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CLIMATE-CHANGE SCENARIOS FOR THE SIERRA NEVADA, CALIFORNIA, BASED
ON WINTER ATMOSPHERIC-CIRCULATIONPATTERNS

Michael D. Dettinger' and Daniel R. Cayan®

ABSTRACT: Precipitation and temperature series for the Sierra Nevada can be synthesized using a
probabilistic model conditioned on recurring atmaosphericcirculation patterns. The classification used
herein is based on a principal-components analysis of historical winter 70-kilopascal atmospheric-pressure
surfaces over North America and the North Pacific Ocean. Five circulation categories are delineated that
correspond to recurring circulation patterns. Transitions between the circulation categories approximate
simple Markov processes, and the statistical distributions of precipitation and temperature in the Sierra
Nevada are conditioned by the category that prevails in a given 3-day period. Temperature is further
conditioned by whether or not precipitation occurs. Climate-change scenarios can be obtained by first
modifying the category-transition probabilities or the distributions of precipitation and temperature for
each circulation category, and then drawing transitions and weather conditions from their respective
conditional probability distributions. The climatechange modifications can be arbitrary or derived from
the circulation and surface-weather characteristics of specific climatechange projections.

KEY TERMS: climate change; hydroclimatology; synthetic hydrology; Sierra Nevada.

INTRODUCTION

Atmospheric concentrations of carbon dioxide are increasing and may be double the preindustrial
value within the next century (Watson er al., 1990). Although researchers are uncertain of the effects
of increasing carbon dioxide on global climate and especially on regional climates, suggestions are
widespread that the increases will lead to global warming and significant regional climatic changes
(Schlesinger, 1988; IPCC Working Group I, 1990; but also see Lindzen, 1990, for contrasting views).
Regional temperature changes in the middle latitudes may be on the order of 2-5°C, and precipitation
changes may be as much as a few millimeters per day (Mitchell ez al., 1990). These potential climate
changes have raised concerns about potential effects on water resources (Moss and Lins, 1989). " *-

The U.S. Goollagical Survey is conducting studies in the Sierra Nevada of California and Nevada
(Figure 14) to determine the sensitivity of water resources there to potential climate changes. One task
in these studies has been the synthesis of time series of daily temperatures and precipitation rates'that
reflect plausible scenarios of climate change as it might affect the region. These time seriesare input o
hydrologic models to estimate potential changes in streamflow in selected basins. The sensitivity of water,
resources in the Sierra Nevada to climate change has been examined in previous studies: for example,
Flaschka er al. (1987), Gleick (1987), and Lettenmaier and Sheer (1991). Although they are unique in
other ways, these studies formulate climatechange scenarios either by prescribing a general change in
mean temperatures and precipitation rates or by scaling all temperatures and precipitation rates up (or
down) to correspond to time-averaged changes at grid cells in selected generalcirculation climate
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Figure 1. Locdtion of Sierra Nevada(A) and Grid Fairnts Used in
Andydsof Atmospheric-Circulation P terns (B).

modds Sudiesof water-resourcesengtivity in other areas have ussd Smilar methodsto synthesizelocal
dimaictimeseries(Bultot er a., 1988; McCabe and Ayers, 1989). In contrast to thisgpproach in which
atemptsare medeto represent climatechange by uniform changesin the (meen) statisticsof temperature
and precipitation, the present Sudy is an atempt to smulate dimate changes from the physics ad
short-term variationsof aimosphericcirculations.

This dudy assesses the usefulness of Northern Hemisphere atmospheric—circulation patterns for
syntheszing time series of daly temperature and precipitation in the Sierra Neveda Mod of the
precipitation and snowpack in the Sierra Nevadaisdeposited during winter months (December, January,
and February), and consequently this paper addresses thet season. The method employed is besad on the
obsarved datidicsof winter weether in the Sierra Nevada conditioned an the rel ative Srengths of afew
recurrent circulaion petterns. Smilar methods have been described recently by Bardossy and Plate
(1991) adHay et d. (1991). Thg%ntheﬂ' zed srieswill reflect probabilitiesof occurrencedt important
circulationconditionsover the Nortn Pacific Gcean ad North America. The historical sequenceof these
conditionsisidentified through arotated-principal-components analysis., The Syntheszed seriesa so will
reflect the satisticd digributionsof temperature and precipitation in the Sierra Nevada during periods
dominated by each of the circulaion conditions. =

