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Statement of Purpose

Statement of Purpose

In 1984, a workshop was held on “Climatic Variability of the Eastern North Pacific and Western
North America.” From it has emerged an annual series of workshops held at the Asilomar Conference
Grounds at Pacific Grove, California, and the Wrigley Institute for Environmental Studies at

Two Harbors, Santa Catalina Island, California. These annual meetings, which involve 80-

100 participants, have come to be known as the Pacific Climate (PACLIM) Workshops, reflecting
broad interests in the climatologies associated with the Pacific Ocean and western Americas in both
the northern and southern hemispheres. Participants have included atmospheric scientists,
hydrologists, glaciologists, oceanographers, limnologists, and both marine and terrestrial biologists. A
major goal of PACLIM is to provide a forum for exploring the insights and perspectives of each of
these many disciplines and for understanding the critical linkages between them.

PACLIM arose from growing concern about climate variability and its societal and ecological impacts.
Storm frequency, snowpack, droughts and floods, agricultural production, water supply, glacial
advances and retreats, stream chemistry, sea surface temperature, salmon catch, lake ecosystems, and
wildlife habitat are among the many aspects of climate and climatic impacts addressed by PACLIM
Workshops. Workshops also address broad concerns about the impact of possible climate change over
the next century. From observed changes in the historical records, the conclusion is evident that
climate change would have large societal impacts through effects on global ecology, hydrology,
geology, and oceanography.

Our ability to predict climate, climate variability, and climate change critically depends on an
understanding of global processes. Human impacts are primarily terrestrial in nature, but the major
forcing processes are atmospheric and oceanic in origin and transferred through geologic and biologic
systems. Our understanding of the global climate system and its relationship to ecosystems in the
Eastern Pacific area arises from regional study of its components in the Pacific Ocean and western
Americas, where ocean-atmosphere coupling is strongly expressed. Empirical evidence suggests that
large-scale climatic fluctuations force large-scale ecosystem response in the California Current and, in
a very different system, the North Pacific central gyre. With such diverse meteorologic phenomena as
the El Nifio—Southern Oscillation and shifts in the Aleutian Low and North Pacific High, the eastern
Pacific has tremendous global influences and particularly strong effects on North America. In the
western United States, where rainfall is primarily a cool-season phenomenon, year-to-year changes in
the activity and tracking of North Pacific winter storms have substantial influence on the hydrological
balance. This region is rich in climatic records, both instrumental and proxy. Recent research efforts
are beginning to focus on better paleoclimatic reconstructions that will put present day climatic
variability in context and allow better anticipation of future variations and changes.

The PACLIM Workshops address the problem of defining regional coupling of multifold elements as
organized by global phenomena. Because climate expresses itself throughout the natural system, our
activity has been, from the beginning, multidisciplinary in scope. The specialized knowledge from
different disciplines has brought together climatic records and process measurements to synthesize
and understand the complete system. Our interdsciplinary group uses diverse time series, measured
both directly and through proxy indicators, to study past climatic conditions and current processes in
this region. Characterizing and linking the geosphere, biosphere, and hydrosphere in this region
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provides a scientific analogue and, hence, a basis for understanding similar linkages in other regions
and for anticipating the response to future climate variations. Our emphasis in PACLIM is to study
the interrelationships among diverse data. To understand these interactive phenomena, we
incorporate studies that consider a broad range of topics both physical and biological, time scales
from months to millennia, and space scales from single sites to the entire globe.

viii
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Introductions

Editor’'s Introduction

G. James West, U.S. Bureau of Reclamation

The Nineteenth Annual PACLIM Workshop was held at the Asilomar State Conference Grounds at
Pacific Grove, California. The stunning and easily accessable location of the workshop has served well
for conferences on climate of the eastern Pacific. Attended by more than 100 registered participants
(see Appendix C, Attendees), the workshop included 38 scheduled talks and 28 poster presentations.
This year’s primary themes were climatic influences on oceanic biology and solar influences on
climate. The special session on Climate and Oceanic Biology was chaired by John McGowan (see
below). The remaining talks consisted of a diverse range of issues ranging from modern climate
change and variability to paleoclimate reconstruction (see Appendix A, Agenda). On the first evening,
Kelly Redmond gave us the weather and climate for the “PACLIM YEAR” PY2002, Maury Roos
presented his annual California Water Year report and Jeff Severinghaus spoke on the role of the sun
in climate variation. Monday evening’s speaker, Richard Wilson, provided interesting information on
the sun’s variability. Poster presentations were displayed throughout the entire meeting and time was
set aside on Tuesday evening for their presentation and discussion (see Appendix B, Poster
Presentations).

All presenters were invited to expand their abstracts into a manuscript for inclusion in the Proceeding
volume, and nearly all presentations are included in manuscript or abstract form. In this Proceedings
volume, 13 papers are presented full-length. The abstracts submitted to the meeting are printed in a
following section. The papers are not formally peer reviewed and editorial comments are generally
limited to grammar, spelling, punctuation, and format. Editorial comments on the content on some
submittals have been offered, but it is the responsibility of the author(s) for any errors of fact or logical
inconsistencies.

Special Session Introduction—Climate and Oceanic Biology

John McGowan, Scripps Institution of Oceanography

The background for the special session on Climate and Oceanic Biology is the observation that the
carth’s atmosphere and oceans are warmer now than at any time since reliable instrumental
measurements began. We can expect the warming to continue. A great deal of effort is being devoted
to understanding the physics of the warming and in picking apart the details of the carbon cycle.
But it is the consequences of such climatic variability to the biology of the oceans that concerns a
rather small group of biologists and this, after all, is or should be of major importance. This research
is a new kind of ecology. Most biologists are unprepared for study on the time/space scales of the
phenomenon, but somehow we must find our way.

The special session is an attempt to gather together those biological oceanographers concerned about
the consequences of change, to report on the status of their research, and to determine if there is
common ground among us.

ix
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PACLIM, a personal view

G. James West

After four great years of sharing the editorship of the PACLIM Proceedings, it is time for me to pass
the torch. I've thoroughly enjoyed interacting with my co-editors, the authors, and participants
during this time. It’s been a positive experience and I've learned a lot. Thanks to Ray Wilson and
Lauren Buffaloe who guided a then-neophyte editor through the intricacies of turning a collection of
papers into a finished document. A special thanks goes to my wife, Katherine, who helped in so many
ways and did a lot of work on the volumes, too. Thanks for the privilege of letting me have the
opportunity of being part of PACLIM.
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Was Water Year 2002 Wet Enough to Avoid Drought?

Was Water Year 2002 Wet Enough to Avoid Drought?

Maurice Roos!

Water year (WY) 2000-01, October 2000 through September 2001, was dry in northern California
with statewide runoff only about half average. It was driest in the northeastern region of the State
(remember the news about the Klamath Project troubles). For most water users, however, reservoir
storage from the previous good years helped take up some of the slack. But, as the water year ended,
storage was about 10% below average and more than 20% behind the previous year (in September
2000). There was much concern that a second dry year would plunge California into drought.

Let’s take a look at the major parameters of water supply for this year to see how we did. The situation
looked fairly good at the end of March with a 95% of average snowpack and runoff forecasts at 80%
of average overall. But the spring (and summer) was dry and the actual snowmelt runoff turned out to
be about 70% and the water year amount about 75% of average. Table 1 shows the figures for

WY 2002 along with previous years, including the last critical dry year of 1994. (For the river runoff
percentages in the table, I have continued to use the 1946-1995 average to enable comparison with
last year’s report. The Snow Surveys program has updated the current averages, using 1951-2000
figures which are about 5% wetter due to inclusion of 5 relatively wet years.) The first figure shows
the distribution of precipitation by hydrologic areas for the water year. Note the “dry south more
moderate north” pattern; this is a reversal of the previous winter’s pattern, which was quite dry in the
north.

Figure 2 shows a comparison of estimated monthly statewide precipitation compared to average for
the water year. Summer deficits do not really mean much, because normal amounts are quite small
anyway. Approximately 75% of our average annual precipitation comes during the five months,
November through March. In WY 2001-02, two of the wet months were well above average
(November and December), while all the other months were below average. January and February
were quite dry at about half normal. The wetness of November and December provided about half of
a full season supply, enough excess to make up a major share of the deficits in the rest of the year and
ensure adequate, but not ample, supplies for most users.

Figure 3 and 4 show northern Sierra monthly and accumulated precipitation during the year. Figure 5
shows the snowpack water content for the three sections of the State from snow sensors. Note the
rapid melting in April and the lower buildups in the southern Sierra. Figure 6 shows the April through
July runoff, in percent of average. The overall statewide average was about 70%. Note the dropoff at
the southern end of the Sierra, particularly the Kern River at 46%.

1. Presented at the Pacific Climate Workshop in Pacific Grove, March 3, 2002, with statistics updated in October 2002.



2002 PACLIM Conference Proceedings

Table 1: Percentage of average (unless noted)

2002 2001 2000 1999 1998 1997 1994

Statewide
Precipitation 80 75 100 95 170 125 65
April 1 snowpack 95 60 100 110 160 75 50
Runoff 75 50 95 110 175 145 40
Reservoir storage, Sept. 30 87 89 111 118 136 104 73
Reservoir storage, maf 19.4 (19.3) (24.2) (25.6) (29.6) (22.7) (15.9)

Regional
Northern Sierra Precipitation 93 66 113 110 165 138 64
8 Station Index, inches 46.3 (33.0) (56.7) (54.8) (82.4) (68.7) (31.8)
Sacramento River 81 54 104 117 174 141 43
Unimpaired runoff, maf (14.6) 9.8) (18.9) (21.2) (31.4) (25.4) (7.8)
San Joaquin River 72 57 103 104 183 167 45
Unimpaired runoff, maf (4.1) (3.2) (5.9) (5.9) (10.4) 9.5) (2.5)

Note: 1996-1995 averages for runoff
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October 1, 2001 through September 30, 2002
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North Coast

San Francisco Bay
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North Lahontan

South Lahontan
Colorado River Desert

Figure 1 Water year 2002 precipitation in percent of average (by hydrologic region)
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Figure 5 Snow water content in percent of April 1 average
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Legend
69%  Runoff forecast in percent of normal

L UPPER SACRAMENTO 69%

| ___FEATHER 59%
TRUCKEE 62%

TAHOE 56%
CARSON 77%
WALKER 70%

yusa 71%

\

\
AMERICAN 75% w
COSUMNES 53% ‘-“ X

STANISLAUS 76%
TUOLUMNE 75%

MONO h/a

OWENS 73%

Figure 6 Estimated actual April through July unimpaired runoff for WY 2002

The snowpack started out with a wintry blast reaching nearly 1.5 times normal for the date on
January 1, and 60% of a full April 1 pack. Since then the increase was pretty nominal for two months
with a final boost in March which brought the pack to 95% of the average seasonal amount on

April 1. That compares well with 2001 when some early melting of a smaller pack eventually left 60%
on April 1. Winter runoff this year was about 80% of average at the end of March, double the 40% of
the previous year.

Reservoir storage overall recovered to average by April 1 which boded well for water supply. For the
SWP, an initial allocation of 20% of entitlements was made on November 30. In mid-January this
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was upped to 45%. In late March the allocation was raised to 60%. In May, 5% more was added. A
final adjustment in August raised the 2002 allocation to 70%. The 70% is 2.89 million acre-feet
(maf) out of 4.13 maf entitlements. Last year’s entitlement deliveries were 39%. On March 6, 2001,
the allocation was only 25% of entitlements.

For the CVP, the mid-February allocation of San Joaquin Valley west side project agricultural
deliveries was 55%, compared to an eventual 52% in 2001. Urban users south of the Delta would get
80%. These numbers did not change much for the February median projection which called for 60%
and 85% respectively. Wildlife refuges were to get 100%, as did water rights holders and Sacramento
Valley CVP users. San Luis reservoir was about 95% full in early March, so the problem for the
summer was conveyance south of the Delta and the constraints on exports. Eventually the CVP was
able to deliver 70% for west side agriculture and 95% of the urban users south of the Delta.

Things were not quite as good for the east side of the San Joaquin Valley. Near Fresno, the Friant
(Millerton) allocations were 912 thousand acre-feet (taf), 61% of the long term average of 1500 taf.
The 912 taf was 100% of Class 1 water, and 8% of Class 2 water. Stanislaus River CVP project users
received 15 taf, only 10%.

The next two charts (Figures 7 and 8) illustrate the recent history of Sacramento and San Joaquin
River runoff. Earlier in the spring we were predicting a “below normal” water year for 2002. But as
below normal precipitation continued, in the May 1 DWR Bulletin 120 report on “Water Conditions
in California”, the water year classification was lowered to “dry”. Estimated actual water year runoff
for the Sacramento and San Joaquin River systems turned out to be about 3% under the May 1
forecasts. Estimated actual April through July runoff was about 5% under the May 1 forecast.

Water storage at the end of the water year for the past several years is shown on Figure 9. In-state
major reservoir storage at the end of WY 2002 totaled about 19.4 maf, some 87% of average, virtually
the same as the year before. That is the lowest since 1994 when the reservoirs held about 15.9 maf. In
1992 at the end of the 6 year drought, storage had dropped to 12.7 maf. So there is some carryover
available for WY 2003. Another big question for 2003 is how much interim surplus will be available
to southern California from the Colorado River. In recent years California has been using up to

0.8 maf of surplus over its long term entitlement of 4.4 maf.

Now to go back to the initial question: Was the year wet enough to avoid drought? My answer is “yes”
for this year, but it was not wet enough to build a reserve cushion for next year. So we live one year at
a time and hope the following winter will be a little wetter.
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Figure 7 Sacramento River system runoff, in maf
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Figure 8 San Joaquin River system runoff, in maf
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A 2,000-Year-Long Record of Climate from the Gulf of California

A 2,000-Year-Long Record of Climate
from the Gulf of California

John A. Barron, David Bukry, and James L. Bischoff

Abstract

High resolution study (samples every ca. 37 yr) of the diatoms, silicoflagellates, and
geochemistry of Kasten Core BAMB8O0 E-17 yields a detailed record of climatic and
paleoceanographic change for the past 2,000 years for the eastern Guaymas Basin, a region of
very high diatom productivity within the central Gulf of California.

Roughly every 200 years, intervals enriched in diatoms alternate with intervals characterized
by higher terrigenous material and total organic carbon (TOC), suggesting solar forcing. The
record of percent biogenic silica is remarkably similar to the radiocarbon production curve,
with increased diatom production occurring during sunspot minima. It is suggested that solar
minima coincide with an increase in the strength or duration of late fall/winter northwest
winds blowing down the Gulf due to atmospheric cooling above northwest Mexico.

A prolonged interval of dramatically warmer sea surface temperatures (SST) that is marked by
a two-fold increase (above normal background fluctuations) in the relative abundance of the
tropical diatom Azpeitia nodulifera occurs between ca. 910-1140 AD, corresponding to the
Medieval Warm Period. This interval is interrupted by a brief period (ca.1020-1100 AD) of
reduced A. nodulifera and enhanced diatom production.

Introduction

The climate of the Gulf of California (referred to elsewhere as “the Gulf”) region is divided into a
mid-latitude, winter phase and a subtropical, summer phase. During the winter, prevailing surface
winds are northwesterly, along the mean pressure gradient, causing an overturn of the water column,
upwelling of nutrients and enhanced phytoplankton production. This pattern is punctuated by brief
southerly winds lasting a few days caused by an anticyclone that often resides over the southwestern
United States (Bandon-Dangon and others 1991). During the summer, winds blow steadily from the
south, resulting in a monsoonal climate of increased rainfall.

Thunell’s (1998) sediment trap studies in the Guaymas Basin reveal that the peak flux in biogenic
silica, which is overwhelmingly diatoms, occurs in November to December, coincident with the onset
of northwest winds. A secondary peak occurs in early spring, coinciding with a period of coastal
upwelling that is stronger along the mainland coast than it is off the coast of Baja California
(Santamaria-del-Angel and others 1994). Such conditions produce anoxic bottom conditions and
some of the most rapidly accumulating biogenic sediments in the world.

High resolution studies of the latest Holocene in the Guaymas Basin have focused on Kasten core
BAMS8O0 E-17, which was taken by the R/V Matamoros of Oregon State University in 1980 at
27.920°N and 111.610°W beneath 620 m of water. Over 450 cm of varved, diatom-rich sediment
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was recovered in this core. Murray (1982) used varve counting to estimate the sedimentation rate of
BAMS0 E-17 at 0.23 cm/yr; however, he noted that three radiocarbon dates on benthic foraminifers
suggested a sedimentation rate of 0.13 cm/yr. Subsequent varve counting by Karlin (1984) yielded a
sedimentation rate of 0.135 cm/yr that conforms more closely to the sedimentation rate suggested by
radiocarbon dating.

Murray (1982) studied the downcore variability of silicoflagellate assemblages over the entire length
of BAMS8O0 E-17 at 5 cm intervals. He found major cycles in the relative percentages of Octactis
pulchra, asilicoflagellate that he considered to be indicative of upwelling and high productivity, and
Dictyocha messanensis, a silicoflagellate that is more common outside of the Gulf on the Pacific coast
of southern Baja California.

