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Abstract

Dry Lake (2763 m), located in the San Bernardino Mountains of southern California, USA, provides a
high-resolution climate record from the coastal southwest depicting early Holocene terrestrial climate. 27
AMS 14C dates and multi-proxy analyses, including magnetic susceptibility, total organic mater, microfossil
counts, and grain size, suggest the early Holocene was significantly wetter then present, due to an enhanced
North American Monsoon (NAM). Elevated insolation at 9000 cal year B.P., raised summer sea surface
temperatures in the Gulf of California and the eastern tropical Pacific, as well as land surface temperatures,
extending the NAM into southern California. The data also provide evidence of the 8.2 ka event, which
registers as a 300-year cool period characterized by reduced monsoonal precipitation, depressed basin
productivity, and increased erosion. We suggest this event is the most likely period for the early to middle
Holocene (9000–5000 cal year B.P.) glacial advance in the San Bernardino Mountains proposed by Owen
et al. (2003, Geology 31: 729–732).

Introduction

The nature of early Holocene (defined for this
paper as the period from 9000 to 7500 cal year
B.P.) terrestrial climate change in the coastal
southwest is not well characterized. This problem
arises mainly from the fact that long-term (>5000-
years), regional records of terrestrial climate are
scarce. Furthermore, the resolution of the scarce
early Holocene records are limited to millennial-
scale climate interpretations (e.g., Enzel et al.
1992; Kirby et al. 2005). These records, however,
indicate that the coastal southwest was signifi-
cantly wetter during the early Holocene in re-
sponse to varied seasonal insolation. Notably,
these findings are in agreement with the results
from recent climate modeling studies, which sug-
gest that the early Holocene summer insolation

maximum strengthened the North American
Monsoon (NAM), resulting in greater effective
moisture in the southwestern United States
(Webber 2001; Liu et al. 2003). While these studies
are insightful, important questions still remain
concerning higher-frequency early Holocene cli-
mate variability in the coastal southwestern Uni-
ted States.

In order to address these questions, we present a
well-dated, high-resolution lacustrine record of
early Holocene climate from Dry Lake in the San
Bernardino Mountains of southern California,
USA (Figure 1). This study is part of a larger re-
search initiative to understand terrestrial Holocene
climate in the coastal southwest using the rare, but
natural, lakes of southern California. In this paper
we focus on the interval from 9000 and 6500 cal
year B.P. in order to explore two main issues: (1)
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What is the influence of the early Holocene
summer insolation maximum on regional climate
in the coastal southwest with a specific focus on
the NAM; and, (2) what is the evidence, if any, for
the 8200-year ‘cool’ event (hereafter referred to as
the 8.2 ka event; Alley et al. 1997).

Regional climatology

The coastal southwestern United States is char-
acterized by a Mediterranean climate with a winter
precipitation maximum and summer minimum
(Figure 2; Cayan and Roads 1984). Winter

precipitation is controlled chiefly by southerly
displacement of the polar front jet stream, which
redirects cold fronts, extratropical cyclones, and
associated troughs from the northern Pacific into
the study region (Weaver 1962; Pyke 1972; Hir-
schboeck 1985). Exceptionally wet winters are of-
ten associated with the occurrence of El Niño/
Southern Oscillation (ENSO) (Ropelewski and
Halpert 1986; Schonher and Nicholson 1989;
Redmond and Kotch 1991; Ely et al. 1994; Cayan
et al. 1999). During an El Niño event, a strong
southerly branch of the jet stream develops over
southern California, directing moisture from the
north Pacific and eastern tropical Pacific into the

Figure 1. Topographic map of the Dry Lake basin with inset maps (a and b) showing the global and regional location of Dry Lake (1).

Other sites depicted on the coastal southwestern regional map (b) are Lake Elsinore (2), the Santa Barbara Basin (3), Silver Lake (4),

and Montezuma Well (5). Identified on the topographic map are the core location (represented by an open triangle), the 15–16 and

9–5 ka glacial advances proposed by Owen et al. (2003) (double dashed lines), the drainage basin area (solid line), ephemeral streams

(dashed arrows) and lithology (modified from Morton et al. 1980). (Modified from USGS San Gorgonio and Moonridge 1:24,000 7.5¢
quadrangles).
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region, producing severe precipitation events last-
ing one to several days (Mo and Higgins 1998).