-

IDENTIFICATION OF RECURRING CIRCULATION PATTERNS

Thefirst ep in devdopment of adrculation-based method for synthesizing dimate time series for
the Sierra Nevada was a rotated-principal-components andyssof @amosphericcirculationsat the 70-kPa
(kilopascal) levd. Above the plangtary boundary layer, the large-scde amospheric flow is nearly in
%%)strophic baance, and thuslinesof equa height to the 70-kPa pressure surface gpproximatedosdy -
the dream linesfollowed by winds a the same levd. The 70-kPa-height data ussd were derived from
twice-dally Northern Hemisphere analyses provided by the NOAA Climae Andyds Center an a
10-degree longitudeby 5-degree |aitudediamond grid north of 20°N for the period 1947-87. Anomalies
around the meen 70-kPa heights were condructed by subtracting the long-term meen height (for the

period of record) from the daily heights at each giid paint. Anomdiesin the region from150°Eto -

80°W and 20°N to 70°N then were projected onto the nearly-equd-area grid usad by Bamnston ad
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, Livezey (1987). The total number of grid points used in the present analysis is 133 (Figure 18). Finally,
the twice-daily maps were averaged across consecutive but non-overlapping 3-day periods to provide a
smoothed representation of circulations at time scales approaching those of individual storms.

A spatial covariance matrix was constructed from grid-point-to-grid-pointcovariances calculated with
expectation taken over the history of 3-day mean maps for December-January-February of 1956-76. The
3-day mean maps from remaining winters of the data set were reserved for later use in verification. The
basic patterns underlying all winter maps in this study are normalized eigenvectors of this matrix, which
form a complete orthogonal basis set called empirical orthogonal functions (EOF's). Multiplying each
map by an EOF vyields a time series of the ‘strengths' of that EOF; these time series are called
principal-components series (PC's). Procedures for obtaining EOF's and PC's are described by Rao and
Hsieh (1991). Table 1 lists the percent of 70-kPa variance captured by leading EOF-PC pairs. By the
16th EOF-PC pair, the contribution of each pair is smaller than the contribution that would be expected
from purely random patterns, and no further EOF's were considered (in accordance with Guttman's
[1954] lower bound). The first 15 EOF's describe 95 percent of the variance of winter 70-kPa
anomalies. .

One constraint imposed by the

eigenproblem solution is that the EOF'S | TAB|E 1. Percent of Variance Explained by Leading

are spatially uncorrelated or orthogonal | gpirical Othogonal Function (EOF)/Principal Component
and, simultaneously, the PC's are | pc) pairs, Prior to and Following Orthogonal Rotation. nr’
temporally independent. This constraint |ingicates ‘Not Rotated.”

is somewhat artificial and can encumber - .

the analysis o much that the resulting | BOF/ ~ PercentofVadsnce — gopy _Percent of Variance
patterns bear little relation to actual | PG Unroted Rotated PC  Unrotsted  Roted
circulation patterns. Rotation loosens the 1 24.1 86 1 19 59
orthogonality constraints on either the 2 164 80 12 13 5.6
EOF's or the FC's (or, in some cases, 3 144 73 13 11 55
both). For our purposes, of the two 4 10.7 68 14 09 5.2
constraints, temporal independenceof the s 59 6.4 15 - 08 43
PC's was judged to be more useful than 6 55 6.3 16 06 nr
spatial orthogonality. Furthermore, it 7 36 6.2 17 0.6 ar
was desired that the resulting rotated 8 34 61 . 18 05 ar
EOF's closely resemble observed o 22 60 - 19 04 ne
anomaly Patterns. These properties were | 20 60 - 20 - o4 ar