Schrader and Baumgartner (1983) estimated decadal variations of productivity levels during the past
500 years in a number of Kasten cores from the central Gulf of California. They used O. pulchra to
estimate productivity with a chronology based on varve counts and silicoflagellate assemblage
changes. Schrader and Baumgartner (1983) compared their results with a tree-ring record from the
Sierra Madre Occidental and concluded that drier continental conditions showed a good match with
intervals of increased productivity (higher upwelling).

Julliet-Leclerc and Schrader (1987) used oxygen isotopes from the biogenic silica of diatoms to infer
sea surface temperature (SST) variations in the eastern Guaymas Basin over the past 3.000 years.
Their data for Kasten core BAM80 E-13, which was dated by "’Cs isotopes and varve counting,
suggested to them that SSTs warmed as much as 13°C during the past century. Subsequently, Julliet-
Leclerc and others (1991) revised their SST estimates, calling for a ca. 8°C increase during the past
century. Such a warming, however, seems rather extreme compared to the <3°C maximum warming
in SSTs predicted for the past 300 yr in the Guaymas Basin by the alkenone studies of Gofii and
others (2001).

For the 450 cm-long record of BAM80 E-17, Julliet-Leclerc and Schrader (1987) appear to have used
a sedimentation rate of ca. 0.15 cm/yr in plotting their SST record for the past 3,000 years. They
observed a total temperature amplitude of ca. 8°C over the 3,000 yr-long record with highest SSTs
(17°C) occurring at the core top and approximately 3,000 years ago. Julliet-Leclerc and Schrader
(1987) suggested that northwesterly winds (=upwelling and low SSTs) were at their maximum
between 2,000 and 1,500 yr BP, which would presumably correspond to ca. 2,200 to 1,660 yr BB if
Karlin’s (1984) sedimentation rate of 0.135 cm/yr was used.

A high resolution study of diatoms, silicoflagellates, and geochemistry on the same samples would
reveal much about the interrelationships between these various proxies. At the same time, a
paleoclimatic record of the past 2,000 yr from BAM80 E-17 should be very valuable both for
synthesizing the late Holocene paleoceanographic history of the Gulf of California and for
comparisons with high resolution records from the Pacific coasts of Baja and Alta California.

Materials and Methods

Samples were taken at 5 cm-intervals from the upper 250 cm of BAMS8O0 E-17, corresponding to a
sampling interval of ca. 37 yr, according to Karlin’s (1984) sedimentation rate of 0.135 cm/yr. The
approximate 1 cm-thickness of each sample and the varved nature of the sediments means that each
sample represents on the order of seven years of deposition. Samples were taken vertically across the
varves and homogeneous splits were used for siliceous microfossil and geochemical studies.
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Geochemistry

Bulk ICP-AES geochemical analyses were performed on these samples following total sample
dissolution after metaborate fusion. The following elements were analyzed: Na, Mg, Al, Si, B, K, Ca,
Ti, Cr, Mn, Fe, Sr, Y, Zr, Nb, and Ba. Weight percent biogenic silica was estimated from the analyses
by using the Si/Al ratio to factor out the terrigenous (non biogenic) silica. Our data indicate that the
average sea floor terrigenous sediment in the central Gulf of California is very similar to the average
for Pacific pelagic clay which has a Si/Al ratio of 3.30. Silica in excess of this ratio is deemed biogenic.
Calcium carbonate percent was determined for the same samples by acidification and measurement of
evolved CO, by coulomtery. Total carbon was determined on a separate aliquot by combustion at
1000°C and coulometric measurement of evolved CO,. Organic carbon was calculated as the
difference between total carbon and CaCO, carbon.

Diatoms

Following Sancetta (1995), counts of diatoms were made at 500X, ignoring small diatoms that
strongly dominate the sediment assemblages and mask subtle changes, such as Chaetoceros spores and
Thalassionema nitzschioides. In addition, small and delicate taxa (Fragilariopsis, Rhizosolenia,
Thalassiosira) were not counted in order to reduce bias caused by differential dissolution. Rather,
larger centric diatoms demonstrating clear environmental preferences according to the sediment trap
studies of Sancetta (1995), and sediment fabric studies of Pike and Kemp (1997) and Kemp and
others (2000) were counted, including Actinocyclus curvatulus, A. octonarius, Actinoptychus spp.,
Azpeitia nodulifera, Cosinodiscus radiatus, Cosinodiscus spp. (mainly large-diameter forms such as

C. asteromphalus, C. granii, and C. oculus-iridis), Cyclotella spp. (mainly C. littoralis), Roperia tesselata,
and Stephanopyxis palmeriana. At least 200 diatoms per sample were counted while making random
traverses across the microscope slide at 500X.

Silicoflagellates

Silicoflagellate slides were systematically tracked across an upper, middle and lower area to obtain a
representative count of 200 specimens for the samples. Counts were typically made at magnification
250X, with 500X used in checking questionable identifications. All whole specimens and half
specimens with apical structures intact were counted. Lesser fragments were not counted.

Results

For the purposes of this report, only selected geochemical, diatom and silicoflagellate data are
displayed. Complete tables of the data collected are available on request from the authors.

Geochemistry

As indicated by earlier studies by Karlin and Levy (1985), the dominant sediment components of
BAMS80 E-17 are biogenic silica (mainly diatoms) alternating in cycles with intervals with greater
amounts of terrigenous components (e.g., Fe, Ti, Mg, Al) and organic carbon. These cycles mirror
yearly varves, with diatoms enriched during the late fall-early spring phase of strong northwest winds
(November-May) and detritus enriched during the summer phase (June-September) of monsoonal
rainfall and decreased diatom production. Weight percent CaCO; is very low (<0.5%) except in the
topmost 20 cm of BAM80 E-17, where it ranges between 2 and 6%. This suggests that substantial
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pore water dissolution of CaCO;, possibly due to oxidative decomposition of organic matter, occurs
below the 20 cm depth (Karlin and Levy 1985).

Biogenic Silica Production

The record of weight percent biogenic silica for the past 2,000 yr. in BAMS80 E-17 is shown on
Figure 1, where it is compared with the A™C radiocarbon production curve (Stuiver and others
1998). Intervals of increased A™C are thought to coincide with the sunspot minima, because an
increase in solar activity (more sunspots) is accompanied by an increase in the “solar wind,” which
reflects cosmic rays and reduces *“C production. These cycles in “C production and, by inference, in
solar activity, have periodicities of about 200 years, which are termed Suess Cycles by Damon and
Sonnett (1991).
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Figure 1 Record of weight percent biogenic silica in BAM80 E-17 and possible correlation (dashed lines)

with radiocarbon production rate (Stuiver and others 1998). Shaded intervals show selected sunspot
minima.

The biogenic silica record of the past 2,000 years in the eastern Guaymas Basin appears to bear
remarkable resemblance to A**C radiocarbon production curve, with peaks in biogenic silica
coinciding with sunspot minima (Figure 1). This correlation seems to be especially good between
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ca. 450 and 1350 AD; however, after ca. 1400 AD, the peaks in wt.% biogenic silica appear to be
60-80 yr younger than those in the radiocarbon production cure. Such an offset implies a possible
acceleration in sedimentation rates in the topmost 85 cm of BAMS80 E-17, which might be expected
from reduced compaction and increased water content near the top of the core. If such a correlation is
correct, it is possible that some surface sediments may not have been recovered by BAM80 E-17, a
suggestion made by Julliet-Leclerc and Schrader (1987).

We hypothesize that during periods of reduced solar activity (sunspot minima), increased winter
cooling of the North American continent leads to intensification of northwest winds down the axis of
the Gulf, leading to increased upwelling and enhanced diatom production. Recently, Shindell and
others (2001) used a general circulation model (GCM) to predict a 1 to 2 °C cooling of winter
temperature for the North American continent during the Maunder Minimum (ca. 1680). Citing the
effect of a dimmer Sun on the Arctic Oscillation/North Atlantic Oscillation, they argued that reduced
solar activity reduced the strength of the westerly winds, which resulted in lower continental winter
temperatures. Increased winter cooling of northwest Mexico would likely deepen the atmospheric low
there, resulting in an enhanced pressure gradient down the Gulf and an increase in resulting
northwest winds.

Support for this hypothesis comes from Thunell’s (1998) report of the biweeky averages of biogenic
silica accumulating in a sediment trap in the eastern Guaymas Basin between the summer of 1990
and the end of 1996. His data reveal greatly enhanced opal production in the period from 1994
through 1996 compared to period between late 1990 and late 1993. Thunell (1998) infers that the
1994-1996 increase in opal production was due to a decrease in ENSO strength during these years.
However, this period displays better correlation with an interval of decreased solar activity (see
http://science.nasa.gov/ssl/pad/solar/sunspots.htm) rather than reduced ENSO as measured by the
NINO3 index (http://rainbow.ldgo.columbia.edu/ees/data/elnino3.htm).

Dean (2000) demonstrated that Ti concentrations in sediment samples from a box core collected in
the Gulf of California off the west coast of Mexico between the mouths of the Rio Yaqui and Rio
Mayo, two of the largest rivers draining the west slope of the Sierra Madre Occidental, exhibit striking
cycles over the last 200 years with an average period of about 10 years, coinciding almost exactly with
10- to 12-year cycles of precipitation as reconstructed from tree rings (Fritts 1991). Dean (2000)
concluded that these cycles reflect rainfall cycles, as Ti is concentrated in the detrital sediments
deposited during the summer monsoonal rains rather than in the biogenic silica-rich sediments
deposited during the winter. However, the strong negative correlation between weight percent Ti and
biogenic silica in BAM80 E17 (r*= -0.752) suggests that Dean’s (2000) Ti cycles may actually be
biogenic silica cycles operating to dilute a constant terrigenous supply, if variations in seasonal
biogenic silica production are greater than variations in terrigenous input, as is implied by Thunell’s
(1998) sediment trap data.

Diatoms and Environment

Figure 2 shows the relative percentage contribution of selected diatom groups during the past

2,000 yr. in BAM80 E-17. Sancetta’s (1995) sediment trap data in the eastern Guaymas Basin reveal
the environmental and seasonal preferences of these diatom taxa. Azpeitia nodulifera, a tropical
species, is only present in the modern eastern Guaymas Basin during ENSO-like conditions. On the
other hand, Roperia tesselata is a late winter-early spring taxon indicative of waters that are well mixed
by northwest winds. Sancetta (1995) concludes that Coscinodiscus radiatus is more common in the
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mixed waters of the winter, whereas the mostly large-diameter taxa tabulated as Coscinodiscus spp.

(C. asteromphalus, C. granii, and C. oculus-iridis) are associated with the stratified, low nutrient waters
of the summer-early fall that are deposited in the late fall when the thermocline breaks down after the
onset of northwest winds (Kemp and others 2000). Cyclotella spp. (mostly C. littoralis) are coastal taxa
that are thought to be indicative of low production in warm, stratified, and nutrient limited waters of
the summer and early fall.

The relative abundances of most of these diatom groups appear to fluctuate within generally well-
constrained limits (horizontal dashed lines on Figure 2). An exception is the tropical diatom, Azpeitia
nodulifera, which rises to 36% to 57% of the diatom assemblage, maximum values for the 2000 yr-
long BAMS8O0 E-17 record, between ca. 920 and 1020 AD. This interval, centered on 1000 AD, recalls
the Medieval Warm Period (MWP). In their recent, detailed compilation of Northern Hemisphere
tree ring records for the past 1,200 years, Esper and others (2002) report that “the warmest period” of
the MWP covers the interval 950-1045 AD, a period that closely matches this A. nodulifera
abundance peak in BAMS80 E-17. Closer to the Gulf of California, Baumgartner and others (1992)
report a major peak in the numbers of Pacific sardine, which is indicative of warmer SSTs, in the
Santa Barbara Basin during the interval from ca. 960 to 1040 AD. It is therefore possible that the
peak A. nodulifera abundances between ca. 920 and 1020 AD in the BAM80 E-17 record represent a
regional, anomalously warm event, possibly associated with the MWP.
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Figure 2 Relative percentage contribution* of selected diatom taxa in the BAM80 E-17 record and inferred
expression of the Medieval Warm and Little Ice Age. (* -diatom counts exclude smaller taxa).
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This event is followed by reduced numbers of A. nodulifera between ca. 1050 and 1090 AD, an
interval that coincides with a peak in biogenic silica production (Figure 1). Baumgartner and
others (1992) report greatly reduced numbers of Pacific sardine in the Santa Barbara Basin between
ca. 1060 and 1130 AD, suggesting possible region wide cooling of SSTs.

Shortly thereafter, between ca. 1100 and 1140 AD, A. nodulifera again increases to >25% of the
diatom assemblage of BAM80 E-17, while percent biogenic silica falls by >15% (Figure 1), indicating
a return to warmer SSTs. This second return to warmer SSTs in the Guaymas Basin is matched by
only moderate increases in the Pacific sardine biomass in the Santa Barbara Basin (Baumgartner and
others 1992), suggesting that this warm event was more limited in extent or expression.

Cyclotella spp. display reduced abundances during the broader part (920-1150 AD) of this MWD,
compared to the periods immediately proceeding or following it (Figure 2). Although Sancetta (1995)
concludes that Cyclotella spp. are indicative of low diatom production in warm-stratified, nutrient-
limited waters, it is also likely that these small, relatively delicate diatoms might be selectively removed
from sediments characterized by reduced diatom production and increased dissolution of
biogenicsilica.

Increased occurrences of Roperia tesselata, a late winter-early spring diatom indicative of waters that
are well mixed by northwest winds, characterize the interval between ca. 1550 and 1800 AD

(Figure 2), a period that closely matches the Little Ice Age according to Grove (1988) (1550-

1850 AD). This same interval is marked by sustained higher percentages of biogenic silica (>30%)
(Figure 1), suggesting increased diatom production, presumably due to strengthened northwest winds
during the winter. Other diatom groups do not appear to show any unusual change in relative
abundance during this period.

Silicoflagellates and Environment

Murray and Schrader (1983) studied plankton and surface samples from the Gulf of California in
order to determine the present-day geographic distribution of silicoflagellate taxa and to relate
assemblages to various water masses. Taken with the earlier studies of Poelchau (1976), the studies of
Murray and Schrader (1983) reveal the environmental preferences of silicoflagellate taxa. Tropical
silicoflagellates include Dictyocha calida, D. ampliata, (grouped with D. calida by Poelchau 1976), and
D. perlaevis (D. sp. Aand D. sp. B of Murray and Schrader 1983). Dictyocha stapedia (D. messanensis
of Murray and Schrader 1983) is a cosmopolitan form that dominates the silicoflagellate assemblage
of Pacific stations west of the Baja California peninsula. Dictyocha sp. aff. D. aculeata appears to be an
endemic Gulf variant of a taxon that is associated with the modern California Current. Octactis
pulchra is associated with high levels of primary productivity in surface waters, supporting the
observations of Schrader and Baumgartner (1983). The sediment trap data of Sancetta (written
comm. 2001) confirm that O. pulchra is most abundant during the late fall to winter period of high
primary productivity.

The relative percentage contributions of these environmental-indicator silicoflagellates in the
BAMS0 E17 record of the past 2000 yr are plotted on Figure 3. Because it may be argued that
smaller, more delicate forms of O. pulchra are more likely to be preserved during periods of higher
biosilica production, these small forms have been differentiated from the main O. pulchra
populations. Similarly, in intervals where small O. pulchra are reduced, the largest silicoflagellates,
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D. sp. aff. D. aculeata and large O. pulchra (four times the size of the small form), are most abundant
and give another index for reduced upwelling conditions.

The intervals between ca. 920-1020 AD and 1100-1140 AD, that are suggested by the diatom data
(Figure 2) to be an expression of the MWD, are not marked by increases in the tropical silicoflagellates
Dictyocha calida, D. ampliata, and D. perlaevis (Figure 3). Rather, these intervals are characterized by
two peaks (>10%) of D. sp. aff. D. aculeata along with distinct reductions in the abundance of the
small form of O. pulchra. A similar coincidence of increased D. sp. aff. D. aculeata and reduced
number of the small form of O. pulchra marks the topmost part of BAMS80 E-17, identified here as
the post-1880 AD interval. This same interval is marked by reduced biogenic silica (Figure 1) and
may be representative of a modern interval of reduced productivity in the Gulf of California that has
been suggested by the silica oxygen isotope studies of Julliet-Leclerc and Schrader (1987). Thus,
silicoflagellates suggest that the interval indicated by diatoms to be an expression of the MWP was not
marked by increased incursions of tropical silicoflagellates into the central Gulf of California, but
rather was characterized by greatly reduced productivity, similar to that of the past century.
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Figure 3 Relative percentage contribution of selected silicoflagellate taxa in the BAM80 E-17 record and
possible expression of the MWP and the Little Ice Age
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The interval of the Little Ice Age (ca. 1550-1800 AD), on the other hand, coincides with increased
abundances of the small form of O. pulchra and generally reduced abundances of D. sp. aff. D.
aculeata (Figure 3), suggesting increased productivity. As with the biogenic silica data (Figure 1) and
the diatom (R. tesselata) (Figure 2) data, however, this interval does not really stand out as being
different from other intervals of increased biogenic silica production during the past 2,000 years.