Summers (June–July–August) are typically dry,
as strengthened sub-tropical high-pressure over
the southwest and eastern Pacific displaces the
polar front jet stream to a more northerly latitude
(Figure 2; Trewartha 1981). Occasionally, the
coastal southwest receives anomalous summer
precipitation associated with either tropical cy-
clones or convective storms. The most extreme
events are associated with large rouge tropical
cyclones or ‘chuboscos’ emanating from the east-
ern tropical Pacific (Hereford et al. 2004). Nor-
mally, tropical cyclones follow a northwesterly
storm track away from land, where they weaken
and decay upon reaching cooler waters of the
northern Pacific (Webb and Betancourt 1992).
Sometimes, however, cyclones recurve eastward
and landfall along the coastal southwest, causing
significant precipitation (Webb and Betancourt
1992; Hereford et al. 2004). Other, typically less
dramatic sources of summer precipitation are
convective storms, either isolated or associated
with an expanded NAM (Tubbs 1972). The con-
tribution of summer precipitation to annual totals
is strongly dependent on topography, and is best

defined in the mountain regions surrounding the
Los Angeles Basin, such as Big Bear Lake in the
San Bernardino Mountains (Figure 2).

While the coastal southwest is characterized by
maximum winter precipitation, the desert south-
west experiences peak precipitation during the
summer (Figure 2; Webb and Betancourt 1992).
Like the southwestern coastal regions, winter
precipitation is the result of a southerly displaced
jet stream and associated frontal systems and
troughs (Pyke 1972; Webb and Betancourt 1992).
Summer precipitation, however, is primarily de-
rived from the NAM, a meteorological phenome-
non typically restricted to Arizona, New Mexico,
and northern Mexico (Webb and Betancourt 1992;
Adams and Comrie 1997). Recent studies have
demonstrated that the modern NAM is funda-
mentally linked to increased summer insolation
through a series of ocean/atmosphere interactions.
One of the most significant components of the
NAM is the northward migration of elevated sea
surface temperatures (SSTs; >26 �C) in the Gulf
of California (GOC), which are generated by en-
hanced summer insolation (Mitchell et al. 2002).
From May to June, warm waters incrementally
migrate to the northern GOC via surface currents

Figure 2. Average monthly precipitation at Big Bear Lake (BBL; 1933–2002), Los Angeles (L.A.; 1878–2002), and Phoenix Sky

Harbor Airport (PSHA; 1948–2002) from National Climate Data Center weather observation stations (http://www.ncdc.noaa.gov/oa/

climate/stationlocator.html). Note the July–August–September precipitation peak at BBL. This peak is mainly caused by the North

American Monsoon and local convection and, to a lesser degree, Pacific-derived tropical cyclones.
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and tidal mixing, sparking the NAM monsoon
within three days of arriving (Mitchell et al. 2002).
Of note, severe monsoon season are typically ini-
tiated when SSTs in the GOC exceed 29 �C.
Moisture surges (also gulf surges), another
important component of the NAM, are also
influenced by summer insolation (Hales Jr. 1972;
Brenner 1974; Higgins et al. 2004). Moisture sur-
ges are derived from the passage of easterly trop-
ical waves and associated disturbances (i.e.,
cyclones) past the southern mouth of the GOC.
With enhanced summer insolation, deep convec-
tion and easterly tropical waves become more
frequent, resulting in greater moisture delivery up
the GOC and into the NAM region (Higgins et al.
2004). In addition, summer insolation helps to
establish strong upper level anticyclonic circula-
tion over the central United States and thermal
low pressure in the desert southwest. These circu-
lation patterns aid the advection moisture from the
eastern tropical Pacific up the GOC and into the
southwestern United States (Higgins et al. 2004).

Study area

Dry Lake (2763 m) is a moraine dammed alpine
‘playa’ lake located at the headwaters of the Santa
Ana River in the San Gorgonio Wilderness of
southern California (Figure 1). The Dry Lake
drainage basin is small, about 3.7 km2, and
underlain by biotite gneiss and schist basement to
the north and quartz monzinite basement to the
south (Morton et al. 1980; Figure 1). Vegetation
surrounding the Dry Lake basin is largely conif-
erous forest, mainly comprised of Pinus contorta
and P. flexilis with a sparse shrub understory of
Castanopsis sempervirens and Arctostaphylos
patula var. stachyphylla (Minnich 1984).