obtained through a Varimax rotation —
based on the FC'S (time series) rather than the EOF's (spatial pattems), in an approach similar to that
used by Anderson and Gyakum (1989) and described by Richman (1986) as a T-mode analysis. The
Varimax rotation maximizes the variance of the covariance of the PC's in order to maximize the number
of largeand small coefficients in each PC series. Because there is a limited amount of variance (overall),
this maximization means that at each time only a few PC's ¢an be large. Thus each PC must correspond
to a pattern (EOF) that looks as much like actual instances of observed maps as possible. The leading
15PC's were rotated (although similar patterns are obtained by rotating only 10 PC's). The result is a
set of 15 'snapshot’ patterns and the time series of their respective strengths in the historical record.
Together, these 15rotated patternsand their PC series describe the same 95 percent of variability in the
original maps as did the unrotated EOF's but take forms that look more like real circulation maps. The
rotated PC's (strengths) form uncorrelated time series. The rotated EOF's are normalized to unit length,
and the rotated FC™S vary between about - 1,000 and 1,000, carrying the variance firan the original data
set. Hereafter, references to EOF's and PC's in this paper will refer to rotated EOF's and PC's.

The loading patterns of the first five rotated EOF's are shown in Figure 2. The rotated principal -
components of these patterns are directly related 1 the correlation of these loading patterns to the 3-day :
mean circulation maps. AS expected with the rotation schemeused, the first few loading patterns reflect
common winter circulation patterns recognized by Barnston and Livezey (1987), by Mo and Ghil (1988),%
by Cayan (1990), and by application of the weather-typing algorithm of Yarnal (1984) to the 3-day mean :
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e During December-February, 1948-87.

maps. When its PC's are negative, EOF 1 isdominated by the strength of the Aleutian Low (Cayan and
Peterson,1989) and the Pacific-North American paitern identified by Barneston and Livezey (1987, figs.
15and El). EOF 2 isacombination of the Aleutian Low and the Tropical/Northern Hemisphere pattern
(Barneston and Livezey, 1987, fig. 5) EOF 3 may be a representation of their Western Pacific pattern
(their fig. 4). Of particular concern in the present analysis, the negative occurrencesof EOF's 4 and 5
strongly resemble patterns obtained by Cayan (1990) by averaging 70-kPa anomaly mgpsfor particularly
cool-wet and warm-wet winter days (and months), respectively, in the Sierra Nevada. Their positive
occurrences are broadly similar to composite patterns that can be obtained by averaging maps for
warm-dry (more similar) and cool-dry periods (lessso), respectively.
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CONDITIONING WINTER WEATHER TYPES BY CIRCULATION CATEGORIES

Some of the EOF's reflect circulation patterns that have predictable influences on winter weather in
the Sierra Nevada. To quantify these influences, statistical distributions of each of the 15PC series were
analyzed in turn for four subsets of the winter periods during 1956-76: (1) the warmest quartile of
periods during which no precipitation was recorded in the Sierra Nevada, (2) the coolest quartile of the
dry periods in the Sierra Nevada, (3) wet periods that are in the wettest quartile of the warmest quartile,
and (4) wet periods in the wettest quartile of the coolest quartile. Thejoint behavior of temperature and
precipitation is an important influence on water supply because it affects the ratio of rain to snow. The
subset distributions were searched for two criteria. First, patterns were sought with large PC biases
(averages over the subsets that are strongly positive or negative) during two of the subsets but with little
bias during the other two subsets (for example, large biases in warm-wet and cool-dry subsets). These
biases indicate strong relations between the circulation patterns and extreme weather in the Sierra
Nevada. Second, as an indication of a unique link to a given circulation feature, it was useful if the two
biased subsets had a minimum range of overlap in their PC values.

Two pattemns--EQF's 4 and 5—were found to have biases meeting the above criteria. In order to
make use of these biases to quantify the association of the patterns with warm and cool, wet and dry
conditions in the Sierra Nevada, each 3-day map during 1956-76was assigned to one of five categories
depending on the state of PC 4 and PC 5. whether the magnitude (strength) of PC 4 was larger than PC
5, and positive; whether the magnitude of PC 4 was smaller than PC 5, and negative; and so on. The
resulting categories are:

Cool-wet ¢irculation—periods in which the PC's of EOF 4 are smaller than -125
and in which the absolute value of that PC is greater than the absolute value of the
PC of EOF5(that is, PC 4 <-125 and |PC 4| > |PC5|);

-(PC 4 > 125 and |PC 4| > |PC 5));
Warm-wet girculatiog—-(PC 5 < -125 and [PC 4| < |PC 5{);
Cool-drv circulation-(PC 5 > 125 and {PC 4| C [PC 5]); and
Intermediate—~(|PC 4| < 125 and |PC 5] < 125).

