from tropical sources in the GoM and GoC is
more enriched in 18O/16O compared with winter precipita-
tion, which is primarily derived from the North Pacific.
However, both Asmerom et al. [2007] and Cole et al. [2007]
caution that interpretation of d18O records of stalagmites is
complicated, as winter precipitation in modern southwest
climates tends to be more sustained, whereas summer pre-
cipitation tends to be more sporadic.
[47] Asmerom et al. [2007] interpreted higher d18O values

occurring in stalagmites deposited between �9500 to
6500 cal years BP in the Pink Panther Cave in southeastern
New Mexico (Figures 6, PP) as evidence of very arid con-
ditions. A period of more negative d18O values occurring
between �6500 to 4500 cal years BP was interpreted by
them to be an interval of increased annual precipitation. As
this �6500 to 4500 cal years BP period falls within an
interval of increased winter drought in the southwestern U.S.
[Menking and Anderson, 2003; Barron and Anderson,
2011], it is possible that it reflects increased monsoonal
precipitation. Interestingly, this middle Holocene interval of
increased precipitation in southeastern New Mexico coin-
cides with an interval of increased GoM proxy SST values
that Poore et al. [2005, 2011] suggest represents increased
GoM monsoonal moisture flow to the southwestern U.S.
(Figure 4).
[48] Ongoing studies by Cole et al. [2007] and Truebe

et al. [2011] of speleothem oxygen isotopes in the Cave of
the Bells in southeastern Arizona (Figure 6, CB) suggest that
NAM precipitation was greater than modern day values
during the entire length of their record between 7000 and
3300 cal years BP (Figure 8). Cole et al. [2007] argue that a
shift from century-scale to multidecadal variance occurred at
�4340 cal years BP that possibly reflects a southerly shift in
the ITCZ.

6. Summary and Conclusions

[49] This synthesis provides a new way of evaluating the
Holocene proxy SST studies from the GoC and California
Current system (CCS) off California and Baja California and
suggests that the modern climatology of the western NAM
region evolved during the later part of the Holocene between
�7500 and 6200 cal years BP. A warming trend in sub-
tropical Pacific and GoC SSTs beginning between 8000 and
6200 cal years BP contrasts with a cooling trend (enhanced
upwelling) documented within the CCS between �8000 and
5400 cal years BP. These opposite SST trends result in an
increasing thermal contrast between cooler SSTs off the
southwest coast of Baja California with warmer SSTs
occurring at the mouth of the GoC. This thermal contrast
drives the modern summertime climatology of the GoC,
triggering a late spring reversal in winds at the mouth of the
GoC that leads to a progressive northward spread of tropical
Pacific waters that, in turn, promote the development of
modern gulf surges of monsoonal moisture.
[50] However, during the early part of the Holocene

between �10,500 and 8000 cal years BP SSTs in the CCS
were warmer than present, while those in the GoC were
cooler. The North Pacific High was centered further to the
north, substantially reducing equatorward wind stress
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(Figure 5). Cooler GoC SSTs prevented surges of tropical
moisture up the axis of the GoC. However, warmer Pacific
SSTs south of �34�N (Figure 3) associated with a more
northerly position of the North Pacific High-pressure system
(Figure 5) may have allowed an increased number of tropical
Pacific cyclones (TPCs) to take a more direct path into a
geographically expanded monsoon region west of 114�W,
including the modern desert regions of southern California
and northern Baja California. TPCs are currently restricted
to late summer and early fall, when the decay of the North
Pacific High-pressure system (and onset of warmer SSTs)

can allow the development of a weak trough that facilitates
their northward trajectories into the southwestern U.S.
[51] Holocene proxy precipitation records (lakes, vegeta-

tion/pollen, and caves) from the southwestern U.S. and
northwestern Mexico are largely supportive of this hypoth-
esis of changing Holocene NAM climatology, although they
are often constrained by their limited seasonal resolution.
The higher lake levels that typify proxy records from both
the western and eastern NAM region, and the desert regions
of Baja California and southern California, prior to �8000
cal years BP and after �3400 cal years BP correspond with