Because instrumental precipitation data is
lacking from Dry Lake, we use monthly total
precipitation data collected from Big Bear Lake
and Big Bear Dam between 1933 and 2002 to
characterize the San Bernardino Mountains, and
thus Dry Lake. Characteristic of the coastal
southwest, Dry Lake experiences a Mediterranean
climate with peak precipitation occurring between
November and April (Figure 2). Due to the sea-
sonality of storms, precipitation falls mainly as
snow at and above 2750 m, averaging 70–
100 cm year�1 water equivalent (Minnich 1986).

Strong southwesterly winds during winter storms
strip snow fromwindward slopes and redistribute it
on northeasterly leeward slopes causing dispro-
portionate accumulation on these aspects (Minnich
1984). Such transport is significant enough that one
third of exceptionally heavy snow years result in
perennial snow on San Gorgonio Mountain
(Minnich 1984). Summer precipitation is only 7.5%
of the annual average total at Dry Lake, but the
peak during July–August reflects the limited con-
tribution of the NAM, local convective storms, and
occasional land falling cyclones (Figure 2). While
there are no detailed lake level data for Dry Lake,
and although currently dry, Dry Lake has been
observed to hold water year round after extreme
wet winters, such as the exceptionally wet year of
1992 (http://www.sgwa.org/gallery.htm).

Methods

Core collection

Using an Eijkelkamp hand-coring device, two
cores, comprised of 27 (30 ·4 cm2) segments
totaling 8.4 m (DLPC03-1 and DLPC03-2), were
extracted from the depositional center of Dry Lake
(Figure 1). The depositional center was deter-
mined using a hand-held global positioning system
unit to identify the lowest point in the currently
dry lakebed. In addition, the strike and dip of the
bedrock and glacial features, which create the ba-
sin, were extrapolated to define an approximate
basin geometry, from which, we identified the
depositional center. After extraction, the cores
were transported to the Paleoclimate Laboratory
at California State University, Fullerton (CSUF),
USA, where they were split, described and sub-
sampled for sediment analyses. Sub-sampling for
the initial analyses of magnetic susceptibility
(CHI), and loss on ignition (LOI) was performed
at 1 cm intervals, while grain size and microfossil
counts were measure at 5, and 10 cm intervals with
1 cm resolution over transitions and depositional
features of interest. The sub-sampling process
consumed one half of the split core. The second
half was archived and stored at the cold storage
facility at the CSUF Paleoclimate Laboratory.
Despite excellent overall recovery, some gaps exist
in the sediment record. We attribute these gaps to
the coring process, but because of the excellent age

182



control, these gaps are accounted for and assumed
to be real gaps in sediment and time.

Age control and age model

Age control was established by AMS 14C dating of
27 charcoal samples taken from cores DLPC03-1
and DLPC03-2 at the University of California,
Irvine’s Keck Carbon Cycle AMS Facility
(Table 1 and Figure 3). Radiocarbon dates were
converted to calendar years before present (cal
year B.P.) using the web-based program Calib 4.0
(Struiver and Reimer 1993). All ages referred to
hereafter are calibrated unless otherwise noted. An
age-model was constructed using 20 of the 27
AMS 14C dates. Seven dates were eliminated be-
cause they were collected from rapidly deposited
layers (RDLs, i.e., storm events; term from St-
Onge et al. 2004). RDLs were identified by visual
observation of disrupted sediment as well as from
inconsistent CHI, %TOM, and grain-size (i.e.,
%sand) trends. The remaining 20 dates were
plotted verses depth, assuming linear sedimenta-
tion between points. To account for RDLs in the
age model, the basal contact was assigned the age
generated from initial linear regressions between
AMS 14C dates. The top contact age was assigned
the basal contact age plus one year to model an
instantaneous event. Subsequent equations gener-
ated from linear regressions between dates were
used to convert depths to ages, against which all
data were plotted (Figure 3).