Conclusions

During the past 2,000 years, the record of percent biogenic silica in eastern Guaymas Basin core
BAMS80 E-17 bears a striking resemblance to the radiocarbon production curve, suggesting that
diatom production increases during sunspot minima.

e In support of this conclusion, the sediment trap data of Thunell (1998) for the years 1990-1996
appear to show a stronger correlation of years of increased biogenic silica flux with years of
decreased solar activity rather than with years of reduced ENSO strength.

 Increased abundance of the tropical diatom Azpeitia nodulifera between ca. 920 and 1020 AD and
again between ca. 1100 and 1140 AD is suggested to be a representation of the MWP. Although
tropical silicoflagellates do not increase in relative numbers during these intervals, greatly
increased numbers of the large silicoflagellate Dictyocha sp. aff. D. aculeata and reduced numbers
of the small form of Octactis pulchra are evidence of reduced productivity.

e Increases in the relative abundance of the late winter-early spring diatom Roperia tesselata occur
between ca. 1550 and 1800 AD, an interval associated with the Little Ice Age. Percent biogenic
silica is relatively high (>40%) during this entire period, suggesting enhanced winter time
siliceous phytoplankton production associated with strengthened northwest winds. Silicoflagellate
data also supports increased productivity during this period.
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Stratigraphic Evidence in Polar Ice of Variations in
Solar Activity: Implications for Climate?

Gisela A.M. Dreschhoff

Introduction

The earth may be viewed as a satellite orbiting the sun where the space occupied by the sun-earth
system consists largely of ionized gas and charged particles. Effectively, the solar atmosphere or corona
expands outward as the solar wind, which collides with the earth’s magnetosphere and atmosphere,
forming the magnetopause. The term bow shock indicates the region of the abrupt drop in speed of
the supersonic solar wind. The real, non-idealized solar wind includes interplanetary shock waves and
high-speed plasma streams, which are accompanied by large scale flows of different levels of
turbulence. Figure 1 outlines roughly the complex phenomena operating in the inner heliosphere.
The degree to which energy and momentum of the solar wind are coupled to the magnetosphere is a
function of the variations in solar activity, and in turn functions as a modulator of the upper polar
atmosphere. It is made visible by the display of the aurorae, which are formed by electron
precipitation and ionization processes in the upper atmosphere in both polar regions of the earth.
Figure 2 shows the general configuration of the auroral oval in the northern hemisphere.

Within the polar region energetic charged particles have essentially full and prompt access to the polar
atmosphere. In fact, they are able to affect significantly the polar stratosphere as the stopping region
for such solar energetic particles. For this reason it is appropriate to consider the extent to which
ionization in the polar atmosphere may have affected the concentrations of nitrate compounds found
in the stratigraphic layers of the polar ice sheets. Nitrate ion (NO;) can be produced by proton
bombardment through ionization of oxygen and nitrogen followed by chemical reactions in the solid
state in the cold winter polar atmosphere (Zeller and Dreschhoff 1995). Trace amounts of nitrate
(parts per billion) present in Antarctic and Greenland snow and ice are generally considered to have
been incorporated in the snow as gas phase compounds or tropospheric and terrestrial dust blown
aerosols. Little consideration has been given to processes, which involve non-gas phase nitrate
production in the middle and upper atmosphere. In fact, it has been found that measurable quantities
of non-gas phase nitrate are removed from the polar atmosphere by gravitational sedimentation.
There is no reason to doubt that these processes take place (Dreschhoff and Zeller 1998).
Furthermore, nitrates being removed from the gas-phase are much less subject to photolysis by solar
ultra-violet during spring conditions. Such solid nitrate-containing particulates would tend to be
deposited, and would tend not to be subject to numerous changes within the depositional
environment as are gas-phase components.
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Figure 1 Sketch (not to scale) of an active sun, the earth and its magnetic field being exposed to the stream of
charged particles from the sun. The solar wind will undergo dramatic changes in flux and level of turbulence
according to variations in solar activity.

Figure 2 The auroral oval forms an irregular circle around the geomagnetic poles in the northern and
southern hemisphere. Highly accelerated electrons from the magnetosphere interact with the upper
atmosphere to form the luminous aurora as indicated by the hatched area for the northern hemisphere.
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If the solar particle flux in the past was substantially larger, the interaction with the upper polar
atmosphere may have played a very important role in atmospheric dynamics as well as nitrate
production in the polar stratosphere with subsequent fallout to the surface of the polar ice sheets. On
the other hand, for periods of very low solar activity with basically no sunspots visible on the solar
surface and a very reduced corona or solar atmosphere, the solar wind would have been much less
dense, resulting in less intense interactions at the earth. In fact, recent observations have shown that
the waxing and waning of the magnetosphere involves dramatic changes, extending its location
sunward to beyond the orbit of the moon for an extremely low density solar wind (Lazarus 2000).
Similar conditions could have existed for the period of the Maunder Minimum (about 70 years),
which has also been associated with the Little Ice Age on the earth.

A 3200-Year Record of Polar Ionization Variations

Owing to the interest in the variations in solar activity and the problem involved in their influence on
the earth’s climate, the original principal effort was concerned with time periods for which solar,
geomagnetic or historical climate information was available. For this reason, experimental work was
focussed on the evaluation of ice cores of approximately 100 meters in length, representing time scales
of 3200 years, 1200 years, and 430 years, depending on the precipitation condition at the specific
drill sites on the polar ice sheets. These sites were the South Pole, the south geomagnetic pole at
Vostok Station, and Summit in Greenland, respectively. By analyzing trace levels of nitrate it was
possible for the first time to test the hypothesis of polar nitrate production in association with
ionization events taking place in the polar atmosphere (Zeller and Parker 1981).

Firn cores (cores of highly compacted snow) from the South Pole (108 m) and from Vostok Station
(101 m) on the high polar plateau of Antarctica were analyzed for trace levels of nitrate. Sequential
chemical analyses were made on the entire core from the South Pole, each representing approximately
semi-annual accumulation increments of snow. In the case of the Vostok core, completely sequential
data points were generated as well, each representing approximately annual accumulation increments
of snow. Time series were constructed from the nitrate concentration data based on average annual
accumulation (Parker and others 1982), and the entire South Pole data are compared with the
equivalent time period of the Vostok data. Both curves revealed pronounced oscillations in nitrate
variability as shown in Figure 3. By applying a cubic spline fit to both time series, the broad periods of
maxima and minima displayed in the data show a close anticorrelation with the cosmogenic

“C -record for the equivalent time period. Based on these results, these oscillations appeared to reflect
changes in solar activity that have occurred in the past twelve hundred years. In fact, both nitrate
records show the period of known reduced solar activity, the Maunder Minimum from about
1645-1715 with very low nitrate values. Other periods of varying solar activity, particularly the
Medieval Maximum, are clearly displayed in a general rise in average nitrate concentrations.

Extending the cubic spline fit to the annual data of the complete Vostok core, periods lasting several
hundred years of lower and higher average nitrate concentrations are seen throughout the
approximately 3200 years of record, as shown in Figure 4. Approximate historic time periods known
from climatic records and '*C variation studies are indicated on the graph. Although the dating of the
ice cores, i.e. the years BB, were only approximate, the apparent coincidence of nitrate concentrations,
solar activity, and climate information could not be dismissed. For this reason the research was
directed to more fully delineate the signal of nitrate concentrations in polar snow and their
relationships to solar activity.
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Figure 3 Plots of the nitrate concentrations for the South Pole and Vostok cores with smoothed curves
superimposed. A comparison is shown with a *C-curve adapted from Eddy (1977).
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Figure 4 Cubic spline fit (5=100) to the nitrate concentration data for the complete Vostok core with historic
solar and climate data superimposed using the terminology by Eddy (1977).
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A 430-Year Record of Solar Proton Events

As seen in the investigation of longer-term records of >1000 years, it seems evident that proton
irradiation can alter the composition of the polar atmosphere by formation of nitrate ion.
Furthermore, relatively rapid fallout of the ionization products to the surface of the polar ice sheets is
to be expected due to the atmospheric conditions specific to the polar regions (Dreschhoff and Zeller
1998). These include the chemical and dynamical containment vessel of the polar winter vortex, the
penetration of stratospheric air into the tropopause, as well as significant mass transport from the
stratosphere to the troposphere. In our investigation it was found that the total nitrate signal consists
of a background from a number of sources on which are superimposed large nitrate anomalies or
impulsive events. For this reason, the primary concern of this investigation was an ultra-high-
resolution examination of the ice cores. The measurements of 1.5 cm increments along the entire
snow or ice sequences were performed under tightly controlled experimental procedures (Dreschhoff
and Zeller 1990; 1994). Making use of two firn sequences from Antarctica, representing about

80 years and most of the instrumental era of satellites and ground-based geophysical measurements, it
was found that the largest nitrate anomalies (several standard deviations above the mean) are
associated with large fluence solar proton events (Shea and others 1993).

This investigation was extended to include the equivalent time period from the 430-year record of
data from the central Greenland ice sheet. A one to one correlation was demonstrated between the
largest solar proton fluence events that have been observed since continuous recording of cosmic
radiation and the corresponding thin nitrate layers for the event date (McCracken and others 2001a).
Further evaluation of the data series includes the total of 430-years of nitrate impulsive events, which
provided the possibility to delineate a signal of detailed solar activity well beyond the known
geophysical record for the period 1561-1991. The determination of time along the entire ice core was
accomplished by making use of the known volcanic eruptive episodes as described by Zeller and
Dreschhoff (1995). A clearly defined seasonal nitrate signal (background of annual variation) assisted
in the estimate of time and functioned as a quality control as well. Due to metamorphic processes in
the uppermost few meters of snow where gas-phase nitrate may undergo extensive changes induced by
pressure differentials at the snow surface (Gjessing 1977), the nitrate record does contain many
smaller, short-term anomalies. They are frequently accompanied by electrical conductivity
enhancements showing essentially an identical time profile, and are not part of the evaluation
procedure of solar cosmic rays.

Integrated concentrations of nitrate impulsive events above the background and of time duration

<2 months were determined. This resulted in the identification of a total of 70 large impulsive nitrate
events for the time period between 1561 and 1950. These events were determined to correspond to
major solar proton events characterized by an energy of > 30 MeV and omnidirectional fluence of

> 2 x 10° cm™. The highly correlative, high probability nature of impulsive nitrate and solar proton
events is exemplified by one of the largest solar eruptive events that occurred in historical times. In
September 1859, Carrington observed what is still today a classical case of special event on the surface
of the sun. It induced a period of exceptional interplanetary and geomagnetic disturbances. The
impulsive nitrate event identified in our record, and shown in Figure 4, coincides within +2 months
with the unusually large solar eruptive event and white light flare (Zeller and Dreschhoff 1995;
McCracken and others 2001a). Another feature seen in Figure 4 is the series of large ionization events,
which have been identified in the stratigraphic snow layers of the 1890s. The nitrate anomalies were
of exceptional strength or amplitude, and these conspicuous occurrences coincide with similarly large
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peaks in high-resolution cosmogenic data, which consist of the high frequency components of secular
variations of atmospheric "C (Peristykh and Damon 1999).

Based on this type of results it was concluded that the impulsive nitrate events or nitrate anomalies are
reliable indicators of the occurrence of large fluence solar proton events, and that they may even
provide a quantitative measure of these events. In fact, McCracken and others (2001a), demonstrated
that the probability for a one-to-one correlation to occur by chance was < 10, Furthermore, by
evaluating the high-resolution nitrate data along the entire core in terms of their frequency
distribution in time, it was found that a whole series of nitrate anomalies had occurred prior to the
beginning of the Maunder Minimum (Dreschhoff and Zeller 2002). In fact, McCracken and others
(2001b), identified a total of five periods in the vicinity of 1610, 1710, 1790, 1870, and 1950, when
large >30 MeV proton events with fluence greater than 2x10° cm™ were up to eight times more
frequent than in the modern era of satellite observations. In addition, it was found that there is a well-
defined Gleissberg periodicity (approximately 80 years) in large fluence solar proton events, with six
well-defined minima, two in close association with the Maunder and Dalton minima in solar sunspot
number. One main conclusion is that the present “satellite” era is a recurrence of this series of
minima, and the present Gleissberg cycle is one of the least effective in the production of large fluence
solar proton events on earth. It is conceivable, that the earth could have experienced much higher
fluence events in the past, or could be exposed to such again in future time periods.
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Discussion and Conclusions

In summary, the nitrate confined to thin, stratigraphic layers in the polar ice sheets reflects a signal
of ionization (a) of individual solar proton event injections into the polar stratosphere, and (b) the
ionization density of the auroral zone. In addition, the information we have gained from the

> 3,000-year nitrate record from Vostok Station, Antarctica shows a close, although non-quantitative,
relationship with historic climate information (see Figures 3 and 4). Such a relationship seems to be
conceivable, particularly in view of some investigations that have been conducted in Antarctica, the
results of which are a measure of the geo-effectiveness of solar charged particles.

Troshichev (2001), reported the occurrence of abrupt tropospheric temperature changes (heating at
h<5 km and cooling at h>8 km) recorded near Vostok on the high polar plateau during solar proton
events and Forbush decreases.

Upper atmosphere investigations clearly showed the thermospheric response to the energy and
momentum input from the solar wind. Hernandez and others (1990) found that the upper
atmospheric dynamics are related to a number of forcings, such as tidal effects and possibly local
auroral heating. High winds, which are superimposed on the tidal variation, can be generated through
the coupling of high-speed ions in the lower ionosphere and surrounding neutral atmosphere. The
initiation of large-scale circulation and its strength would be dependent on the variable ionization
density of the ionosphere. It has even been suggested that tremendous movement of mass and energy
via a giant pole-to pole Hadley cell cannot be excluded (Smith and others 1989).

From numerous investigations it is well known that global climate change has not yet been linked
g g g y

quantitatively to solar activity in terms of variations in solar luminosity. Without feedback
mechanisms to amplify the effect, irradiance changes are too small, and the complexity of this
relationship has been reviewed by Rind (2002). On the other hand, Pap (2003) points out that while
the sun’s radiative output will affect the earth’s global thermal environment, in the past it could have
been even larger than is known from the relatively short instrumental era of irradiance measurements.

g 4

Based on this type of data, the assumption that solar activity cannot account for a measurable degree
of climate change may have to be reconsidered. In fact, long-term trends, signaling fundamental
changes taking place deep within the sun, may have to be taken into account in evaluating climate
change. This may well be the case for the upward trend, beginning ~1900, for the aa index of
geomagnetic activity. It signals increased geoeffectiveness of the solar wind. In addition, since the solar
wind is the agent which carries the solar magnetic field out into the heliosphere, this signal also shows
that the general solar magnetic field has doubled during the last ~100 years (Lockwood and others
1999). Parker (1999) discusses these findings from the point of view of the observed changes in mean
temperatures on earth, which leads him to state that this “reinforces the likelihood that the sun has
had a hand in the general warming of our climate”.

It is noticed that the rise of the general solar magnetic field coincides with the timing of the large
impulsive nitrate events in the late 1800s (see Figure 5). These unusual events were associated with
solar cycle 13 of rather small sunspot numbers. Investigating this time period further, it was found
that cycle 13 and the preceding cycle 12 coincided with discontinuities in the temporal distribution of
the sunspot record and the aa index (Dreschhoff and others 1999). The two records were analyzed by
determining the number of years between each maximum of annual sunspot numbers and annual aa
index from cycle 11 to 22. The shift of the aa index maximum (cycle 12 and 13) from preceding to
following the sunspot maximum is clearly seen in Figure 6. The result indicates that during the period
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of cycle 12 and 13, the ascending phase of sunspot activity was dominant in producing magnetic
storms on earth. However, beginning at the turn of the century (~1900), the descending phase
became dominant, most likely due to coronal hole development which persists for long periods of
time and may result in recurrent magnetic disturbances on earth.

If, in fact, proton irradiation of the polar atmosphere results in the formation of impulsive nitrate
events, as our data suggest, they mirror not only the changes taking place in minor constituents in the
atmosphere, but possibly fundamental processes taking place in the corona and within the sun. This
interpretation may be supported when the observations reported by Lockwood and others (1999) are
combined with the most recent helioseismic data of the deep interior of the sun. It becomes possible
to learn more and more about the details of the interior of the sun as an oscillating body of plasma,
where violent solar activity is driven by turbulence deep within the sun. In fact, the helioseismic
images show very complex regions of rapidly evolving magnetic vortex structures beneath the active
regions on the solar surface (Showstack 2002). These plasma vortices can reach to great depths, such
as the boundary of the convection and radiative zone, the tachocline. The tachocline is the location
where the solar dynamo operates, which would ultimately be responsible for the increase in field
strength of the general magnetic field of the sun. It may even be permitted to speculate that feedback
mechanisms may involve the entire sun, possibly via g-mode activity, since the g-mode oscillations
even penetrate the core (Hellemans 1998). Despite the new insights, however, that have been gained
about the physical properties of the deep interior, the sun remains a very complex object, and the sun’s
detailed influence on the global climate of the earth remains hidden.