Figure 8. Pacific proxies for Holocene precipitation: the GoC proxy for gulf surges of NAM precipita-
tion (pink bar) (Figure 2), hypothesized summer precipitation from tropical Pacific cyclones (green)
(Figures 3 and 5), and maximum GoM moisture (pink bar) (Figure 4) compared with selected proxy lake
level records from southern California, Arizona, New Mexico, and northernmost Mexico (Figure 6 and
Table 1) and with hypothesized records of winter precipitation in the southwestern U.S. [Menking and
Anderson, 2003; Barron et al., 2003; Barron and Anderson, 2011]. Intervals of higher lake levels are
marked by darker shading. Possible dominant precipitation season (left side of figure) based on authors’
interpretations. It is suggested that selected high lake stands during an interval of extensive winter drought
between �7.8 and 3.4 cal ka may be due to enhanced monsoon precipitation.
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proposed region-wide intervals of increased winter precipi-
tation. It is possible, however, that increased monsoonal
moisture may have also contributed to these early Holocene
highstands (Figures 7 and 8). Middle Holocene lake high-
stands in Lake Cochise in southeastern Arizona, in Lake
Cloverdale in southwest New Mexico and paleo lake Palo-
mas in northern Mexico, on the other hand, may reflect a
substantial contribution from increased middle Holocene
summer time precipitation, driven by insolation (and sug-
gested by climate models).
[52] Vegetation and pollen records from the modern des-

ert regions of southern California and northern Baja Cali-
fornia west of �114�W suggest that significant summer
precipitation occurred there during the early Holocene prior
to �8000 cal years BP. Vegetation/pollen and cave records
from western parts of the modern NAM region east of
�114�W, on the other hand, imply that Holocene summer
precipitation increased in that region only after �7500 cal
years BP. Although the few continuous well-dated records
from the eastern subregion of NAM have not been exam-
ined in detail in this paper, Asmerom et al.’s [2007] sta-
lagmite record (see above) is consistent with this pattern
(Figure 4).
[53] The conceptual model proposed here, based on a

more detailed consideration of SSTs in the GoC and the
CCS, supports middle Holocene intensification of NAM
precipitation suggested by the modeling study of Harrison
et al. [2003]. Beginning at �7500 cal year BP, the more
northerly directed pathway of GoC monsoonal moisture
taken by gulf surges, coupled with increased aridity in the
mid-continent region of the western U.S. resulted in increased
land-sea contrasts that promoted increased monsoon precip-
itation within the core region of the NAM (Figure 5).
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Table S1: Opal concentration data for marine sediment core MV99-GC31.
GC31 core depth (cm) Composite depth (cm)1 Age (cal yrs BP)2 Opal (%)
0 25 824 10.76
5 30 992 8.97
10 35 1126 13.32
15 40 1294 10.59
25 50 1631 8.26
30 55 1799 8.93
35 60 1967 8.81
40 65 2135 7.68
45 70 2303 8.96
50 75 2471 9.25
55 80 2639 5.43
60 85 2807 7.08
65 90 2975 8.68
70 95 3144 14.73
75 100 3312 8.10
80 105 3480 7.47
85 110 3648 7.45
90 115 3816 7.98
95 120 3984 7.82
100 125 4152 8.04
105 130 4320 6.37
110 135 4488 8.13
115 140 4657 6.40
120 145 4825 5.79
125 150 4993 6.09
130 155 5161 5.99
135 160 5329 9.08
140 165 5497 5.84
145 170 5665 7.00
150 175 5833 6.51
151 176 5867 7.98
155 180 6001 6.52
160 185 6169 6.47
165 190 6338 6.97
175 200 6674 6.58
180 205 6842 7.21
185 210 7010 7.34
190 215 7178 6.72
200 225 7514 6.17
210 235 7851 4.55
215 240 8019 5.01
225 250 8355 4.75
230 255 8523 4.63
235 260 8691 4.67
240 265 8859 4.51
245 270 9027 4.72
250 275 9195 2.59
255 280 9363 5.33
260 285 9532 5.22
265 290 9700 5.51
275 300 10036 6.38
280 305 10204 5.96
285 310 10372 7.77
290 315 10540 5.93
297 322 10641 7.11
302 327 10944 7.21
307 332 11112 7.21
312 337 11280 6.22
317 342 11448 7.54
322 347 11616 5.69
327 352 11784 4.41
332 357 11952 4.00
337 362 12120 4.94
342 367 12288 2.54
347 372 12457 4.61
357 382 12793 4.20
362 387 12961 1.38
367 392 13129 3.97
372 397 13297 3.14
377 402 13465 4.53

1: GC31 sample depths shifted down 25 cm to align with associated multicore [Van Geen et al., 2003].
2: Age scale from Van Geen et al. [2003].
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Figure S1
Seasonal changes in chlorophyll-a from NOAA’s Coastwatch Browser showing the 
development of phytoplankton blooms associated with coastal upwelling and the 
presence of warm, oligotrophic waters.
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