Sedimentology

The analyses used in this study were chosen in
order to characterize the various components of
the Dry Lake depositional system, including pro-
ductivity, system energy, and terrestrial input (i.e.,
weathering). Percent total organic matter
(%TOM) and total carbonate (%TC) were
determined by weighing the initial sediment sam-
ple and then combusting each sub-sample at 550
and 950 �C, respectively, for 2 h. After combus-
tion, the samples were reweighed and the residual
weight was subtracted from the original weight to
determine the percent weight loss (Dean 1974;
Heiri et al. 2001; Boyle 2004). %TC is not dis-
cussed further, as all values were 3% or below,

precluding useful interpretation (Dean 1974; Heiri
et al. 2001). Mass magnetic susceptibility (CHI; ·
10�7 m3 kg�1) was immediately measured after
sub-sampling on all samples using the using a
Barington MS2 magnetic susceptibility meter. The
final CHI was calculated by dividing the average
of two measurements (rotated y-axis per mea-
surement) by the wet sediment weight to account
for differences in mass (Thompson et al. 1975;
e.g., Lanci et al. 1999). Microfossil counts of
charcoal were performed at 5–10 cm intervals
(1 cm intervals were used over transitions and
RDLs) using a binocular microscope. Samples
were prepared by wet sieving at 125 lm, after
which they were dried and weighed. Counts of
split samples were multiplied by the number of
splits and a correction factor, determined by
dividing the dry sediment weight by 5, to nor-
malize all results as counts per 5 g of dry sediment
(e.g., MacDonald et al. 1991). Percent sand
(74.00–2000 lm), silt (3.9–73.99 lm), and clay
(0.02–3.89 lm) were measured at 5 cm intervals
(1 cm intervals over transitions and RDLs) using
the Malvern Mastersizer 2000 laser diffraction
particle analyzer (e.g., Warner and Domack 2002).
Sediment samples measuring 1 cm3 were pre-
treated with 10–40 ml of a 30% H2O2 solution at
100 �C for 2 h in order to remove the organic
fraction prior to particle analysis. Sample mea-
surements were performed using a refractive index
of 1.52 with water as the dispersant. Five mea-
surement cycles per sample were averaged to for
the final grain size percentages.

Analysis of historical summer precipitation

Precipitation data from the Big Bear Lake, CA,
(hereafter referred to as Big Bear) and Phoenix
Sky Harbor Airport, AZ, (hereafter referred to as
Phoenix) National Climate Data Center weather
observation stations were analyzed in order to
explore relationships between summer precipita-
tion (July–August) in the San Bernardino
Mountains and the desert southwest during the
NAM. The NCEP-NCAR reanalysis database
(Kalnay et al. 1995) was then used to construct
plots of surface precipitable water over the
southwestern United States and GOC. From
these plots we are able to characterize the spatial
relationships of atmospheric conditions during
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summers with severe precipitation intervals com-
mon to both Phoenix and Big Bear so as to
determine the degree to which the present-day
NAM influences precipitation in the San Bernar-
dino Mountains.

Results

Sedimentology

Except for the top 10 cm, which appears to be a
poorly developed soil horizon, the cores are
comprised of lacustrine sediments derived from
the surrounding basin. Silt is the main sediment
constituent throughout the cores. Interbedded
with the silt are sand layers (1–10 cm thick), some
of which are capped by organic deposits of wood,
charcoal, and plant material and bounded on the
bottom by erosional surfaces. Sand content is

highly variable from 9000 to 8100 (Figure 4b).
Maximum values are reached in two distinct peaks
at 8230 and 8100, after which, there is a first-order
decreasing trend to 6500 with a single peak at
7700 (Figure 4b). CHI is relatively low from 9000
to 8400, at which point variability increases (Fig-
ure 4c). Values peak at 8230 and 8100 and then
generally decrease again with some scattered
peaks from 8100 to 6500 (Figure 4c). %TOM is
most variable from 9000 to 8400, characterized by
high values (Figure 4d). After 8400, %TOM de-
clines but still displays some variability until 7300
(Figure 4d). After 7300 there is only a single peak
at 6700 (Figure 4d). Charcoal is high and variable
from 9000 to 7600, but it is interrupted by a 300-
year period from 8400 to 8100 of significantly
reduced counts. After 7600, charcoal is only a
minor sediment constituent, although it is still
present in measurable quantities throughout the
core.

Table 1. Radiocarbon dates.

Identification Core depth

(cm)

Conventional

radiocarbon Agea
2-Sigma calibrated

ageb (cal year B.P.)

2-Sigma average calibrated

age (cal year B.P.)