Nevertheless, it is noted that two independent data sets lead to strong suggestions that solar activity
plays a major role in the evolvement of climate change on earth. The doubling of the sun’s coronal or
general magnetic field relates to the average temperature increase on the earth (Parker 1999). Perry
and Hsu (2000) build their investigation on the premise “that the cyclic variations in the sun’s total
energy output occurring simultaneously at different scales of time are ultimately responsible for global
climate variations, and can explain both gradual and abrupt changes in climate on a global scale”.
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indicate that the aa index maximum precedes the sunspot maximum.
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Looking for Recent Climatic Trends and Patterns in
California’s Central Sierra

Gary ]. Freeman

Introduction

Pacific Gas & Electric Company’s (PG&E) water management team has historically assumed that
future years, as a group of three or more successive years, were subject to the same level of climatic
randomness characteristic of the past 25-50 years. There is increasing ongoing analysis that indicates
that this may not always be the best assumption for future planning. With approximately 38% of its
long term average annual hydroelectric generation derived from aquifer outflow, typical historic
practice at PG&E, with regard to forecasting future seasonal runoff beyond the current year, has
focused almost entirely on analyzing the current baseflow trend for the volcanic watersheds in
northern California, such as in the Pit, McCloud, and upper North Fork Feather River watersheds.
Historic climate randomness is then assumed for future seasonal precipitation and a multi-year
baseflow forecast for a number of years forward is made for these northern watersheds. For the mid-
to-high elevation headwaters, which overlay the central Sierra granites, the baseflow effect of prior
years, is relatively minimal, and seasonal year-to-year randomness for historic precipitation has been
assumed for input to multi-year runoff forecasts.

No attempts at PG&E have previously been made to utilize historic climate oscillation and trends as
possible input to predict overall likelihood for precipitation in successive groups of upcoming years.
Relatively recent analysis however, cautiously suggests that there may be relatively short precipitation
cycles, which are approximately 14-16 years in length, and possibly longer term cycle and trend
movements, which, while not necessarily helpful for defining wetness or dryness in the following year,
may possibly provide helpful insight to better anticipate wetness for successive groups of years in
terms of three or more years as a group. The apparent non-random subtle reflections of climatic
cycling and trending was first noticed from the natural multi-year smoothing that accompanies
baseflow trends and cycles of the large northern California volcanic springs that continuously
contribute water as diminishing echoes of past wetness. Manga (1999) discusses timescales and
groundwater discharge from the Cascade volcanics, which include those in northern California’s Hat
Creek drainage. A portion of the water, which is now emerging from underground storage to become
surface runoff, may have come from seasonal precipitation that occurred many decades in the past. In
this paper, an array of monthly and seasonal groupings of historic precipitation, snowpack and runoff
are analyzed to reveal possible subtle signs of climatic oscillation and trending. While no attempt is
made here to forecast future cycles of wetness based on observations of historic data, or being able to
define the wetness for any given 1-2 years specifically, there may be potential for anticipating future
wetness in terms of using successive groups of three or more years.
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Repeating Climate Patterns in Wetness During
the Past 100 Years

Recurring approximate 15-year oscillations in aquifer outflow rates from springs that contribute a
large proportion of annual runoff into the Pit and McCloud rivers in northern California (Freeman
2001) provide possible clues that there may be multi-year periodicity to overall climate wetness and
dryness as characterized by groups of successive years. This paper will illustrate some specific examples
of precipitation, snowpack, and runoff that appear to support periodicity in wetness and dryness with
amplitudes at about 7-8 years, and wetness and dryness, peaks and valleys respectively, utilizing three-
and five-year grouped averages, each peak and valley being repeated approximately every 15 years.
Some longer-term trends are also explored in this paper.

During either the wet or dry period, specific years were frequently observed to vary significantly from
the three- or five-year average, but the group as a whole remained in relative harmony with the
historic 15-year frequency. A review of aquifer outflow rates was utilized to identify the wet and dry
amplitude peaks and valleys in terms of initially typing historic years. When applied to the 107-year,
1895 through 2001 Lake Spaulding precipitation record, grouping the year types into regular
successive wet and dry three-year peaks and valleys according to rates of aquifer outflow, a relatively
close matching relationship was found with the precipitation record. The apparent 15-year periodicity
between successive recurring wet peaks and successive recurring dry valleys can be observed in

Figure 1 for the 107-year period studied.
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Figure 1 Lake Spaulding periodic oscillation of successive, sequential, time-spaced 3-year wet and dry groups
of years. A sometimes subtle, but regular, oscillation appears to regularly repeat itself in terms of reaching a
relative wetness maximum for the grouped years approximately every 15 years.

36



Looking for Recent Climatic Trends and Patterns in California’s
Central Sierra

When other precipitation stations in both the central Sierra and southern Cascades near Mt. Shasta
are combined and a five-year moving average smoother applied, the wet and dry oscillation again
appears in a regular periodic manner, with some implied likelihood that the next dry valley for these
three climate station will occur in or about 2005-2007 (Figure 2).

Spectral analysis can be applied to smoothed moving averages to reveal possible periodicity in wetness
and dryness. This approach may reveal periodicity and show indication of the interval length, but in
terms of prediction, this approach does not readily type the years into wet or dry groups such that the
oscillation can be meaningfully extended forward in time from a specific year. Forecasts of periods,
which reflect future periods of wetness and dryness based on past climate history, can be charted with
possible implication that if the observed pattern continues, one may gain some skill for determining
wet and dry groups of years forward of the present point in time. Such skill would be especially
helpful for planning based on multiyear estimates of hydropower, water supply, and other longer-
range hydro resource needs.

While individual years within the 3-5 year group are somewhat random in terms of being wet or dry,
their moving average especially for the groupings reveals a somewhat regular oscillating pattern. A
centered five-year moving average smoother was applied to the 1950 through 2001 Water Year flow
for the east branch of the North Fork Feather River near Rich Bar, USGS 11403000 (Figure 3). This
52-year runoff record shows both the approximate 15-year periodicity in runoff and a possible longer-
term trend toward increasing variance between high and low runoff periods.
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Figure 2 A five-year centered moving average smoother was applied to the combined water year precipitation
of two central (Salt Springs, Lake Spaulding) and one northern California (Pit PH#5) climate stations. A
regular periodic oscillation in wetness may provide some implied likelihood for predicting future wetness as a
grouped set of years. In the past 30 years, two approximately 15-year oscillation periods, there appears to be
increased difference between wetness and dryness amplitude compared with prior oscillations.
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Figure 3 Recurring periods of greater and lesser-unimpaired runoff during the past 52 years on the east
branch of North Fork Feather River. Increased period variability since about the mid-1970s, for the 52-year
period, shows an increased variance in amplitude in recent years. Centered 5-year moving average applied.

Periods Within the Year also Show Recurring Runoff Patterns
with Possible Long-Term Trends

In addition to the longer-term periodicity, there also appear to be trends and cycles (although less
regular) that show up within the water year. The longer-term trend may possibly be due to earlier
melt of the snowpack. The March runoff for the east branch of the North Fork Feather River
(Figure 4) has increased while the May runoff (Figure 5) has decreased. Such trend change over the
relatively brief span of approximately 50 years has potential to impact efficiently scheduling the water
for hydroelectric production. The hydroelectric facilities were designed based on a runoff pattern for
the Feather River typical of the early to mid-20th century. During the past 50 years the March runoff
from the east branch of the North Fork Feather River, which represents about one-third the average
annual runoff for the North Fork Feather River at Lake Oroville, has in recent years approximately
doubled in quantity. In terms of hydroelectric scheduling, March flow releases from the large
upstream storage reservoirs, Lake Almanor and Bucks Lake, have greatly decreased in recent years.
This has in part resulted from an ongoing hydro scheduling practice to avoid when possible, the spill
of upstream stored water from Lake Almanor past hydroelectric powerhouses along the lower reaches
of the river that are already running at full capacity from the unimpaired east branch of the North
Fork Feather River's March runoff. The approximate 15-year oscillation of grouped annual runoff
observed in both the March and May months is most likely related to the similar wet/dry oscillation
in annual precipitation. Seasonal precipitation amounts show an almost direct correlation with
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snowpack amount and therefore snowmelt runoff, which will in turn likely affect March and May
runoff amounts. This observed shift in runoff timing has in general within the past 15-20 years
supported a relatively recent practice by water planners for reduced draft from both Lake Almanor
and Bucks Lake during the January through March period, while the late winter and early spring
uncontrolled sidewater flows from low elevation headwater areas, which have trended upward in
recent years, are being increasingly utilized to run power houses downstream of these two lakes.

The November through February period was divided by the combined November through February
period and the April through July period utilizing the monthly computed unimpaired flow for the
Yuba River at Smartville, as computed by the California Department of Water Resources, for the
102-year period 1901 through 2002. The data was standardized with a centered five-year moving
average smoother and is shown in Figure 6. Figure 6 reveals a positive upward drift in the November
through February flows compared with the April through July snowmelt period.

Increased winter runoff is reflective of an increased proportion of precipitation falling as rainfall over
the watershed during the November through February period. The record period used was 1901
through 2002 (102 years).
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Figure 4 March unimpaired runoff for the east branch of the North Fork Feather River. Both a relatively
short-term 14-16 year oscillation and longer-term trend toward increased March runoff in recent years appear
on the chart. Centered 5-year moving average applied.
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Centered 5-year moving average applied.
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Figure 6 A drift in flow timing for the unimpaired runoff of the Yuba River at Smartville. Increased winter
runoff in recent years appears reflective of an increased proportion of the annual precipitation falling as rainfall
over the watershed during the November through February period. Record period used was 1901 through
2002 (102 years).

A continuous shift of the April through July runoff into the winter months November through
February was observed from the data analyzed. With winter runoff in the Sierra largely produced
from frontal type winter storms, the magnitude of winter runoff is mainly dependent upon quantity
of winter rainfall produced runoff. If such is the case then it should revel itself when charted over the
past 102 years. Figure 7 illustrates an increased frequency of large rain-produced runoff events in the
second half of the 20th century compared with earlier years. This appears consistent with recent
research findings, which forecast a shift in spring snowmelt runoff to increased rainfall produced
winter runoff (Cayan and others 2001). Figure 8 displays the November through February averages
for the two periods. There was a 17% increase in the period averages for November through February
runoff.

41



2002 PACLIM Conference Proceedings

2,500 T i |
2450 f ] rs Displai/ed in Order of ;
=N "1 Decreasing Flow Rank
2,350 4 & e i

2,300 | — Years Prior 101950
1™ Years Following 1950

2,250 -

2,200 4
2,160 |
2,100 - F
2050 1
2,000 |
1,960 4
1800 |
1,860 4
1800 4| |
areo 4| M-
1700 § -
1,850
1,600
1,550 4
1,500

?‘_ . S A R N

1,000°s ac-ft unimpaired flow

1965 1956 1951 1970 1997 1909 1982 1969 1984 1986
Water Year
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November through February unimpaired flows, which exceed 1,500,000 af, occurs prior to 1950. Recent
yeats appear to have higher likelihood for more flow during the 4-month November through February winter
period.
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Figure 8 The mean flow of two successive November through February 50-year periods for the Yuba River at
Smartville. There is a 17% increase in the more recent period.
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The California Sierra Snowpack

California’s snowpack likewise shows recurring patterns similar to that for both runoff and
precipitation. A single snow course at Meadow Lake (#66) in the central Sierra at the 7,200 foot
clevation readily revels relative consistency in regular recurring oscillation between wet and dry groups
of years as shown in Figure 9. While no attempt is made here to explain a cause for the observed
recurring multiyear oscillation, a significant amount of the seasonal snowpack variability may be
explainable with indices of Pacific Ocean Climate such as PDO (McCabe and Cayan 2001).

In order to test that the centered five-year moving average produced pattern was not simply a moving
average “produced-aberration”, regularly spaced discrete groups of years were also charted to verify
alternating wet/dry periods. This is displayed in Figure 10. The regularly occurring highs and lows are
readily identifiable, but in some cases are relatively subtle and could possibly be easily overlooked
unless one was specifically looking at the appropriate successive regularly occurring time blocks.

Seasonal snowpack is closely related to both precipitation amount and freezing levels for winter and
spring storms. The author found that for moderate to high elevation snow courses in the central
Sierra, the April 1 snow water equivalent exhibit oscillation patterns closely resembling those of both
precipitation and runoff.

1920=-2001 82-Yr
Mean =54.2" :,’('

4/1 Snow Water Equivalent in Inches
Ve

ll

3 5 = MWMMMMMMAMMM@&MMM@MMM 3

1922
19257
1928
1931
19347
193?
1940
1943
1946
19449
1952
19557
1958
1961
1964
1967
1970
1973
19767
1979
1982
1985
1988
19917
1994
1997

Figure 9 Meadow Lake snow course #66 in California’s central Sierra Yuba River headwaters reveals a
periodic oscillation in April 1 snow water equivalent (SWE) between periods of relative wetness and dryness.
This snow course at the 7,200 foot elevation, unlike others at lower elevations, has not seen a reduction in snow
water equivalent during the second half of the 20th century. Centered 5-year moving average applied.
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Figure 10 Meadow Lake #66 snow course — April 1 Snow Water Equivalent (same original basic data set as
used for Figure 10). Discrete, successive 5-year groupings of regularly spaced years charted to show sometimes
subtle, but regular, periods of wetness and dryness.

Comparison of the April 1 snow water equivalent for two snow courses on the south Yuba watershed
for the period 1948 through 2002 — Lake Spaulding at the 5,200 foot elevation and Meadow Lake at
the 7,200 foot elevation — reveals a downward trend for Lake Spaulding, the lower elevation
snowpack (Figure 11). Meadow Lake, however, at the 2,000 foot higher elevation, approximately

10 miles northeast of Lake Spaulding, displays a near level trend line for the same 55-year period.
The Lake Spaulding April 1 snow water equivalent is examined for a longer period (Figure 12). The
April 1 snow water equivalent decreases from a mean of 24.4 inches for the 37-year period 1929
through 1965 to 19.8 inches for the 37-year period 1966 through 2002. This equates to a 19% drop
in the mean for the more recent of the two periods (Figure 12). This long-term decreasing trend in
low elevation snowpack and consequent decline in melt produced runoff appears consistent with that
described elsewhere (Roos 1991).
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Figure 11 A comparison of the April 1 snow water equivalent for the two snow courses, Lake Spaulding #85
at the 5,200 foot elevation and Meadow Lake #66 at the 7,200 foot elevation in the headwaters in central
California’s Yuba River headwater drainage. Trend lines for each of the snow courses show a much steeper
decline in recent years for the lower elevation Lake Spaulding snow course.
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Figure 12 The April 1 snow water equivalent mean for two successive 37-year periods at the Lake Spaulding
#85 snow course at the 5,200 foot elevation in California’s central Sierra. This decrease in the April 1 SWE
mean represents a 19% drop from the earlier period. No significant decline was observed to have occurred in
the nearby snow course at Meadow Lake, which is 2,000 feet higher in elevation. The decline in low elevation
snow in recent years may be indicative of a higher snowfall line with winter storm systems.
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Conclusions

Analysis of historic hydrometeorological data reveals patterns that may have use in predicting future
tendency toward wet or dry multiyear periods. If substantiated from additional research, such patterns
may have potential use for long-range hydroelectric planning. Planning future outage schedules for
hydroelectric facilities and reservoir carryover storage targets for multi-year storage reservoirs such as
PG&E’s Lake Almanor could benefit from increased skill in predicting upcoming years to have
increased likelihood for more or less annual inflow. PG&E is already able to forecast approximately
40 % of its annual generation several years forward by making a baseflow forecast of anticipated
relatively firm aquifer outflow from springs, which provide large relatively stable daily flows of the
High Cascade and flood basalts of northern California. The apparent bimodal approximate 15-year
oscillation pattern does not appear to provide much insight into predicting any given year’s wetness in
the future, but seems more useful for defining multi-year groupings as being in a wet or dry period as
a grouping of three or more years. From the limited analysis presented here, precipitation, snowpack,
and unimpaired runoff all appear to reflect this approximate 15-year oscillation in the central Sierra.
The aquifer outflow of springs in northern California slightly lags these cycles and provides a natural
moving average smoother of prior years annual precipitation variance.