The intermediate category was defined arbitrarily such that dl five categories have approximately the
same number of members during 1956-76. Notice that this categorization of periods focuses solely on
the extent of resemblance of the period's circulation map to EOF's 4 and 5. It neglects the contributions
Tromall other EOF's 10 the variance of the 70-kPa anomalies over the North Pacific and North America.
However, much of the 70-kPa anomaly variance over the North Pacific and North America contributes
only remotely to the same day's weather in the Sierra Nevada. Thus the small fraction of 70-kPa
anomaly variance need not imply that most information relevant to this study is being neglected. As a
practical matter, by limiting the categorizationto five broad groups, enough 3-day periods are available
in each category 1 support fitting statistical distributions to weather conditions. As we will see, the
simple categoriesyield a climatologically useful description of winter weather in the Sierra Nevada. The
particular EOF's used were selected for their connection to weather in the Sierra Nevada region. Other
combinations of EOF's probably would be better suited for other areas.

Although the circulation categories were identified by, and named in-terms of, their expected
associations with conditions in the Sierra Nevada (warm-wet, and so forth), they were determined
objectively on the basis of the covariance of observed circulation anomalies, not directly on the basis
of observed weather in the Sierra Nevada. To quantifythe effect of each circulation category on weather

-*in the SierraNevada, statistical distributionsfor each category were fitted to describe the likelihood of

*-~ precipitation, the amount of precipitation, and the mean temperatures on wet and dry days during all the

5 3-day periods that fell into that category. Precipitation amounts and temperatures used are weighted

3_.
=%

averages and means, respectively, for the 3-day winter periods at six sites on the western slope of the

Sierra Nevada (courtesy of Lawrence Riddle, Scripps Institution of Oceanography, La Jolla, CA). The
Welghtlng scheme is described in Riddle ez al. (1991§ The resulting distributions assouated Wlth 1he flve

C|rculat|on categories are shown in Table 2. TR T
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TABLE 2 Satidicd Didributions Htted to Obsaved Predipitation and Mean Temperature During
3 Doy Winter Periods in the Sara Neveda, by Circulaion Caegory, December-Feoruary, for the
Paiods 1948-55 (Zond-Winds Verification Period), 1956-76 (Cdibration Period), and 1977-87
(Meridional-Winds Veificaion Period).
[Dry wegther indicates 3-day periods with no reported precipitation; wet weather. 3day periods with any
reported precipitation. Digtributions: G(a,b:c), gamma probability distribution with shape parameter a, scae
parameter b, and mean of c; N(d,e), norma distribution with mean d and standard deviation 3. Precipitation
values given in mm per day and temperaturein °C] ]
£ Distributions
Circulation . Number of  Percent Wet

Category Period Occurrences Westher — Wet seether Dy Weather
Precipitation Temperature Temperature

Cool-wet 1948-55 & 78  G(0.8,15.5:12) N(-.5,3.0)  N(3.8,4.0)

1956-76 - 144 77 G(1.0,13.4:13) N(0.5,2.8) N(3.0,3.6)

1977-87 41 76 G(0.7,19.0:14) N(0.8,2.5) N(2.1,2.7)

Warm-dry 1948-55 22 46 - G(1.2, 8.6:10) N(3.4,2.5) N(5.8.4.1)
1956-76 137 39 G(0.9,13.3:11) N(3.2,2.7) N(5.8,2.9)

: 1977-87 83 ‘40 G(0.8,11.6: 8) N(4.0,2.3) N(6.9,2.8)

Warm-wet 1948-55 49 86 G(1.3,16.0:21) N(2.5,3.7) N(5.6,2.1)

- 1956-76 99 79 G(0.8,24.7:20) N(2.5,3.5) N(4.4,4.2)

1977-87 79 76 G(0.7,27.9:20) N(3.4,2.4) N(4.6,4.1)

Cool-dry 1948-55 49 51 G(0.7, 7.7: 5) N(2.1,3.5) N(3.4,3.9)

1956-76 123 52 G(0.8, 6.8: 5) N(1.8,2.6) N(5.5,3.3)

1977-87 45 59 G(0.8,11.2: 9) N(1.9,3.2)  N(4.6,3.3)