UCI-2573c 8.5 320±30 307–462 380

UCI-2574c 12.5 805±45 660–792 726

UCI-6826c 17.5 1470±25 1308–1407 1357

UCI-2576c 45.5 1635±25 1420–1471 1450

UCI-2577c 88.5 2750±25 2778–1471 2830

UCI-2578c 106.5 3635±25 3865–3990 3930

UCI-2579c 167.5 3980±30 4303–4308 4310

UCI-2580c 205.5 4455±25 4968–5074 5020

UCI-2581c 260.5 5390±25 6001–6011 6010

UCI-2582c 267.5 5605±40 6299–6450 6380

UCI-2583c 283.5 5825±25 6504–6505 6510

UCI-2584 297.5 6365±45 7210–7221 7220

UCI-2585c 317.5 6185±35 6951–6960 6960

UCI-2586c 399.5 6890±25 7666–7756 7710

UCI-2587c 484.5 7080±25 7793–7797 7800

UCI-2588c 508.5 7240±50 7959–8166 8060

UCI-2589c 609.5 7355±30 8033–8090 8150

UCI-2590 645.5 7895±25 8579–8777 8690

UCI-2591 679.5 7835±25 8540–8649 8600

UCI-2592c 716.5 7740±30 8426–8561 8490

UCI-2593 750.5 7675±25 8393–8461 8427

UCI-2594 745.5 8020±50 8653–8668 8660

UCI-2595 759.5 7820±50 8430–8439 8440

UCI-2597c 807.5 7990±25 8721–8735 8730

UCI-6827 822.5 8060±25 8979–9029 9000

UCI-6828c 840.5 7970±25 8745–8996 8870

Beta-188743c 841.5 8090±40 8990–9095 9040

aStuiver and Polach (1977).
bStuiver and Reimer (1993).
cDates used in age model.
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Analysis of historical summer precipitation

Summer monsoon precipitation (July–August) at
Phoenix is well correlated (r = 0.58, a >0.001)
with July–August precipitation at Big Bear
(Figure 5). Plots of the two datasets demonstrate
contemporaneous extreme wet summers (rain-
fall >1SD) in 1951, 1955 and 1984 (Figure 5).
Plots of anomalous July–August precipitable sur-
face water constructed for these years illustrates a
strong regional positive anomaly over southern
California and southwestern Arizona during the
events (Figure 6).

Discussion

Proxy interpretation

For this paper, %TOM is interpreted in two
ways: (1) intervals of sustained, high %TOM
represent an overall increase in productivity (i.e.,
greater local biomass) during periods of greater
wetness; and, (2) spikes in %TOM represent se-
vere precipitation events, when the influx of

organic detritus is instantly increased to the lake
from the surrounding basin. Similar to %TOM,
charcoal counts are interpreted as an indicator of
basin productivity as well as storm events. Gen-
erally elevated charcoal is interpreted to reflect
greater terrestrial biomass in response to in-
creased effective moisture, which then provides
increased fuel for forest fires. Spikes in charcoal
are interpreted to reflect sudden influxes of char-
coal fragments in response to abrupt increases in
runoff (i.e., storm events). Grain size is inter-
preted to indicate the relative energy of the
depositional environment. Therefore, elevated
sand content and sand spikes are interpreted as
storm events or periods of increased storminess.
CHI is interpreted to reflect the contribution of
terrestrial material (i.e., weathered bedrock) ero-
ded into the lake system from the surrounding
drainage basin (Thompson et al. 1975; Lanci
et al. 1999). In order to preserve CHI in the
sediment record, the magnetic minerals (i.e.,
magnetite) need to be buried quickly to minimize
oxidation by bacterial processes acting to decay
organic material, which is also washed in during
storm events (Hilton et al. 1986). Spikes in CHI,
therefore, represent a sedimentological response
to storm events and are typically associated with
spikes in sand, capped by elevated %TOM (i.e.,
organic material settling out after being washed
in). In some core sections CHI is very low, despite
the presence of high sand content. And, as pre-
ciously stated, high sand content is interpreted to
represent increased wetness or storminess. The
combination of low CHI and high sand also
occurs in the presence of elevated %TOM (an-
other indication of increased wetness). Therefore,
in cases where low CHI is associated with high
sand and high %TOM, we interpret the low CHI
as reflecting a the diagenisis of the magnetic sed-
iment fraction due to the bacterial oxidation of
associated organic material. Together, the occur-
rence of elevated %sand with high or low CHI,
%TOM, and charcoal constitute rapidly depos-
ited layers. These features are interpreted as
indicators of discrete storm events.

Early Holocene climate (9000–7500 cal year B.P.)