Longer-term trends in apparent distribution shift of monthly runoff from the April through July
snowmelt runoff period into the November through February period may be occurring from a trend
toward reduced low elevation snowpack, possibly from an increased frequency of slightly warmer
winter frontal storm cells during the second half of the 20th century. Since most of PG&E'’s
hydroelectric system was designed based on historical flows prior to the mid-1960s, increased winter
flows of higher magnitude are posing new challenges in monthly hydroelectric scheduling for
reservoirs primarily designed to accommodate pre-1960s snowmelt quantities and annual year-to-year
variance. Warmer conditions may shift reservoir filling from the late spring-early summer period
toward holding additional water later into the winter-early spring period to increase assurance of
filling from snowmelt. There is growing research that this trend is likely to continue (Knowles and
others 2001; Snyder and others 2001). The reality of the limited observations discussed in this paper
must await further, more thorough research, but the patterns and trends being observed tend to hint
at possibility of a bimodal stochastic resonance effect. Regardless of the underlying forcing causes, the
observed regularity of patterns appears helpful in making longer-range multiyear planning decisions.
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Empirical Search for Clues to Process and Dynamics
Underlying Climatic Change

Thor Karlstrom

Abstract

Early analyses of high-resolution time series suggested correlation of longer term ice-age
trends with latitude controlled solar insolation (The Milankovitch [1941] Climate Model); of
shorter term trends with globally synchronous tidal forces (the Pettersson Climate Model);
and of the associated processes such as geomagnetism, volcanism and higher frequency
changes in solar output (cf Karlstrom 1961). Most paleoclimatologists now accept geometric
solar insolation as the modulator of the Ice Ages, but most also assume that the waxing and
waning of the much larger Northern Hemisphere ice sheets determined parallel climatic and
associated glacial changes in the Southern Hemisphere. Over the past 10 years increasing
attention has focused on the pervasive patterns of secondary oscillations so characteristic of
the instrumental and paleoclimatic records; few researchers, however, have analyzed the
possible phasing of these oscillations with either lunar or solar perturbations (Notable
exceptions are listed below). The purpose of this paper is to provide time-series correlations
that strongly suggest cause-and-effect relations between solar/lunar perturbations and climate,
volcanism, cosmic rays and solar/earth magnetism. The presented correlations focus in on
orbital perturbations of the solar system (varying both tidal force and insolation) as the
operational energy system within which past climatic and associated process changes have
been concurrently modulated (evidently with occasional non-linear phase reversals) at yearly
to millennial scales. Although much work remains to be done, sufficient clues are now
available to focus research into those critical areas likely to enhance understanding of the
multi-factors underlying climatic change.

Introduction

In the absence of a generally accepted theory of past climatic change, paleoclimatic research
necessarily concentrates on the empirical evidence of past climates in the search for clues relating to
underlying process and dynamics. Farly analysis of radiometrically, varve- and tree-ring-dated time
series (Karlstrom 1955, 1956, 196l and 1976; Karlstrom and others 1976) suggested correlation of :
I) the longer term Ice-age trends with latitudinal changing summer solar insolation (the Milankovitch
Climate Hypothesis: M. Milankovitch 1941); 2) superposed shorter fluctuations with globally
synchronous changes in tidal forces generated by orbital relations between Sun, Moon and Earth (The
Pettersson Climate Hypothesis: O. Pettersson 1912-1930) and 3) of associated processes such as
volcanism (atmospheric dust and aerosols), geomagnetism and sunspots (intrinsic or geometrically
induced changes in the solar constant).

Paleoclimatologists with few exceptions now accept the geometric Solar Insolation Climate

Hypothesis for the Ice Ages. Many assume, however, that the waxing and waning of the much larger
Pleistocene ice sheets of the Northern Hemisphere determined parallel climatic and glacial changes in
the Southern Hemisphere. Within the last ten years an increasing number of researchers have turned
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their attention to the pervasive patterns of yearly, decadal, centennial and millenial oscillations in their
paleoclimatic and instrumental time series. Relatively few, however, have analyzed the possible
phasing of these oscillations with solar or lunar perturbations. For notable exceptions, however, see,
among others, Abbott 1900; Clough 1905; Douglas 1919-1936; Willett 1961; Brier 1968; Fairbridge
1968; Michell and others 1979; Currie and others 1981-1990; Wood 1985; Friis-Christensen and
Lassen 1991; Burroughs 1992; Sanders 1995; Keeling and Whorf 1997; and Berry and Hsu 2000. A
major breakthrough relating to correlation of geometric solar perturbations with geomagnetism,
cosmic rays, and climate (primarily cloud cover and precipitation), at scales ranging from the decadal
sunspots to the millennial long solar-insolation trends, is most recently summarized in Mercurio
(2001).

The purpose of this paper is to provide time-series correlations that strongly suggest cause-and-effect
relations between solar/lunar perturbations and climate, volcanism, cosmic rays and solar/earth
magnetism. The presented correlations focus in on orbital perturbations of the solar system (causing
variations in both tidal force and insolation) as the operational energy system within which past
climatic, volcanic and geomagnetic changes have been concurrently modulated (evidently with
occasional non-linear phase reversals) at yearly, decadal, centennial and millenial scales.

Much work remains in refining our understanding of underlying physical linkages as well as of the
dynamics of associated atmospheric circulation patterns resulting in characteristic regional variability.
Nonetheless, significant clues are now available that should provide critical focus for further research,
hopefully leading to the development of more sophisticated General Circulation Models (GCM) that
incorporate the critical factors of cloud cover, geomagnetism, cosmic rays and tidal forcing, along
with other definable natural changes such as atmospheric CO,, methane and ozone.

The Search for Climatic Change Clues

Clue Search #1— Higher Latitude Glaciations and the Obliquity Cycle versus Mid-latitude
Glaciations and the Precessional Insolation Cycle—If the Milankovitch’s climate mechanism
(summer half-year solar insolation) modulated Pleistocene Glaciations, as now accepted by most
researchers, higher latitude glaciations should theoretically follow the ca. 40,000-year Obliquity
Insolation Cycle which predominates in both polar regions. On the other hand, glaciations in mid
latitudes should largely reflect the ca. 20,000-year Precessional Cycle characterized instead by
opposing trends across the Equator.

Figures 1 and 3 show high-latitude glacial and collated records that phase well with the Obliquity
Cycle, and thus with my Cook Inlet Alaska chronology (Karlstrom 1961, 1964, 1968). In contrast,
the North American mid-continental ice sheets as well as mountain glaciers terminating in the
warmer mid laticudes, correlate with glacioeustatic sea-level records and, in turn, with the higher
frequency Precessional Insolation Cycle (Figure 4). As shown in Figures 1 and 2, the amplitudes of the
Alaska and Siberia glacial records follow more closely the Pacific- rather than the Atlantic- Ocean
isotope record.

Current dating problems with the Southern Hemisphere glacial records make inter-hemispheric
correlations less certain. But as shown in Figure 4, the Chile glaciations, as dated by Clapperton and
others (1992), are evidently in opposition to their Northern Hemisphere counterparts, or again
consistent with direct correlation with local Precessional trends. The same anti-phase relations occur
between the Southern Hemisphere lake-level fluctuations of eastern Africa and Australia and those of
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the North American Southwest (Street and Groves 1979). The classic Northern Hemisphere “Little
Ice Age” (correlative of the Alaskan Glaciation) is evidently absent in southern middle and lower
latitudes because of opposing insolation trends. In the Northern Hemisphere insolation trends
indicate cooling since 10,000 years BP; in the Southern Hemisphere the contemporaneous trend is
towards warming.
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Figure 1 Marine records, cosmic rays, geomagnetism, high-lat. glaciations and the obliquity cycle

Cook Inlet and Kodiak Island, Alaska Glaciations (Karlstrom 1961, 1964, 1968). Correlation of isotope
temperature and ice volume, cosmic rays, geomagnetic intensity, Baikal Lake record and high latitude
glaciations with the polar obliquity insolation cycle. These records are positioned on the author’s timescale of
interglacial culminations (Karlstrom 1961) assuming a 4,500-year response lag between insolation and glacial
retreat. [nsolation indices from Verneke (1972); the temperature, cosmic ray and geomagnetic indices from
Mercurio (2001); the “standard” marine isotope record of the equatorial Pacific Ocean from Chuey and others
(1987); and the Lake Baikal record and time correlations with the Siberian glacial record from Karabanov and
others (1998). See Figure 2 for a direct comparison of the above “standard” Pacific Ocean isotope record with
the equatorial Atlantic Ocean. Note confirmation of the general validity of the Cook Inlet glacial time frame by
striking parallelisms with comparably high-latitude Siberian and Antarctica records and with the cosmic ray
and geomagnetic records; all evidently directly modulated by solar insolation dominated in upper latitudes by

the Obliquity Cycle. Also see Figure 3.
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Figure 2 Two standard pleistocene marine isotope records. Cook Inlet, Alaska Glacial Chronology
(Karlstrom 1961). Two “standard” marine ice age chronologies on timescale of the obliquity insolation cycle
(ca. 40,000-years) and its 2/1 (ca. 20,000-years) resonance assuming a response lag of ca. 4,500 years
(Karlstrom, 1961). Isotope indices of an Equatorial Pacific Ocean core from Chuey and others (1987); the
Equatorial Atlantic record from Martinson and others (1987). Both chronologies are fine-tuned to the
Milankovitch N 60° Lat. Climatic Model assuming corresponding response lags. The records differ mainly in
(1) out-of-phase relations ca. 225,000 yrs. BP and (2) post-125,000 yr. glacial amplitudes. These differences
suggest cither heterogenieties in the global record or remaining operational or sampling difficulties. Note the
tendency for near in-phase oscillations with the Obliquity 2/1 (ca. 20,000-year) Resonance. Most researchers
continue to correlate terrestrial paleoclimatic records with Martinson and others isotope record on the
assumption that it reflects a global climatic signal. Many terrestrial records appear to contradict this assumption
and to support instead the Insolation/Tidal-resonance Model which requires opposing longer term climatic
trends in the two hemispheres because of precessional effects, but globally synchronous secondary climatic
oscillations because of modulating tidal forces. Modified from Figure 28 in Karlstrom (1995).

52



Empirical Search for Clues to Process and Dynamics Underlying

Climatic Change
— . —— __ — Alaskan Glaclation
Eklutna Glaciation I Knik Glaciation _ ]]] : nglpEov:m? Glaciation AG.]  Cook Inlet, Alaska

n_3 efti6i7iBi9 3 4§5565758593]03"_]2'“1;2‘1354:556§7§8§9_]Q_:”.12."1l:2! Glacial Classification
5 _Cool/Wet = () Solar Insolation = Glacial = (- hane (Karlstrom,1961cf)
@ S V73 SRR ERRE BEpT
™0 ————  N55sin
) T TS —_— i
T N65sin
s nsolation
z 0 [ —O0—— N75sin
= ﬂ%p ——— 18/0 Inv.z
‘é‘ R=0.43 (3336)} —0O—= Smx3(1500)
£ le=osoue ————  Smx25(12500)
T o Nl ———  Meth Sm25
= 7 i i) —O—  Meth Smx3
g (? = no match) {9 ’ %; ‘ ! i i 2 ——o——  Mett
Z 3o 1817416°15- 14412 H1 = Heinrich Event

YR(BPxKa) 1 = Interstadial

U it al R R B

NOUNOVUNAVUNONNANNANNAINNGIN YD = Younger Dryas
(YN RONORVNONNONNRNNAINNRINNO 4/ . Allered/Bellin
NN NOENODNBINNOINNG| 9
mhﬁhmmmmfgmv,vmmmwur\:-—-—-—

Figure 3 Greenland ice-core isotope temperature, methane and north 60° latitude insolation. Correlation of
Greenland GISP2 Ice-core record (N 60° L.) with Upper N. Latitude Solar Insolation on timescale of the
3336-year Substage Cycle and its x12 (40,032 yr.) superharmonic. Isotope- and methane-indices and dating of
marine Heinrich Events (cold) and terrestrial Bolling/Alergd (warm) and Younger Dryas (cold) events by
correlation with the GISP2 time frame (Brooks and others 1996). Their ice-core indices are replotted at
500-year intervals thus filtering out secondary cycles of less than 1000-years. Brooks and others correlate their
GISP2 record with the N 60° Lat. solar insolation dominated by the Obliquity Cycle but slightly modified by
precessional trends that predominate in lower latitudes (see Figure 4). Note the striking parallelism with the
comparable-latitude Cook Inlet Alaska glacial record; also note the general positive correlation between
glaciation and green-house methane gas, which emphasizes the important role of past climatic
(nonanthropogenic) changes in determining the greenhouse-gas content of the atmosphere (Karlstrom 1995);
and finally, note the lace of correlation between GISP2 secondary oscillations and the Substage Cycle which
may result from differing response functions or from remaining uncertainties in dating.
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Figure 4 Correlation of Northern and SoCorrelation of Northern and Southern Hemisphere glacial records
with marine chronostratigraphy, with opposing Hemispheric Presessional Trends and with Latitudinal
Displacement of the Caloric Equator and Intertropical Convergence Zone (ITCZ). Note the remarkable
parallelisms of the Northern Hemisphere mid-latitude glacial records, the dated sea-level records and the mid-
latitude precessional trends. These correlations support the concept of glacioeustacy, but not necessarily that of
inter-hemispheric climatic synchrony. This is so because the much greater volumes of N. Hemisphere ice can
mask opposing melt-water trends in the interconnected southern oceans (Karlstrom 1966). Interhemispheric
correlation of glaciations remain uncertain (Clapperton and others 1992). However, their B/C and C/D
morainal complexes, as dated between 46,000-, 25,000-years and the present, most closely correlate with the
local southern precessional trends which are displaced 10,000 years from their N. Hemisphere counterparts.
The classic N. Hemisphere “Little Ice Age” is evidently absent in southern low- and middle-latitudes because of
opposite precessional trends. Insolation curves after Milankovitch (1941).

Clue Search # 2—Depositional, Tree-ring, and Historical Evidence for the Phase,
Subphase and Event Cycles, Numerous cut-and-fill structures and partial exposures seriously
restrict the use of conventional stratigraphic criteria in identifying and correlating alluvial
depositional units within and between Southwest drainage lines. Time-frequency analysis of many
directly dated buried soils and associated buried trees and archaeological sites was therefore required
to satisfy the critical question of parallel or random depositional histories within the region
(Karlstrom and others 1976, 1988; Euler and others 1979).

As shown in Figure 5, these alluvial basal contacts (dated by radiocarbon confirmed by associated
internally consistent archaeological and tree-ring derived dates) strongly cluster in phase with the
Phase and Subphase Cycles—as well as with basal-contact clustering in other regions, including data
sets selected by other researchers. The regional history of climate-environmental change inferred from
this depositional record has been strikingly replicated by half-cycle smoothing of tree-ring evidence

(Figures 6 and 7), and more recently independently by other Southwest researchers (Force and
Howell, in press: Grissino-Mayer, in press)
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The tree-ring thermograph record of Germany (Figure 8) and the historically dated temperature
record of Iceland (Figure 9) phase remarkably well with the same Subphase Cycle; the late-postglacial
warmer intervals of Europe coincide with Southwest drought intervals centered ca. AD 900, 1150,
1450 and 1700. These correlations thus strongly suggest that atmospheric circulation patterns in the
North Atlantic were responding to the same tidal resonance system as that which evidently modulated
circulation patterns along the southwest coast of North America (see Figure 18 below).
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Figure 5 Summary of time-frequency analysis of basal-contact dates from North America plotted pre century
on timescale of the 556-yr. phase cycle and its 2/1 (278-yr.) resonance. Summary of time-frequency analysis
of basal-contact dates from North America plotted per century on timescale of the 556-yr. Phase Cycle and its
2/1 (278-yr.) resonance. The author’s data is largely from Radiocarbon 1-15 and selected according to the
following simple criteria: Samples of wood and organic carbon clearly described as collected from basal
contacts. Many published dates are excluded because of unusually large counting errors, or because the dated
materials (carbonates, bone, and humics) are more likely to be contaminated by older or younger carbon.
Porter and Denton’s (1967) and Denton and Karlen’s (1973) independently selected glacial dates replicate the
author’s basal-contact analyses in confirming strong phasing with the 556-yr. Phase cycle, and lesser, but still
significant, phasing with the 278-yr. Subphase Cycle. The Stratigraphic Commission (1983) defines basal-
contact dates as chronostratigraphic Point Boundaries.
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Figure 6 Colorado Plateaus hydrology. Dendroclimate and culture. Colorado Plateaus Hydrology,
Dendroclimate and Culture on timescale of the 278-year Cycle and its 2/1 Event Resonance. Decadal tree-ring
indices from Berry (1982); 50-yr. and half-cycle smoothing. Tree-ring- and radiocarbon-dated buried sites and
trees and chronostratigraphic subdivision from Karlstrom (1976, 1988). PB=clustering of basal-contact dates.
Tree-ring-dated surface sites from Euler and others (1979), Berry (1982) and Breternitz and others (1986).
Note striking parallelisms between tree-ring and hydrologic records and number of dated sites (rough
approximation of population size and movement). Culture designation: SCP=S. Colo. Plats. sites;
MHRG=Mogollon Rim Sites; CC=Chaco Canyon sites; DUR=Durango sites; DAP=Dolores Achaeol. Project
sites. To satisfy the paleoclimatic equation, higher elevation sites as potential drought indicators are subtracted
from the intermediate elev. sites (SCP and CC); (+) scores=predominantly intermed.-elev. sites; (-)
scores=predom. higher elev. sites.
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Figure 7 Southwest tree-ring records and the 139-year event cycle. Southwest Tree-ring Cycle in phase with
the 2/1 (139-yr.) resonance of the 278-year Subphase Cycle. Half-cycle smoothing centered on turning points of
the theoretical 2/1 resonance. Correlation of both precipitation and temperature range from 0.75 to > 0.90, or within
the correlation range (< 0.60- >0.90) of published tree-ring/climate calibrations. This strongly suggests that the cycle
is real, regionally robust and evidently related to changing regional atmospheric circulation patterns. Similar half-
cycle analyses of other records define differing regional patterns (Karlstrom 1999) which should provide clues
toward enhanced understanding of atmospheric dynamics and biologic response. Figure modified from Figure 10 in
Karlstrom (1995).
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Figure 8 German tree-ring record and the 278-year subphase cycle. German tree-ring record on timescale of
the 278-year Subphase Cycle and its 2/1 (139-yr.) and 4/1 110-year tree-ring indices from Ladurie (1972).
Half-cycle smoothing positioned on resonance turning points. Plotted as a thermograph (inverted indices), the
resulting record is strikingly similar to that derived historically for Iceland (Figure 9). Both show the same
strong tendency to phase with the Subphase Cycle superposed on a general cooling trend since the 9th century.
However, the abrupt trend in Iceland towards warming beginning in the 19th century is not present in
Germany evidently because of a regime shift following AD 1711.
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Figure 9 Iceland temperature record and the 278-year subphase cycle. Iceland temperature record on
timescale of the 139-year event cycle and its 2/1 (69.5-yr.) and 6/1 (23.166-yr.) resonances. Ten-year
temperature indices from Bergthorson (1969). Half-cycle smoothing as before. Note the strong tendency to
oscillate in phase with the 278-year Subphase Cycle, and the lesser tendencies with the 139-year Event Cycle
and its 2/1 (69.5-yr.) and 6/1 (23.17-yr.) resonances. These oscillations are superposed on a general cooling
trend between the 9th and early 19th centuries, at which point there ensues a marked warming trend to
present. The Medieval Warm Period (MWP), placed between AD 900 and 1300 by Lamb (1977), includes
several shorter warmer intervals recorded in this and other records from Europe (see Figure 7) and variously
named by other researchers. General agreement of the Iceland temperature record with SW alluvial
subdivision, and the Resonance Climate Model is as remarkable as is the parallelisms with the Sunspot Cycle
(Figure 10).