Intermediate 1948-55 43 63 G(0.9, 9.8: 9) N(2.0,2.8) N(5.0,2.9)

1956-76 - 130 . . 61 G(0.7,17.0:12) N(2.5,2.8)  N(4.8,3.4)

1977-87 73 67 G(0.8,18.3:14) N(2.5,2.9) N(4.8,3.0)

Overdl 1948-55 242 70 G(0.8,16.6:13) N 1.3,3.5)  N(4.5.3.7).
L 1956-76 633 60  G(0.7,17.5:13) N(1931)  N@4.9,3.4)
o 1977-87 ~::- 311 == 61 G(0.7,22.9:15) N(2.7,2.8) N(5.4,3.4) =~

] Temperature& n each category were weII represented by normal distributions, whereas preipitation
ratesvere wel represented by gamma distributions. Goodness-of-fit was | udged the probability-plot
corrdation coefficients usng the method of Vogel and McMartin (1991); in addition, none of the
digtributions could be rgected using Kolgomorov-Smirnov testsat the 95-percent levd. The likelihood
of precipitetion vas represented by simple Bernouli trials. Estimeted likelihoods—not amounts—of
precipitetion in each category (except intermediate) were more than 2 standard deviations of the
“ |ikelihood etimatefrom thelikelihood that would be estimated without consi deringcircul ationcategories
(|IStGZI & "ovedl" in Table 2), usng the expected error in esimating the Bernoulli probability of
success from a finite sample (Benjamin and Comell, 1970, p. 384).

Todeterminewhether thedi stributionsobtained can be usad in other time periods, PC's for all 3-da
?enods during winters for the periods 1948-55 and 1977-86 were computed using the rotated EOF's
rom the 1956-76 period. Each 3-day period was categorized and statistical distributionsof precipitation
- "and temperaturewere fitted for each category in theseperi ods. Theperi ods werechosen in part because
= of narked differencesbetween their mean atmospheric circulations. During 1948-55 there wasa much
> “shdlower Aleutian Low (positive 70-kPa ‘anomalies) than in 1956-76 and thus winds were more zonal,
s wheressin 1977-87 there was a much deeper Aleutian Low (negdtive 70-kPa anomadlies) with mare
s meridional winds. The distributions for the three groups of wintersare shown in Table 2. The 1956-76
9 %‘ _precipitation distributions cannot be rejected for any of the 1948-55 and 1977-87 categories, and only
- sil”three of the temperature distributions can' be rejected on the basis of Kolgomorov-Smirnov .tests a
5vi 95-percent levels (and only-oneat the 99-percent leve). The categorizationsthus obtained seam to be ™™
reflected cons stently (on average) in the presentday Sierra Nevada winter weather, regardiessof which
period is consdered.
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SYNTHESIS OF CLIMATECHANGE SCENARIOS

Given the chronology of prevailing circulation categories in each 3day period, any number of
alternate climate scenarios can be synthesized using the distributions shown In Table 2. Each scenario
would be composed of precipitation and temperature values drawn at random from the distributions
appropriate to the prevailing category during each 3day period. If all the distributions (as well as the
circulation chronologies) correspond to current conditions, each scenario would constitute a different
realization of the same (current) climate. The required weather distributions can be estimated from local
historical records, as was done to obtain Table 2. The chronology of time spent in each circulation
category might be obtained by (a) using the observed chronology of circulation categories from 1948
to present (repeating it, if necessary), (b) synthesizing alternate circulation chronologies using a simple
Markov transition model, or (c) employing a general-circulation model to determine a history of the
circulation categories used herein. Approach (c) is beyond the scope of this paper, but approach (),
which is readily implemented, canprovide multiple circulation chronologies in contrast to approach (a).
Table 3 lists the observed frequency of transition between each pair of categories during 1948-87.
Corresponding transition statistics were computed (but not shown here) for a subset of the record
consisting of transitions that immediately follow two adjacent periods spent in a single category--that is,
transitions following self-transitions. The probabilities for this subset are quite similar to those shown
in Table 3 (@l are well within 2 standard deviations), which suggests that the first-order Markov
transition model described by Table 3 is adequate for the syntheses that follow.