Given the alpine setting of Dry Lake (2763 m), it is
likely that ice covering the lake in winter months

Figure 3. Age model of combined cores DLPC03-1 and

DLPC03-2. Dates used in the age model are represented by

triangles; removed dates are shown with open circles.
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Figure 4. Comparison of (a) reversed axis GISP d18O 5 pt. smoothed data (Alley et al. 1993) with (b) %sand; (c) mass magnetic

susceptibility; (d) %TOM and (e) number of charcoal grains per 5 g dry sediment from DL as well as with (f) summer insolation for

30� N latitude. The box denotes the 8.2 ka event ‘interval’ as identified in Dry Lake.
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shielded the basin from the deposition of RDLs
during the winter season (e.g., Ohlendorf et al.
2000). In addition, precipitation at Dry Lake
during the modern winter season is received pri-
marily as snow (Minnich 1984). Therefore, during
the early Holocene, when winter insolation was at
a minimum, resulting in cooler winters in southern

California (Kirby et al. 2005), it is likely that
precipitation was also overwhelmingly received as
snow. Furthermore, spring snowmelt is not rapid
enough to produce the energy required to trans-
port the observed thick sand layers to the lake’s
depocenter. Therefore, we suggest that the source
of the early Holocene RDLs, and therefore general

Figure 6. Plot of anomalous July–August precipitable water during the severe monsoon seasons of 1951, 1955, and 1984, created using

the NCEP/NCAR interactive reanalysis database (http://www.cdc.noaa.gov/cgi-bin/Composites/printpage.pl). Note the large positive

anomaly is centered over southern California and Arizona, illustrating the regional expansion of the NAM into the San Bernardino

Mountains during these years.

Figure 5. Comparison of July–August precipitation data from Phoenix Sky Harbor Airport, AZ (PSHA) and Big Bear Lake, CA

(BBL). Note the exceptionally strong monsoon seasons of 1951, 1955, and 1984 (precipitation >1SD) are synchronous between BBL

and PHSA, demonstrating that modern summer precipitation in the San Bernardino Mountains is influenced by the NAM.
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storminess, at Dry Lake are variations in summer
precipitation.

As the analysis of historical precipitation data
demonstrates, summer precipitation during the
NAM season at Big Bear (and thus Dry Lake) is
significantly correlated with monsoonal precipita-
tion at Phoenix. Figure 5 shows that the excep-
tionally strong monsoon seasons of 1951, 1955,
and 1984 (precipitation >1SD) were regionally
extensive, resulting in contemporaneous extreme
precipitation at Big Bear and Phoenix. As well,
anomalous precipitable water plots for these years,
demonstrates that the regional extent of the NAM
was expanded to include both Arizona and
southern California (Figure 6). Additionally,
Tubbs (1972) documented that strong NAM sea-
sons effect the Transverse and Peninsular Ranges
of southern California. Therefore, because the
NAM is strongly linked to increased summer
insolation, and early Holocene insolation was
significantly stronger, we ascribe the wet early
Holocene climate at Dry Lake to an insolationally
enhanced NAM. This conclusion is supported by
the climate modeling studies of Webber (2001) and
Liu et al. (2003), who modeled a strengthened
early Holocene NAM in response to elevated
summer insolation.

Using the well-defined relationships between
summer insolation and the modern NAM, we can
infer how increased summer insolation during the
early Holocene may have influenced the NAM.
With higher summer insolation during the early
Holocene, SSTs would have warmed in the GOC
to the 26 �C threshold temperature more rapidly,
initiating early monsoonal precipitation and sus-
taining it longer into the fall season. Furthermore,
increased early Holocene summer insolation may
have caused GOC SSTs to surpassed the second
threshold temperature of 29 �C more frequently,
creating more regular extreme monsoon events.
Elevated early Holocene summer insolation would
have also enhanced SSTs in the eastern tropical
Pacific, thereby deepening convection in the region
and significantly bolstering atmospheric moisture
available to the NAM, particularly for coastal re-
gions. These inferences are supported by studies
from the Santa Barbara Basin (SBB) by Pisias
(1978) and Friddell et al. (2003), which indicate
that the eastern tropical Pacific was warmer than
present during the early Holocene. As well, pollen
studies from the SBB indicate that the southwest

was generally wetter during the early Holocene
(Heusser 1978). Enhanced SSTs in the eastern
tropical Pacific during the early Holocene, driven
by greater summer insolation, is likely to have
generated stronger and more frequent easterly
tropical waves and associated disturbances (i.e.,
cyclones), thereby enhancing moisture surges and
strengthening the NAM. The early Holocene
summer insolation maximum would also have
strengthened regional anticyclonic atmospheric
circulation. Strengthened anticyclonic circulation
would in turn advect more warm moist air from
the eastern tropical Pacific and GOC into the
southwest, supplying greater moisture to the
monsoon region. Furthermore, vigorous vertical
atmospheric movement associated with the strong
thermal low would generate convective storm
activity associated with the NAM, particularly in
concert with the orographic effect of the San
Bernardino Mountains.