Clue Search #3—Volcanism as a primary or strictly a secondary factor in Climatic
Change. Time-frequency analyses of radiocarbon-dated volcanic deposits and other time-series
correlations indicate increased volcanic activity coincident at centennial and millennial scales with
warmer/drier climatic intervals which in turn pace with the Phase and Subphase Cycles (Figure 10).
The sulfuric acid indices of the Crete, Greenland ice core (interpreted as reflecting increased levels of
volcanic activity,) may also correlate more directly at the decadal scale with historically recorded
retreatal phases (inferred warm/dry) in the longest glacial records available from the Swiss Alps
(Figure 11). These longer term correlations thus appear consistent with the historic evidence of the
restrictively short cooling effects (several years at most) of ash and aerosols following major eruptions
(Rampton and Self 1981). In addition, they support the dynamic concept that climate and volcanism
are commonly modulated or triggered by tidal forces acting in consort on both atmosphere and
lithosphere. Equally remarkable is the parallelism of the Crete acid record with both tidal-force
resonances and the sunspot length record as shown in Figure 12.
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Figure 10 Sunspot length, climate records and the 139-year event cycle. Sunspot and Climate Records on
timescale of the 139-year Event Cycle and its 3/1 (46.3) and 12/1 (11.5-yr.) resonances. Sunspot, hemispheric
temperature and Iceland indices to 1745 from Friss-Christensen and Lassen (1991); extension of Iceland temperature
record from Bergthorsen (1969); and Yap (1976). Sunspots and collated climatic records appear to be related to the
Tidal Resonance Model through in-phase relations with the ca. 46-year Resonance and its double Gleissberg Sunspot
Cycle. Poorer tendency for Sunspots and higher resolution climate records to oscillate in phase with the ca. 11-yr.
Sunspot resonance. In the literature the Gleissberg Cycle has been variously dated between 78- and 100-yrs. The
above evidence suggests it lies closer to 90 years. See Figure 12 for another parallel paleoclimatic record. From
Figure 5 in Karistrom (1996).
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Figure 11 Volcanic time frequencies and the phase and subphase cycles. Time-frequency diagrams of global
and North American Volcanic activity on timescale of the 556-year Phase Cycle and its 2/1 (278-yr.) resonance.
Volcanic ratio indices from Bryson and Goodman (1980); number indices from Karlstrom (1975). Centered
100-year class intervals act as low-pass filter restricting analyses to cycles with wavelengths of more than

200 years. Note the strong tendency for clustering in phase with the Phase Cycle and the lesser, but still
positive, tendencies to phase with the Subphase Cycle. The consistency of results from independently selected
data sets strongly suggest that tidal resonances may play a significant role in triggering volcanic activity.
However, the generally positive correlation of increased volcanism with the warm/dry epicycles minimizes the
importance of transitory atmospheric cooling by volcanic ejecta and aerosols as a significant causal factor in
these longer term climatic changes. Nonetheless, to predict future volcanic events solely by tidal intensity is
highly uncertain because of the statistical nature of the correlation, and because the required triggering
mechanism involves endogenetic threshold conditions that can vary appreciably from one volcanic center to
another. Figure from Figure 6 in Karlstrom (1998).
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Figure 12 Greenland acidity, glacial oscillations, tidal resonances and sunspots. Crete, Greenland ice-core
record of acid (volcanism), and Swiss Glaciers on timescale of the 139-year Event Cycle and its 3/1 (46.33-yr.)
and 5/1 (27.8-yr.) resonances. Indices of ice-core acidity and glacial records replotted from Figures 1 and 2 in
Porter (1981). Note: (1) that the interpretation of acidity as a proxy for volcanism and correlation of increased
volcanic aerosols with glacial advances requires a ca. 10-year response lag (marked by dashed black lines in the
figure); and (2) the remarkably clear correlation, not previously noted, of the direct phasing of Greenland
Acidity with the Event Cycle and its 3/1 and 5/1 resonances, and with intervals of low acidity phasing with
tree-ring-defined SW droughts (Figure 7). The Crete acidity record with its ca. 46-year phasing can now be
added to Figure 10, fortifying the impression of common linkages with both tidal resonances and solar

(sunspot) processes. The possible presence of the 27.8-yr. Cycle in other records requires additional half-cycle
analyses after appropriate smoothing.

Clue Search #4—The ca. 11-year and 22-year Sunspot Cycles, Tidal Resonances,
and possible climatic effects. Following World War I, extensive research on weather cycles
resulted in cycles with so many different wavelengths that meteorologists rejected most either as
products of noise or as procedural artifacts. A few cycles, however, appeared to be valid and worldwide
in distribution (De Boer, 1968). These include correlatives of the single and double Hale Sunspot
Cycles (ca. 11.12 and 22.24 years respectively) along with the 2/1 resonance of 5.56 years, the

4/1 resonance of 2.75 years and the 5/1 resonance of 2.22 years. Burroughs (1992) interprets the
following as the best documented of the more recently defined climate cycles: ca. 2-3 year cycle,

ca. 5-7 year cycle, ca. 11.1 year cycle (the equivalent of the fundamental sunspot cycle); the

ca. 20-years cycle (which because of power-spectral imprecision could represent either or both of the
nodal tidal-force cycle of 18.61 years and the double [Hale] Sunspot cycle of 22.24 years); the

ca. 80-90 year cycle (presumably the climate equivalent of the ca. 90-year solar Gleisberg Cycle: see
Figure 12) and a roughly 200-year cycle that may be the equivalent of the x 2 (180-year) cycle
generated by displacement of the solar system’s baricenter relative to the heliocenter.
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As shown in Figure 13 the average sunspot cycle of 11.12 years is precisely the 25/1 resonance of the
Subphase Cycle (with synchpoint at AD 1711) which phases very strongly with sunspot numbers—
excepting the apparent abrupt phase shifts near AD 1780 and 1989. My previous correlation
(Karlstrom 1998) of Sunspot number with the 24/1 resonance (11.583-yrs.) now appears less valid
than that of the 25/1 resonance, although analysis of longer records is needed to verify this fine
distinction.

Figures 14-17 provide examples of climatic records that appear to directly link climate with both
Sunspots and Tidal Resonances. Figure 14 includes Michell and others (1979) tree-ring record of
Midwest droughts and my composite (24 station) tree-ring record of the Colorado Plateaus. The
Midwest record shows a very strong tendency to phase with the Hale Sunspot Cycle; the Colorado
Plateaus record reflects a somewhat lesser tendency to do so. The Midwest record as first analyzed did
not support the presence of the Nodal Tidal-force Cycle of 18.61 years amply evident in many
Midwest climate records (Currie 1981 cf.) More refined analysis indicates, however, that this cycle is
also present in the tree-ring record but masked by a phase reversal ca. AD 1780, which reversal
completely canceled out its power-spectral signal (Burroughs 1992). The reversal coincides with a
drought-turning point of the ca 70-year Subevent Cycle (See Figure 15 in Karlstrom 1999), which in
turn is expressed in global temperatures and in the beach-ridge sequence of northern Lake
Michigan(Delcourt and others 1996 ) and as wet/dry oscillations in China (Quan and Zhu 2002).
Equally significant, the reversal is also concurrent with phase reversals in the Sunspot record

(Figure 13) enhancing the impression of cause-effect relations in a complex non-linear dynamic
system.
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Figure 13 Sunspot numbers and the resonances of the subphase cycle. Sunspot record on timescales of the
24/1 (11.583-yr.) and 25/1 (11.12-yr.) resonances of the 278-year Subphase Cycle. Annual sunspot indices
from NOAA, half-cycle smoothed by their 1/1 (ca. 11-yrs.), 2/1 (ca. 5-yr.) and 3/1 (ca. 3-yrs.) subharmonics
and positioned according to their differing timescales. Note that the average solar cycle of 11.12-years strongly
phases with the 25/1 resonance—except for the abrupt 180°-phase changes near 1780 and 1989. On the other
hand, the 24/1 wavelength appears slightly too long as reflected in the increasing divergence in timing towards
the middle of the fundamental cycle and the progressive convergence towards beginning and end. Note that at
the level of detailed analysis, correlation results are highly sensitive to minor difference in cycle length.
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Figure 14 Tree-ring records and the 22.24-year Hale Sunspot Cycle. Solar tides, sunspots, and dendroclimatic
records on timescale of the 2/1 (278-yr.), 4/1 (139-yr.) and 25/1 (22.24-yr.). Resonances of the 556-year phase
cycle. Annual indices of sunspots and solar tides from Wood in Gribbin (1976); of Midwest tree-ring indices
from Michell and others (1979) in Burroughs (1992); and of Colorado Plateaus tree-ring indices from Dean
and Robinson (1978). Half-cycle smoothing on turning points of the 25/1 (22.24-yr.). Resonance that is in
phase with the average Hale Double Sunspot (magnetic) Cycle. This, in turn, seemingly integrates solar/earth
tidal phases with terrestrial climate through solar magnetic change (+ solar magnetism=generally increased
earth rainfall).
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Figure 15 Cosmic rays, geomagnetism, sunspots and the 11.12-year tidal resonance. Sunspots, cosmic rays
and geomagnetism on timescale of the 25/1 (11.12-yrs.). Resonance of the Subphase Cycle and its 3/1 (3.7-
yrs.) subharmonic indices of suspots and two records of cosmic rays from Mercurio (2001). Note: (1) the
strong negative correlation of cosmic rays with sunspot numbers, and therefore, in turn, the resulting positive
correlation with the controlling variable geomagnetic field; and (2) the strong tendency for the cosmic ray
records, but not the sunspots, to phase with the 3/1 resonance suggesting the superposed influence of tidal
resonances on the geomagnetic field and terrestrial climate.

As shown in Figure 15, the single Sunspot Cycle is negatively correlated with Cosmic Rays and Tidal
Forces but positively with Geomagnetism. Thus according to my paleoclimatic equation: Cool/Wet
Climate = decreased Tidal Force = increased Sunspot numbers = increased Geomagnetism = decreased
Cosmic Rays. These correlations implicate direct physical linkages between climate and solar
processes evidently acting through changes in Tidal Force and Geomagnetic fields at the decadal level.

Figure 16 shows correlation between Sunspots and Langbein and Slacks (1980) U.S. and regional
runoff records. Beyond expectable regional variability, the Western, Central, and Eastern records and
their U.S. composite show strong phasing with the Hale Sunspot Cycle. All the records also show
interrupted series of the 7.42-year subharmonic which is alternately in and out of phase with the
11.12-yr. Sunspot Cycle, thus accentuating the double Hale Cycle. The ca. 7-year cycle, however, is
not evident in the Sunspot record pointing to its terrestrial genesis as a function of tidal dynamics.
Significantly, this cycle is also the expected beat product of a modulating 22- and 11-year Sunspot
combination (Burroughs 1992), emphasizing in turn its possible solar connection.

Figure 17 compares the runoff records of the Southwest and Northwest regions of the American West
relative to the Sunspot Cycle. Whereas Southwest runoff strongly phases with the magnetic sign of the
Hale Cycle (+ solar magnetism = increased runoff), Northwest runoff primarily shows opposite
responses with (+) solar magnetism coinciding with intervals of decreased runoff. Whereas runoff in
the eastern and central regions of the U.S. is primarily in phase with Southwest runoff, that of the
Northwest is largely out of phase. This strong tendency for anti phasing evidently reflects dominating
northerly atmospheric sources (the Aleutian Low) for the Northwest, whereas the rest of the country
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lies largely in the path of moisture-bearing southwesterly storm tracks generated over the Pacific
Ocean to the south (See Figure 18 below).
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Figure 16 U.S. and regional runoff, sunspots and the 7.42-year tidal beat cycle. U.S. runoff and susnpot
records on timescale of the 25/1 (11.12-yr.) resonance of the 278-year subphase cycle and its 2/1 (5.56-yr.) and
3/1 (3.71-yr.) resonances. Sunspot indices from NOAA; runoff indices from Langbein and Slack (1980). Half-
cycle smoothing positioned on turning points of the 2/1 and 3/1 subharmonics of the average sunspot
wavelength. Beyond expected levels of regional variabilities, note that the runoff records phase most strongly
with the Hale double sunspot cycle and thus also with subharmonics of the Subphase cycle with syncpoint at
1711. Note further that all runoff records are dominated by a 7.42-year cycle which is alternately in- and out-
of-phase with the 11-year cycle thus accentuating the double Hale Cycle. Significantly, the ca. 7-year cycle
evidently is not part of the sunspot record suggesting that its genesis is strictly a product of resonance response
within the terrestrial environment. Equally significant is the fact that a ca. 7-year cycle is the expected beat
product of a modulating 22- and 11-year sunspot-cycle combination (Burroughs 1992).
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Figure 17 Sunspots and Northwest and Southwest runoff records on timescale of the 25/1 (11.12-year).
Sunspots and Northwest and Southwest Runoff records on timescale of the 25/1 (11.12-yr.) resonance of the
Subphase Cycle and its 2/1 (5.56-yr.) and 3/1 (3.71-yr.) resonances. Annual indices from Langbein and Slack
(1982); annual sunspot indices from NOAA. Half-cycle smoothing on turning points of the 2/1 and

3/1 resonances. Note the strong tendency for Southwest flow to phase positively with the magnetic sign of the
22.24-year Hale Cycle, whereas Northwest flow tends to respond negatively

Clue Search #5—Aleutian Low Pressure, Sunspots and Climate. The Aleutian Low,
and its counterpart, the Icelandic Low in the North Atlantic, dominate northern latitude atmospheric
circulation which in turn steers the jet streams and the episodic excursions of polar and Arctic air
southward. Thus, because of proximity, Northwest climate should most directly reflect Aleutian Low
pressure changes whereas Southwest climate should primarily reflect anti phasing (see-saw) relations.
As shown in Figure 18, this expectation is evidently realized. Despite strong phasing with both the
single and double Sunspot Cycles, runs of the 7.42-year beat cycle in the Northwest show strong anti-
phasing relative to those of the Southwest. In the Southwest, the beat cycle is in phase with the Hale
Cycle, but in the Northwest it primarily oscillates out of phase with this cycle. Interruptions of the
beat cycle in the pressure record thus occur where it is dominated by the opposing turning points of
the longer Hale Cycle excepting, however, where it in turn dominates at ca AD 1977. Whether these
response differences result from superposition of additional cycles, noise, non-linearity or other
factors is not definable from the presented short records. These records, however, do strongly suggest
general see-saw effects between separate pressure centers in the Pacific comparable to those associated
with the Icelandic Low/Azores High in the Atlantic. It is perhaps significant that other researchers
note AD 1977 as a regime shift in other types of climate records.
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Figure 18 Aleutian low-pressure indices, sunspot cycles and the 7.4-year beat cycle. Aleutian-Low Pressure
Indices on timescale of the 25/1 (11.12-yrs.). Resonance of the Subphase Cycle and its 2/1 (5.56-yr.) and

3/1 (3.71-yr.) resonances. Annual pressure indices from (Overland and others 1998) half-cycle smoothed and
positioned on turning points of the 1/1, 2/1 and 3/1 resonances. Note: (1) The respectively strong to very strong
phasing with the single and double sunspot cycles, strongly suggesting a direct linkage between Solar processes and
Aleutian-Low pressure changes, and thus in turn with changing West Coast atmospheric circulation patterns and
resulting climates; and (2) the interrupted phasing with the 7.42 beat resonance, which, in contrast to most runoff
records, is in phase with the single rather than the double Hale sunspot cycle. Interruptions in the beat series generally
occur at turning points where dominated by the ca. 22-year cycle except at 1977 where it dominates. The absence of
the beat cycle in the sunspot record, and its antiphasing in different records reemphasize its generation in the
terrestrial atmosphere and introduces compoundities in understanding its regional and/or process responses.