The probabilities in Table 3 imply a
moderate tendency for each of the circulation [ TABLE 3. Transition Probabilities Among
categories to persist. The wet categories | Circulation Categories.
persist Ionges_t, about one-half of the t.lme.a [All probabilities in percent. Categories: CW, cool-wet; WD,
Vet category IS fO||OW€d_ by anOther period In warm-dry; WW, warm-wet; CD. cool-dry; |, intermediate.
the same category. The intermediate category |Total number is overall number of transitions from  this
is least persistent; consecutive periods in the | category)
intermediate category occur only about

one-third of the time. Sudden transitions fram From - Into Category: Total
strong-negative to strong-positive PC values | C2®9y: CW WD ww CD I  Number
are uncommon: that is, transitions from CW to cw 48 9 15 n w 224
WD (and vice versa) and from WW to CD WD 5 42 12 18 22 -203
(and vice versa) are uncommon. Presumably, wWW 14 19 48 4 15 260
a version of Table 3 for climate-model results cD 2 15 3 42 18 212
could be developed from simulated daily | 0 17 IS 7 31 30

pressure levels if the same five circulation
categories are present in the model.

Given the previously listed approaches to synthesizing near-daily weather series based on circulation
categories, climate-change scenarios can be synthesized by (1) changing the transition series or (2)
changing the probability distributions for precipitation and temperature that are associated with the,
various circulation categories or (3) changing both. For example, scenarios could be developed by
changing the Markov transition probabilities in Table 3, by changing the specified conditionsin a climate
simulation, or by repeating some interesting subset of the historical record of transitions. Other scenarios
might be developed by changing the likelihood or mean amount of precipitation during each of the
circulation categories, Or increasing mean temperatures during some or all the categoriés. These kinds
of changes could be purely hypothetical (as in a sensitivity analysis), could be‘designed according to
H rlcahb/gb(i% cqn5|der8tlons or could reflect tendenC|es in cllmate model s1mu1at10ns or

gical recordas ‘

A historical time series of precipitation (A)and three synthetw series (B-D) are compared in Table
4 and segments of the series are illustrated in Figure 3. SeriesA (Table 4) is the historical record for
winters during 1948-87. SeriesB) is a synthesis of temperatures and precipitation constructed uvsing

3
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TABLE 4. Precipitation and Temperature Statistics for Four Series of Sierra Winter Weather: (A) the Hxsto:‘icaﬂs .
Record. December-February 1948-87, (B) a Synthetic Series Using Current Conditions Based on the Statistics from the
Historical Record, (C) a Synthetic Series in which the Probability of Warm-Wet Circulation Categoriesis Increased by
About 20 Percent—Mostly at the Expense of Warm-Dry and Cool-Dry Categories, and (D) a Synthetic Series in which
Weather Distributions for 3-Day 'Periods Spent in Cool-Wet and Warm-Wet Categories Have Increased Likelihood of
Precipitation by 15 Percent, | ncreased Mean-Precipitation Amounts by 12 Percent. and Increased Temperatures by 2°C.
Statistics for Synthetic Series are Based on 3-Day Mean Vaues for 350 Synthetic Winters each.

[Series See title for explanation; letters correspond to series shown in Figure 3. Precipitation: Likelihood. percent of
time when precipitation occurs, nean and standard deviation for al days (wet and dry) in mm per day. Temperature:
Mean and st andar d deviatior for all days, in *C]

>~
Pl

Precipitation Temperature:

Series  Likeihood  Mean  pioncard Men  Sgndad
(A) Historical 63 8.3 138 31 3.6
(B) Synthetic—current conditions 62 83 14.1 3.1 3.6
(C) Synthetic—=WW nore common 67 10.8 17.2 3.2 3.6
(D) Synthetic—warmer, wetter WW and CW 69 11.1 17.3 3.7 3.4

current category-trangition probabilities and associated weather distributions, but constructed from
random, new redlizationsof both circulation chronology and resulting weether. Series C and D are two
climatechange syntheses constructed using gpproaches1 and 2 in the preceding paragraph: synthesis ¢
with modified trangition probabilitiesbut with preci pitationand temperaturedi stributionsunchanged from
current conditions, and synthess D with modified temperature and precipitation distributions but
trangtion probabilities unchanged from current conditions.