The Dry Lake record supports these inferences
and indicates the coastal southwest was wetter and
stormier between 9000 and 7500 then at present,
which we ascribe to an enhanced NAM (Figure 4).
Generally high sand percentages and frequent
sand spikes capped by organic rich units indicate a
sustained energetic depositional environment
punctuated by frequent RDLs. Generally elevated
%TOM and charcoal, in addition to the presence
of organic rich layers, which consist almost
exclusively of charcoal and wood fragments, sug-
gest high basin productivity and significant fluvial
transport of terrestrially derived organic material
into Dry Lake during storm events associated with
the NAM (Figure 4). Low CHI values from 9000
to 8400 further supports a wet, productive envi-
ronment at Dry Lake, as the overwhelming input
of organic material, and subsequent bacterial
decay, oxidized the magnetic fraction, resulting
in anomalously low CHI during this interval
(Figure 4). After 7500, summer precipitation at
Dry Lake appears to have diminished, as indicated
by decreased variability in all proxies (Figure 4).

The interpretation of the Dry Lake record is
supported by both regional paleoclimate and re-
cent climate modeling studies. Davis and Shafer
(1992) recognized an early Holocene ‘moist inter-
val’ at Montezuma Well, AZ, that was associated
with an increase in pollen from plant species
adapted to utilize summer precipitation, suggest-
ing increased monsoonal precipitation. Other
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studies, such as Enzel et al. (1992) and more re-
cently, Kirby et al. (2005), also indicate that the
early Holocene was wetter then the modern cli-
mate, although the resolution and location of these
records precludes their ability to draw specific
conclusions concerning relative seasonal contri-
butions. Additionally, the results of modeling
studies by Webber (2001) and Liu et al. (2003)
suggest that increased early Holocene summer
insolation served to strengthen NAM in the
southwestern United States.

In summary, elevated insolation during the early
Holocene enhanced the NAM by increasing sum-
mer SSTs in the GOC and eastern tropical Pacific.
Elevated SSTs generated more frequent easterly
tropical waves, which in turn created more mois-
ture surges, in addition to strengthening regional
atmospheric circulation. We propose the anoma-
lously far-reaching monsoon seasons of the 20th
century are analogs for the ‘normal’ NAM activity
during the early Holocene. The net result was a
wetter, stormier early Holocene summer climate in
the coastal southwest. This interpretation is sup-
ported by sedimentological evidence from Dry
Lake, which indicates increased summer stormi-
ness and precipitation during the early Holocene.
The interpretation is further supported by regional
paleoclimate studies and model studies, which
suggest the early Holocene was wetter in response
to a stronger NAM.

The 8.2 ka event?

Superimposed on the early Holocene NAM signal
is a 300-year interval from 8400 to 8100, appar-
ently without significant monsoonal activity in the
San Bernardino Mountains (Figure 4). We attri-
bute this cold snap to the 8.2 ka event recognized
in the GISP ice core (Alley et al. 1997). Since the
initial discovery of the 8.2 ka event in the GISP ice
core, mounting global evidence from terrestrial,
marine, and ice records from Mexico, the Neth-
erlands, Eastern Europe, Costa Rica, and Tibet,
suggest that the event was a significant widespread
cool climate anomaly (Ninglian et al. 2002;
Lanchniet et al. 2004; Seppä and Poska 2004;
Vázquez-Selem and Heine 2004; Wagner et al.
2004). In addition, studies suggest that what is
referred to as the 8.2 ka event is in fact a longer-
term cold climate anomaly with an additional

abrupt cold climate anomaly super imposed on the
greater long-term event structure (Rohling and
Pälike 2005).