Summary and Conclusions

The presented data provide the following empirical clues to underlying processes and dynamics of

Climatic Change:

1. Upper latitude Ice-age glaciations in both Hemispheres, along with Cosmic Rays and
Geomagnetism, were evidently modulated by summer half-year insolation dominated by the
ca. 40,000-year Obliquity Cycle. On the other hand, glaciations and associated climatic
changes in middle to lower latitudes evidently paralleled the ca. 20,000-year Precessional
Cycle characterized instead by opposing trends across the Equator;

2. The pervasive secondary oscillations recorded in most instrumental and paleoclimatic records
reflect in part a complex system of globally synchronous harmonic tidal-force resonances that
in the recognizably complex non-linear system of climatic change episodically undergo abrupt
phase changes. These abrupt reversals result in interrupted series, or runs, of quasi-periodic
cycles so typical of the climatic record. Parenthetically, these reversals (referred to as regime
shifts by others) can seriously compromise the results of power-spectral analyses which assume
consistent phase relations. Other limitations in defining cycles from power-spectral analyses
are noted by DeBoer (1967) and by Burroughs (1992);

3. Correlation with both tidal force and sunspots implicates both tidal force and solar process as
modulators for yearly, decadal and centennial climatic changes. Correlation with Cosmic Rays
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and Geomagnetism strongly suggest that this integrated tidal and solar modulation involves,
or directs, critical energy changes in the geomagnetic and atmospheric fields;

4. The combined data zero in on orbital perturbations of the solar system (varying both tidal
force and insolation) as the operational energy system within which past climatic, volcanic
and geomagnetic changes have been concurrently modulated or triggered (with occasional
non-linear phase reversals) at yearly, decadal, centennial and millenial scales; and

5. The developing picture of the many natural variables underlying climatic change in effect
severely restricts the validity of simply projecting average temperature trends of the past
200 or so years into the future as the sole product of man-produced “Greenhouse Gases”. The
temporary trend towards cooling in the instrumental temperature record between AD 1940
and 1950 and the repeated pre-Industrial Revolution oscillations between distinctly warmer
and cooler climate cannot be explained by man’s sporadic pollution of the atmosphere, but
must instead be related to naturally induced changes in the terrestrial environment. One of
the important tasks of the future is to quantitize anthropomorphic inputs versus natural
inputs to the climatic changes of the past 200 years.

It is encouraging to recognize that major developments in understanding the physical world have
been anticipated through empirical data long before the geophysics of underlying causal factors were
fully appreciated. Three excellent examples come to mind: (1) Wegener’s and Taylor’s empirically
derived Continental Drift Model which long anticipated developments in oceanography relating to
mid-oceanic spreading centers, magnetic reversal patterns and Plate Tectonic mechanisms;

(2) photogeologic interpretation of the moon suggesting volcanic episodes (subsequently described
from petrologic evidence as deep Magma Oceans) during pre-Mare highland phases of lunar
development (Green 1967; Karlstrom 1972). Such early lunar volcanism was essentially excluded by
Urey’s elegantly simple mathematical model of the moon’s figure which suggested instead an
exclusively cold accretionary origin and, more specific for the thesis of this paper, (3) Lord Kelvin’s
authoritative but premature dismissal of sunspots and solar processes as a factor in climatic change
based as it was on a too simplistic energy model that could not consider subsequently identified
fundamental phenomena such as solar winds, the magnetosphere, geomagnetism, cosmic rays, tidal
forces, feed-back or triggering responses, fractals and non-linearity.

To be sure, much work remains in refining our understanding of underlying physical linkages as well
as of the dynamics of associated atmospheric circulation patterns resulting in characteristic regional
variability. Nonetheless, significant clues are now available that should provide critical focus for
further research, hopefully leading to the development of more sophisticated General Circulation
Models (GCM) that incorporate the critical factors of cloud cover, geomagnetism, cosmic rays and
tidal forcing. along with other definable natural changes such as in atmospheric CO,, methane, and
ozone.
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Abstract

Snowpack is crucial to water supplies in the western U.S. and it integrates the full range of
climatic factors that effect snow accumulation. Changing climate may alter annual snowpack
in many locations due to changing accumulation and ablation rates, the result of changing
synoptic circulation patterns (differing air masses). Ablation depends upon the combination
of many factors, including temperature, relative humidity, wind, cloud cover, solar inputs, and
radiative balances. Many of these factors behave in a linear manner, but in combination they
become chaotic in nature, thus the value of an index that integrates them. Precipitation is
easily enough measured and independently evaluated on its own, but variability resulting
from many of the other factors is more elusive. This study introduces a snowpack index (SI) as
a way to evaluate the role of snowpack influencing factors beyond simply precipitation.
Effectively, the SI is a measure of the winter precipitation that is sequestered in the snowpack.
This paper examines the trends and variability of snowpack and its influencing components,
precipitation, non-precipitation snowpack (SI) components, temperature, and elevation, for
the western U.S. as a whole and by mountainous region for the past two decades (1979-

1999).

Introduction

This paper examines changes in non-precipitation factors which impact the sequestration of winter
precipitation in the form of snowpack in the mountainous western United States. Because winter
precipitation will only be available in the spring and summer if it is sequestered in the snowpack (or
captured in reservoirs), it is important to know if these non-precipitation variability factors are
changing. The consistent global warming since the late 1970s has the potential to alter these factors,
altering the ablation/accumulation balance. It is important to eliminate the effect of precipitation
variability to accurately make such an assessment. Thus, this study uses the snowpack index (SI)
which controls for precipitation variability. As an additional tool, plots of the SI as a function of
temperature control for temperature variability as well, yielding a graphical picture of snowpack
influencing factors independent of both precipitation and temperature. These factors include amount
of solar radiation, cloud cover and type, night-time (long wave) radiation balance, relative humidity,
wind speed and turbulence, and reflect synoptic conditions and air mass types.

Data

Snowpack snow water equivalent (SWE), precipitation (PPT), temperature data, and site elevations
were obtained from the Natural Resources Conservation Service (NCRS) SnoTel database. SnoTel
sites were used exclusively in this study because SWE, precipitation, and temperature are all measured
at the same location. It is important for SWE and precipitation measurements to be co-located for
accurate SI computation, as both variables are very heterogeneous over short distances. Table 1 lists
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the number of stations used for April 1 data for the west as a whole and for each region. First of the
month values were used from January through June for the years 1979-1999, the study period.
Precipitation values are cumulative from October 1, and average SWE and PPT are the 1971-
2000 mean. Cumulative temperature, used in this study, is the average maximum, minimum, or
mean temperature from October 1 to the given date. Cumulative temperature more closely matches
the snowpack exposure than other temperature summations.

Table 1 Number of stations used for April 1 data for the west as a whole and for each region

Number of sites

Region Total SI Index SWE PPT

West U.S. 621 555 614 610
Arizona (AZ)/New Mexico (NM) 25 22 25 25
New Mexico/Colorado (CO) 43 41 43 43
Colorado 61 57 61 61
Utah 70 67 70 70
Idaho (ID)/Montana (MT) 224 200 221 214
Oregon (OR)/Washington (WA) 116 97 116 116
California (CA) 28 26 28 28
Wyoming (WY) 23 19 23 23

Analysis

The snowpack index (SI) is the percent of average snowpack divided by the percent of average
cumulative precipitation on any given date. An SI of 1.0 indicates there are no changes in non-
precipitation snowpack development factors. Values of less than one indicate an increase in these
factors that ablate snowpack, and values greater than one an increase in these factors that accumulate
snowpack (independent of precipitation). To further clarify, an index value of one indicates non-
precipitation factors on snowpack development are unchanging. This is true even if the actual
snowpack is higher or lower than average on any year. An index value of less than one indicates that
less of the winter precipitation is being stored in the snowpack, and a value greater than one indicates
more is stored. Thus, the SI is a standardized index, normalizing for precipitation variability, and
integrates the remaining variability factors, such as temperature, cloudiness, wind, relative humidity,
solar and radiative effects.

In addition to analysis of the west as a whole, SWE, precipitation, and SI analysis was done for the
four quadrants of the western U.S., separated at 40° north latitude and 112° west longitude. Then,
eight smaller regions, roughly corresponding to mountain ranges, were used. Five of these roughly
correspond to the spatial patterns identified by Cayan (1996) based on April 1 SWE rotated principal
components analysis. Cayan’s regions were named Idaho, California, New Mexico, Oregon, and
Colorado in descending order of variance. The corresponding regions in this paper are ID/MT, CA,
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NM/CO, OR/WA, and CO, respectively. This work also has AZ/NM (southern Arizona/New
Mexico), Utah, and Wyoming regions, because they are spatially separate groups of mountain stations
with reasonable statistical depth. The CA (California) region is not representative of the entire state,
because only SnoTel stations were used, and these form a tight cluster of stations near the Nevada
border at the bend in the state line (39°N 120°W). Although there are many excellent snow reporting
sites in California, only Sno'Tel stations were used because of their co-located SWE and precipitation
measurements.

The SI was also computed for different elevations and temperatures.

Results and Discussion

Full Western U.S.

Bi-linear saddle surface trend analysis shows an SI gradient from northeastern Montana (SI>1) to
southern California and New Mexico (SI<1) (Figure 1a). Similar analysis shows minimum
temperatures (Figure 1b) to be strongly longitude dependent (warmer to the west). The maximum
(Figure 1c) and mean (Figure 1d) temperatures are coldest in northeast Montana, and increase toward
southern California, where they are warmest.

Annual trends for April 1 data were significant for both cumulative maximum (0.15°C/year at

100% level) and minimum (-0.261°C/year (98.7% level) temperatures. This indicates the range of
cumulative temperature is increasing with time, counter to global and many regional trends. It may be
that the higher, remote locations are not experiencing the same temperature trends of the lower lands
where many of the other temperature records originate. Increasing max-min temperature ranges could
be from a decrease in both day and nighttime cloudiness. However, since precipitation is not
declining (see later) in these areas, perhaps the storms are shorter and more intense (increasing
hydrologic cycling?).

The SI trend was -0.007, but not significant at the 85% level. Similarly, SWE and cumulative
precipitation trends were not significant.
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Figure 1 Surface Trend Analysis of April 1 conditions. (a) SI are highest in the upper left with the

SI=1 contour across west Montana and NE Wyoming. They trend to the lowest values in the south. (b), (c),
(d) are the surface trends for cumulative mean, maximum, and minimum temperatures, respectively. The
0°C maximum contour is roughly in the same place as the SI=1 contour.
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The spatial distribution of SI (Figure 2) shows values >1 in the interior regions, and lower values at
regions closer to the Pacific Ocean. The Arizona and New Mexico values > 1 are most likely statistical
artifacts due to low sample size in the earlier years. This supposition is consistent with regional
analysis which shows the values to be lower than one in the 1990s. Also, the areas of SI>=1 west of
longitude 118°W; are without station data, therefore suspect of being artifacts.

Figure 3a shows a tendency for SI to be lower at low elevations and higher at upper elevations. Below
about 1300 meters, there are more SI values less than 1, and the frequency of values greater than

1 increases at higher elevations. This relationship is consistent with more maritime mountain ranges
dominating the signal at lower elevations. The snowpack is more vulnerable to slight temperature
fluctuations in regions where the mean temperature is close to the melting point. This is the case in
more maritime regions compared to interior, continental areas where maximum temperatures stay
well below zero centigrade most of the winter. Figure 3a shows little time evolution of the S,
consistent with the finding that there is no significant trend with time. SWE (Figure 3b) and total
winter precipitation (Figure 3¢) are highest in the middle and low elevations, reflecting the increased
moisture supply in the mountains closest to the Pacific Ocean compared to the higher and drier
ranges of the interior west. There may also be a slight trend toward increasing SWE and precipitation
at the low to middle elevations.
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Figure 2 Location of the SnoTel sites used in this study (small triangles) and contours of the April 1 SI.
SI values of one or greater are more prevalent in the interior western U.S.
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Figure 3 Elevation versus time distributions of SI (a), SWE (b), and cumulative precipitation (c) on April 1.
In all cases, there is more elevational variability than temporal.
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Temperature dependence on elevation and time is shown in Figures 4 a-c. The correlations of
temperature and elevation are significant at the 0.0000 level for mean, maximum, and minimum
temperatures. Possible temporal trends of possible cooling at elevations of 1750-2800 meters, and
slight warming above 3000 and below 1500 meters, particularly for minimum temperatures, are

suggested.

Figures 5 a-c show the relationship of SI to time and cumulative winter temperature (Oct 1 - Apr 1).
These figures show SI temporal variability at any given temperature. In effect, we are controlling for
temperature with such a plot, and the SI controls for precipitation. The result exposes snowpack
sequestration factors independent of both precipitation and temperature variability. An overall decline
in ST is particularly noticeable in the mean temperature plot, below -15°C and above 5°C. There is
also a band of increased SI, often greater than 1, near 0°C for mean and minimum and around 8°C
for maximum temperatures. The decline at the coldest temperatures may suggest increased clear skies
and windiness, often following storms in continental areas at least. Both factors can increase ablation.
The band of increasing SI mentioned above could reflect temperatures during a snowstorm (increased
cloudiness and decreased wind). The depressing effect of cloud and wind (and other factors) on
ablation is apparent since the SI is precipitation invariant. By this same course, factors decreasing
ablation are seen to dominate at 0°C and those that increase ablation at less than -15°C.

Western U.S. Monthly Results

Figure 6 shows the percent of average SWE, precipitation, and SI by month. The mean 1979-99
precipitation is about average for every month, but mean SWE declines from January to June, the
decline in Jan-Mar being quite small compared to May and June. This is reflected in the SI values of
less than one in every month. This decline in the amount of moisture sequestered in the snowpack is
the result of less snowfall, not less precipitation.

Correlations of SWE to mean SWE and precipitation to mean precipitation (Figure 7) show that
average conditions are most likely to exist on April 1 for SWE and May 1 and June 1 for precipitation,
and that SWE is more variable than precipitation.
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Figure 4 April 1 cumulative temperature distribution as a function of elevation and time: mean, maximum,
and minimum (a), (b), and (c) respectively. All temperatures are significantly correlated with elevation
(100% level), but not with time. This figure suggests temperature are increasing at lower elevations and are
decreasing at higher elevations.
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Figure 5 April 1 SI distribution as a function of cumulative temperature (mean, maximum, minimum (a),
(b), (c) respectively) and time. Reading across horizontally eliminates temperature variability and the SI
eliminates precipitation variability, allowing inspection of snowpack factors other than these two major
ones. Such factors include relative humidity, wind, solar radiation, long wave radiation flux, and cloud cover.
There is a band of maximum SI values. This is around zero mean and minimum, and 8° C for maximum
temperature.
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Figure 6 Conditions on the first of each month, Jan-Jun. Precipitation values remain normal all months, but
the SWE and especially the SI decline as the winter progresses.
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Figure 7 Monthly correlations of SWE and cumulative winter precipitation with their respective average
values. Snowpack correlations are lower than precipitation correlations suggesting greater variability in
snowpack than precipitation.

Western U.S. ENSO Results

Figure 8 shows the percentage of SWE, precipitation, and SI by ENSO phase. Most striking is that La
Nifia is the only ENSO phase to positively affect the SI (greater than one). This is due to an increase
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in SWE, not precipitation. Analysis by quadrant (Figure 9) shows this to be entirely a Pacific
northwest contribution. Figure 9 also shows the northwest is most variable and the northeast region

the least, by ENSO phase.

11
1.05
1 o All
H Nino
0.85 { mLaNina
0.9 Neither
0.85 A

%SWE %FPT Index
Relative to 197 1-2000 Mean

Figure 8 April 1 conditions by ENSO phase. SWE and SI are vary more by ENSO phase than precipitation,
and are lower in all phases except during La Nifia when they exceed normal levels (they are greater than one).
Cumulative precipitation is also greater than average (normal) during La Nifia and neither (neutral) ENSO

phases.