HISTORICAL WINTERS, 1960-64 SYNTHETIC VERSION TRANSITIONS MODIFIED .
1 T
Cc

s b

SYNTHETIC VERSION— WEATHER MODIFIED -~

et b

U QW

o0 O o
[

1

PRECIPITATION, In mm/day
T
[=]

0 90 180 270 360 450 O 90 - 180 270 360 ,450
WINTER DAYS FROM DECEMBER 1, 1960, TO FEBRUARY 29, 1964

Fire3 Five-Winter Segments of Historical and Synthetic Precipitation Series
D (d@cribed in text and in Table 4). -

The current-conditions synthesm (3)] compares well with the historical record (A). In synthe51s C,
trangtion probabilitieswere modified to makewarm-wet circulaionsabout 20 percent more common.
Theresult was a relatively large increasein total precipitation—130percent on average—huit littl echange
in temperature. The changein meen temperatires issmall mostly because more frequent precipitation
leads to cooler temperatures (compare wet and dry temperatures in Table 2), regardlessof circulation
_category. Synthesis Cresults in more frequent occurrences of moderete precipitation than observedin
‘the historical series because the precipitation amounts have not been directly atered but the likelihood
“of wet' catcgones has been  increased,, Thr" -theseres.in. Figure 3C appears. to have less-frequent dry =
“spells. Tn synthesis D, theéprecipitationand temperaturedistributions for thewet categories werechanged
to make them warmer and wetter (see Table 4 explanation), which yielded precipitation statistics thet
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. .are Similar to synthesis C and a greci itation series that looks like a scaled version of the historical
record (compare Figure 34 and 30). The synthetic wet and dry spells are about as common as in the
historical series but, in this case, the wet days are more frequently very wet In synthesis D,
temperatures increased more-or-less directly in response to changes in the weather distributions for the
wet categories (Table 4). As a practical matter, however, the specified changes must be large to make
a significantdifference in overall climate statistics because changes to a single category and its attendant
weather distributions are muted by the time spent in other categories. For example, mean temperatures
for the wet categories were increased by 2°C in order to achieve the overall mean increase of 0.6°C.
Thus, as in the real world, a change to one part of the climate specification in these syntheses leads to
less predictable changes In other characteristics of the series.

-

CONCLUSIONS

Rotated EOF's of 3day mean 70-kPa-heightanomalies over North America and the North Pacific
Ocean identify two modes that capture important aspects of variability in Sierra Nevada winter
precipitation and temperature. The Sierra Nevada temperature and precipitation distributions of the
positive and negative extremes of these modes separate into four fairly distinct categories: warm-wet,
¢cool-dry, cool-wet, and warm-dry. Under thresholds imposed here to define these extremes, each 3-day
mean map can be described either by one of these categories or else as a member of a fifth intermediate
category in which none of the modes is strong. During the intermediate periods, other modes not
pursued in this study may be strong. Transitions between the categories approximate simple Markov
processes, and the statistical distributions of precipitation and temperature in the Sierra Nevada depend
on which category prevails in a given 3-day period. Temperature is further conditioned by whether or
not precipitation occurs.

Given observed probabilities of transitions between circulation categories and the observed
distributions of precipitation and temperature for days in each category, climate scenarios can be
synthesizedby: (1) selecting a new, random realization of each day's precipitationand temperature from
statistical distributions that are conditioned on the circulation category that prevailed on the day in the
historical record or, alternatively, (2) generating a new sequence of circulation categories based on the
Markov transition probabilities and then returning to the first approach using the generated sequence in
place of the historical sequence. Given the dominating influence of these broad atmospheric circulation
patterns on local surface weather, other properties might likewise be synthesized, such as rain-snow
contrasts, humidity, and local wind. Climate-change scenarios Gan be obtained by first modifying the
category-transition probabilities or the distributions of precipitation and temperature for each circulation
category and then applying one of the synthesis approaches above. Examples were synthesized that
demonstrate the sensitivity of the resulting climate to the way in which climate changes are specified.
This method may be useful in translating numerical-model results (which may achieve realistic
large-scale circulation patterns but lack proper surface characteristics in regions of severe terrain such
as the Sierra Nevada). Conversely, general-circulation models run under changed-climate forcing may
be useful in testing whether the particular circulation patterns identified herein still are present.
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