While the aforementioned studies compellingly
demonstrate the global nature of the 8.2 ka event,
the southwestern United States response to the
event has remained elusive. For example, Clark
et al. (2003) found no evidence of an 8.2 ka event
related glacial advance from alpine lakes in the
Sierra Nevada. As well, published marine records
from the Santa Barbara Basin show no significant
cooling during the early Holocene (Friddell et al.
2003). New d18O data from G. bulloides and N.
pachyderma from the Santa Barbara Basin, how-
ever, appear to indicate a distinct cool period with
shallowing of the thermocline and weakening
stratification of the upper water column associated
with the 8.2 ka event (Kennett 2005). Further-
more, Davis and Shafer (1992) identified a dra-
matic cold interval between 7780 and 7940 at
Montezuma Well, previously unassociated with
the 8.2 ka event. During this event, summer pre-
cipitation decreased and temperatures drop to
their lowest values for the site (approximately 4 �C
decrease), and winter precipitation increased (Da-
vis and Shafer 1992). Significant to the Dry Lake
record, Owen et al. (2003) identified, through
cosmogenic dating, an early Holocene glacial ad-
vance in the San Bernardino Mountains some time
between 9000 and 5000. Given that previous
advances were associated with perturbations in
North Atlantic thermohaline circulation (e.g.,
Heinrich Event 1 and the Younger Dryas), it
is plausible that the early Holocene advance is
associated with the 8.2 ka event, which itself is
linked to a perturbation in the North Atlantic
thermohaline circulation (Barber et al. 1999). The
Dry Lake record, with its well-dated sediment re-
cord and its proximity to the glacial features dated
by Owen et al. (2003), is a suitable location to
explore how the coastal southwest responded to
the 8.2 ka event and if the resulting climate could
support the growth and maintenance of glacier in
the San Bernardino Mountains.

The 8.2 ka event at Dry Lake is characterized by
depressed charcoal and %TOM, and elevated CHI
and %sand from 8400 to 8100, which occur con-
temporaneously with the negative d18O anomaly
recognized as the 8.2 ka event in the GISP ice core
(Alley et al. 1997; Figure 4a–e). These relation-
ships suggest that basin biomass decreased in
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response to colder summer temperatures and
suppressed monsoonal precipitation, which in turn
increased local erosion. Cooler summer tempera-
tures in combination with a sustained, southerly
winter jet stream would have led to significant
snow accumulation in the San Bernardino
Mountains and potentially glacier formation.
These conclusions are consistent with the findings
of Davis and Shafer (1992), who found monsoonal
precipitation during the 8.2 ka event was signifi-
cantly reduced. Davis and Shafer (1992) also noted
total precipitation appeared greater, which sug-
gests winter precipitation increased in response to
a more sustained, southerly winter jet stream.
Notably, other proxy records of early Holocene
monsoon activity from Africa and Costa Rica also
demonstrate a reduction in monsoonal precipita-
tion that is contemporaneous with the reduction
noted at Dry Lake (Gasse 2000; Lachniet et al.
2004).

The climatic conditions at Dry Lake appear to
support a glacial response to the 8.2 ka event in
the San Bernardino Mountains. Cooler summers
in concert with enhanced winter precipitation for a
sustained 300-year period would allow for peren-
nial snow to persist in the San Bernardino
Mountains, particularly on the shaded northern
slopes of San Gorgonio. Therefore, it is our con-
clusion that the 8.2 ka event is the best candidate
for the early Holocene glacial advance identified
by Owen et al. (2003).

Conclusions

Recent synoptic and modeling studies of the NAM
and newly developed climate records from Dry
Lake provide new insight into the complex rela-
tionships between early Holocene insolation and
climate in the coastal southwest. Proxy data from
Dry Lake indicate a wet, stormy early Holocene
from 9000 to 7500 followed by decreasing storm-
iness to 6500. This wet period is attributed to an
enhanced NAM, strengthened by the early
Holocene summer insolation maximum.

Superimposed on the early Holocene NAM
signal is the 8.2 ka event. This globally docu-
mented climate perturbation, previously unrecog-
nized in the coastal southwest, registers at Dry
Lake as a 300-year cold period characterized by
decreased summer monsoonal precipitation,

decreased basin productivity, and enhanced local
erosion. Owen et al. (2003) identified an early to
middle Holocene (9000–5000) glacial moraine near
Dry Lake in the San Bernardino Mountains.
Based on sedimentological evidence from Dry
Lake, we conclude the 8.2 ka event is the most
likely interval for the proposed glacial advance.
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