El Nino La Nina Neither

Figure 9 April 1 SI is declining (<1) during all ENSO phases in all quadrants of the western U.S. except in
the northwest during La Nifia.
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Results by Quadrant

SWE, precipitation, and SI were analyzed in the four quadrants of the western U.S., separated at
40°north latitude and 112° west longitude.

Figure 10 shows the variability of SWE, precipitation, and the SI by quadrant. SWE and SI variability
were greatest in the northwest, consistent with the SI results of Figure 9, but precipitation variability
was greatest in the southwest. The least variability of all three factors was found in the northeast
quadrant.

Figure 11 shows 1979-1999 precipitation to be greater than average (1971-2000) in both southern
quadrants and less than average in both northern ones. The relative proportion of winter moisture
(1979-1999) sequestered in the snowpack, however, is less than average (1971-2000) in all quadrants;
the greatest decrease is in the southeast, and least in the northeast ones. This is not because of a
decline in winter moisture, since the southwest has received 103% of average, and the southwest
104% for the comparable period. In these regions there has been an increase in precipitation, but a
decrease in the relative amount that fell as snow, resulting in the low SI values. The northeast
quadrant appears to have the least change in SWE, precipitation, and SI. This may reflect its position
relative to large scale (synoptic) circulation, being more removed (north) from the boundary of
shifting jet stream tracks, than the other three quadrants. So, although the northeast appears to be the
least changeable in the past two decades, all quadrants show decline in the relative proportion of
winter precipitation sequestered in their snowpack.

o SWE
mPPT
osSi

Figure 10 Variability (standard deviation) of April 1 SWE, cumulative precipitation, and the SI.
Precipitation is least variable in all quadrants, and SWE is most variable. The northeast is the least variable
quadrant, and the northwest the most. Variability in the south is virtually the same in the east and west
quadrants.
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Figure 11 SI, SWE, and cumulative precipitation on April 1 in each of the western U.S. quadrants.
Precipitation is above average in both southern quadrants, but all other parameters are below average in all
the quadrants.

Results by Region

Analysis of the eight regions (Figure 12) suggests the strongest temporal trends are in southern AZ/
NM and northern NM/southern CO, where the SI declines strongly over time at all elevations. Much
of this decline is from SI values of greater than one to less than one. Colorado and Utah also show
similar, but weaker, trends at middle to lower elevations. The SI in the ID/MT (Idaho/Montana) area
is relatively stable over time, but SI less than 1 is more frequent than SI greater than 1. The SI in the
OR/WA (Oregon/Washington) area is also fairly stable with time, but the SI may be increasing at
elevations above 1600 meters. The Wyoming (central and eastern) SI values are less than one below
2400 meters, and declining below 2600 meters. The SI is greater than one between 2600 and

2800 meters, and also above about 2950 meters, and increasing at all elevations above 2600 meters. In
the California group (clustered about 39°N 120°W) the SI is increasing at all elevations, and greater
than one at most heights, particularly between 1950 and 2400 meters. Note that this is not spatially
representative of California, but it is the strongest signal of winter precipitation sequestration in
snowpack at any of the eight areas and also a region of high absolute snowpack, representing
significant amounts of water.
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Non-Precipitation Variability of the Western United States
Snowpack

Summary

The SI provides a way to eliminate precipitation variability when looking at the factors effecting the
sequestration of winter precipitation in snowpack. The study results suggest that winter precipitation
sequestered in western U.S. mountain snowpacks is declining, and this is not due to reduced
precipitation, nor is it evenly distributed by elevation or region. Often the decline is greater at lower
elevations, and in the southern portion of the western U.S.

Reference

Cayan D. 1996. Interannual climate variability and snowpack in the western United States. Journal of Climate

9:928-948.
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Is Streamflow Increasing in the
Conterminous United States?

Gregory J. McCabe and David M. Wolock

Abstract

Ranks of annual streamflow statistics (i.e., annual minimum, median, and maximum daily
streamflow) for 400 streams in the conterminous United States measured during 1941-1999
are examined for changes. Results indicate a noticeable increase in the number of sites with
high-rank annual minimum, median and maximum daily streamflow events after 1970.
Significant increases in the number of sites with high-rank monthly minimum, median, and
maximum daily streamflow also were found for all months except April. These results suggest
an increase in the magnitude of minimum, median, and to a lesser extent maximum daily
streamflow events since 1970. In addition, this increase appears as a step change rather than as
a gradual trend and coincides with an increase in precipitation.

Introduction

A potential consequence of climatic change is an intensified hydrologic cycle, which some have
speculated will result in increased precipitation and an increased frequency of floods (Milly and others
2002). Recent studies have identified trends in various streamflow statistics and have produced
contradictory results. Lettenmaier and others (1994) examined trends in annual and monthly
streamflow across the conterminous United States (U.S.) and found positive trends for a large
proportion of the streams analyzed. Lins and Slack (1999) also analyzed streamflow in the
conterminous U.S. and found that most of the statistically significant positive trends in streamflow
were for low and moderate streamflows. They found only a few positive trends in high streamflow
events. Douglas and others (2000) found similar results for a study of trends in flood and low flows in
the U.S. In contrast, Groisman and others (2001) found increases in large streamflow events in the
conterminous U.S., particularly in the eastern U.S. They attributed the increases in large streamflow
events in the eastern U.S. to increases in the frequency of heavy precipitation events. They indicate
that in the western U.S. a reduction in snow cover extent has complicated the relation between heavy
precipitation and streamflow.

The results of previous research indicate significant differences with regard to changes in large
streamflow events. Many of these studies used trend analysis which assumes that there is a monotonic
trend in the data. In addition, trend analysis has been found to be sensitive to outliers, sequences of
extreme events, and to differences in time periods analyzed (Wahl 1998). Some of the differences
between the results of previous studies may be due to differences in the time periods examined or due
to the assumption of a monotonic trend in the data.

In this study annual streamflow statistics for 400 streams in the conterminous U.S. are examined to
clarify both the temporal and spatial variability of annual streamflow statistics in the conterminous

18-
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Data and Methods

In this study, monthly and annual minimum, median, and maximum daily streamflow statistics for
400 watersheds in the conterminous United States (U.S.) measured during 1941-1999 were
examined. The time series of statistics were replaced by time series of ranks (from lowest to highest)
and the number of sites with high-rank (highest 10% of ranks) streamflow events were examined for
each year. The watersheds were chosen from the Hydroclimatic Data Network (HCDN) (Slack and
Landwher 1992). HCDN sites are relatively free of anthropogenic influences and streamflow
measured at these sites is considered to be natural. The watersheds chosen represent a wide range of
physiographic regions across the conterminous U.S.

Changes in Streamflow Statistics

Analysis of ranked (from lowest to highest) streamflow statistics (monthly and annual minimum,
median, and maximum daily streamflow) indicate that the number of sites with the highest 10% of
these streamflow statistics have increased during the 1941 to 1999 period (Figure 1). The change in
the number of sites with these high-rank streamflow events appears to be a step change after 1970.

Spatial Distribution of Significant Changes in Streamflow

Student t-tests also were used to identify sites with significant differences in the mean rank of monthly
and annual daily streamflow statistics between the 1941-1970 and the 1971-1999 periods. Consistent
with the examination of changes in the number of sites with high-ranked streamflow statistics, there is
a large number of sites with significant (at a 95% confidence level) differences in mean monthly and
annual minimum and median daily streamflow ranks, and fewer sites with significant changes in
mean monthly and annual daily maximum streamflow ranks (Figure 2). The sites with significant
increases in streamflow statistics are primarily located in the eastern U.S.

Climate Driving Processes

The increase in the number of sites with high-rank minimum, median, and maximum daily
streamflow is related to a change in climatic conditions. Monthly temperature and precipitation data
for the 344 climate divisions of the conterminous U.S. used as inputs to a monthly water balance
model produce changes in high-rank simulated streamflow that are similar to those found in the
measured data (Figure 3; Karl and Riebsame 1984; Karl and others 1986). Increases in precipitation
since 1970 account for a large part of the increase in streamflow statistics.
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Figure 1 Number of sites with the highest 10% of monthly and annual ranked (A) maximum, (B) median,
and (C) minimum daily streamflow.
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Figure 2 Sites with significant (at a 95% confidence level) increases (black dots) and decreases (C) minimum
daily streamflow after 1970. White dots indicate sites with non-significant changes in streamflow.
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Summary

The temporal variability of annual statistics (i.e., minimum, median, and maximum) of daily
streamflow for 400 streams in the conterminous U.S. was examined for the 1941-1999 period.
Results indicate that almost half of the sites examined indicate increases in annual minimum and
median daily streamflow statistics, whereas only a few sites (~10%) indicate increases in annual
maximum daily streamflow. Only a few sites showed decreases in any of the streamflow statistics. The
increases in annual streamflow statistics primarily occurred for sites in the eastern U.S. and occurred
as a step increase around 1970 rather than as a gradual increasing trend. The step increase in
streamflow appears to be related to a step increase in precipitation.
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The Effects of Galactic Cosmic Rays on Weather
and Climate on Multiple Time Scales

Ed Mercurio

This article is an update of the article published in the proceedings of the Seventeenth Annual
Pacific Climate Workshop, March 2001. A longer, more detailed version is available on my
website: http://www.hartnell.cc.ca.us/faculty/mercurio/

In this article, I show that galactic cosmic rays (GCRs) may be a primary climatic forcing agent on
many time scales up to and including glacial-interglacial. Levels of GCRs are inversely related to the
small changes in solar radiation that have long been considered the primary agent in climatic forcing
and help explain the effects of solar related climatic periodicities already established. When solar
radiation is low, GCR levels are high, and both of these result in increased cooling. The magnitude of
the effects of GCRs on cooling through increasing cloud cover and cloud albedo, however, is much
greater and increases in levels of GCRs could be the primary cause of global cooling (Svensmark 1998;
Landscheidt 1998).

GCRs are the only particles hitting the earth with enough energy to penetrate the stratosphere and
troposphere. They are modulated by the sun’s and earth’s magnetic fields. GCRs are a major
determinant of levels of ionization in the troposphere. The ionization of the lower atmosphere by
GCREs is the meteorological variable subject to the largest solar cycle modulation (Svensmark 1998).
Levels of ionization are a major determinant of relative humidities, levels of condensation, levels of
cloudiness and cloud albedo, which, in turn, are major determinants of temperatures, levels of surface
moisture and levels of equability. More GCRs would result in clouds with greater numbers of
condensation nuclei, which would likely produce less precipitation. GCRs may also increase storm
intensities (vorticity area index) (Herman and Goldberg 1978; Tinsley and Dean 1991).

Levels of global cloudiness were observed to increase between 3% and 4% from solar maximum to
solar minimum over an~11 year cycle period studied (Svensmark 1998). This is because the solar
magnetic field is lower at solar minimum, allowing more GCRs to reach the earth. A strong
correlation is present only in low cloudiness (2 miles or lower), which is the type that would increase
cooling (Bailunas and Soon 2000). Bago and Butler (2000) found that there was only a significant
degree of correlation to levels of low cloudiness in the tropics.

In my investigation of the possible role of GCRs in the determination of weather and climate, I made
the following observations and conclusions:

1. ~11 year solar cycles alternate between parallel (-) and antiparallel (+), and consistently greater
levels of GCRs reach the earth over most of the duration of antiparallel cycles (Figure 1). This
results in~22 year meteorological cycles including such effects as major droughts on the
western Great Plains and variations in precipitation from cyclonic storms in the westerlies in
areas like Southern California. A curve of Los Angeles yearly precipitation totals shows an
approximately 22 year cycle with generally progressively increasing totals during antiparallel
cycles and generally progressively decreasing totals during parallel cycles (Figure 2). This
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results in a pattern in which wettest years often occur around antiparallel to parallel solar
maxima and the driest years often occur around parallel to antiparallel solar maxima.

2. A curve of annual GCR intensities over the last four solar cycles shows higher GCR levels at

sunspot maxima of longer ~11 year cycles (Figure 1). Solar maximum could be the time when
the greatest variations in GCR levels occur and this could be an important factor in periods of
cooling, especially on century and millennial time scales.

Levels of GCRs appear to have a relationship to the state of the polar vortex and the state of
the polar vortex is related to the state of the El Nifio Southern Oscillation (ENSO). Higher
levels of GCRs appear to be associated with a stronger, colder polar vortex. Some indications
of a ~22 year periodicity in winter stratospheric temperatures can be seen in Figure 3. A
stronger, colder polar vortex is generally associated with ENSO-Cold Event conditions and a
warmer, weaker polar vortex with ENSO-Warm Event conditions. Some indications of this
can be also be seen in Figure 3. An exception to this is ENSO-Warm Events associated with
large, sulfurous volcanic eruptions.
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Figure 1 The top curve is the annual mean variation in cosmic ray flux as measured by ionization chambers
from 1937 to 1994 (adapted from Svensmark 1998). The bottom curves are neutron flux, which is a proxy
for galactic cosmic ray flux, from the neutron monitor in Climax, Colorado from 1951 to 2000 and sunspot
number (adapted from University of Chicago/LASR GIF image). Note the differences in the shapes of the
curves of GCRs in antiparallel (+) and parallel (-) solar cycles and the differences in GCR levels at solar
maxima.
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Figure 2 The top curve is the Arctic Oscillation Index with average values (adapted from Kerr 1999). More
positive conditions indicative of a stronger, colder polar vortex are up in direction. The upper middle curve
is July to June yearly U.S. Weather Bureau precipitation totals for Los Angeles civic center. The bottom
curves are the Pacific Decadal Oscillation (PDO) and Southern Oscillation Index (SOI) (adapted from
Mantua and others 1997). In the SOI curve, values indicative of ENSO-Warm Event conditions are above
the line and values indicative of ENSO-Cold Event conditions are below the line and in the PDO curve,
warmer sea surface temperatures are above the line and colder sea surface temperatures below the line. Note
the general relationship between antiparallel (+) solar cycles and a more positive average Arctic Oscillation,
progressively increasing Los Angeles precipitation totals, more positive (ENSO-Cold Event) SOI conditions
and to a certain degree, more negative (colder) PDO conditions and the opposite for parallel (-) solar cycles.
Also note the general relationship between ENSO-Warm Event conditions and higher Los Angeles
precipitation totals.
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Figure 3 Comparison of January-February north polar stratospheric temperatures (adapted from Labizke
and Van Loon 1999) and multivariate ENSO index (adapted from a NOAA- CIRES-Climate Diagnostic
Center graphic). Note the relationship between higher temperatures and ENSO-Warm Event conditions and
lower temperatures and ENSO- Cold Event conditions and ENSO-Warm Event anomalies that occur
following large sulfurous volcanic eruptions such as El Chichon in 1982, Mount Pinatubo in 1991 and
Mount Agung in 1963. (Unsmoothed data appears to show a closer relationship but is harder to visualize in
a graphic and up to date sources were unavailable).
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Over multidecadal and longer time periods, higher levels of GCRs are associated with a colder,
more oscillating (frequent El Nifios) tropical Pacific and lower levels with a warmer, more stable
tropical Pacific. These effects, however, are also observable in the ~22 year solar cycle and many
correlations of climate to ~22 year cycles, including droughts on the western Great Plains, are
related to an increase in ENSO-Cold Event conditions that develop over the duration of
antiparallel solar cycles.

Effects on ENSO appear to occur through effects on the strength of the Trade Winds, which are
directly related to the strength of the polar vortex (Stricherz 1999; Chanin 1993). The Arctic
Oscillation index is a measure of the variations in the strength of the polar vortex and some
evidence for ~11 and ~22 year cycles can be seen in long term records (Figure 2).

The effect of GCRs on the polar vortex may occur in the following way:

Increase Increase Decrease Equatorial Warmer Greater Stronger,
In —p in equatonal —Jp inequatorial —pp- stratospheric —Jpp- equatorial —p> stratospheric —pp  colder polar
GCRs SSTs subsidence stratosphere equator to pole vortex (more
doudmess temperature positive AQ)
gradient

Direct effects in decreasing polar stratospheric temperatures
through ozone depletion, etc.
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4. There appears to be a relationship between solar coronal hole area and the strength of the
Arctic Oscillation. Areal extents of solar coronal holes change over solar cycles and are directly
related to levels of GCRs and therefore directly related to levels of global cloudiness and
inversely related to global temperatures (Soon and others 2000). There is a better correlation
between solar coronal hole area specifically between solar latitudes 50° north to 50° south and
the state of the Arctic Oscillation with greater coronal hole area correlated to a more positive
state of the Arctic Oscillation (colder, stronger polar vortex) (Figure 4).

5. One effect of anthropogenic gasses that could contribute to global warming is to cool the
stratosphere, either directly or indirectly, and in this way contribute to a more positive Arctic
Oscillation. This may be a cause of recent highly positive levels in the Arctic Oscillation
(Figure 2, Figure 4) as well as the Antarctic Oscillation.

6. 'There could be a relationship between GCRs and the Quasibiennial <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>