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ABSTRACT
The study evaluated 1948-2004 summer (JJA) mean monthly air temperatunes for t

California air basins: SoCAB and SFBA. The study focuses on the more rapid postat&v0 w
ing period, and its daily Jfi, and Thax values were used to produce average monthly values and
spatial distributions of trends for each air basins. Additional analyses inclgdeduEs at two
NWS sites, SSTHNCEP reanalysis sea-level pressures, and GgMvalues.

Results for all California COOP sites together showed increased,Jd¥allies; asymmet-
ric warming, as fin-values increase faster thapa,fFvalues; and thus decreased DTR values.
The spatial distribution of observed SOCAB and SFBAxValues exhibited a complex pattern,
with cooling in low-elevation coastal-areas open to marine air penetrationaming at inland
areas. Results also showed that decreased DTR values in the valleys arasedildntreases

at “inland” sites combined with large decreases at “coastal” sites.

Previous studies suggest that cooling JJdAcValues in coastal California were due to
increased irrigation, coastal upwelling, or cloud cover, while the currentiegistis that they
arises from GHG-induced global-warming of “inland” areas, which results iedsed sea
breeze flow activity. &a level pressure trends showed increases in the oceanic Pacific High and
decreases in the central-California Thermal Low. The correspondidgegt thus showed a
trend of 0.02 hPa 100-kirdecad@, supportive of the hypothesis of increased sea breeze active-
ity. Trends in | values showed a larger value at coastal SFO than at inland SEC, which indica-
tive of increased sea breeze activity; calcul&&d trendsQ.15°C decade") could also have in-
crease B-values. GCM modelTaeVvalues showed warming that decreases from°G. t@cadé

at inland California to 0.0 decad¢ at coastal areas.

Significant societal impacts may result from this observed “reveesgioa” to GHG-
warming, i.e., the decreased JJfwfvalues in coastal areas. Possible beneficial effects include

decreased: maximums@evels, human thermal-stress, and energy requirements for cooling.
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1. Introduction

Daily long term 2-m air temperature trends generally show diurnal aslyrmmvarming
rates, as nighttime minima temperaturgg, iave warmed faster than daytime maximal
which thus decreases daily temperature ranges (DTRs). Karl et al. éi®8Rijted this effect to
increased evaporation from increased sea surface temperatures ($EFsjesulted in increa-
sed relative humidity and cloud cover; and thus in decreased incoming solaonaaimatiT,ax.

The radiative-convective model of Stenchikov and Robock (1995) showed that solaioreflect
and absorption by aerosols also reducgg Warming rates. The Walters et al. (2007) model of
stable nocturnal boundary layers (SNBLs) showed that increased greenhos4&gHss)

reduce nocturnal IR cooling and thus increagg Vialues.

Asymmetric warming has also been attributed to anthropogenic land cover comsersi
on global (Mintz 1984; Zhang 1997) and regional (Chase et al. 2000) scales, e.g., deiorestat
increases Jin (Lawton et al. 2001; Defries et al. 2002; Nair et al. 2003), as do urban heat islands
(UHIs, Bornstein 1968; Landsberg 1981; Gallo et al. 1993; Pon et al. 2000). Irrigatioas#ec
Tmax (Betts 2001), as it converts arid regions to (slower-warming) moist high thieeniza
vegetated plains (Pielke et al. 2000, 2007). Output from four regional climate modeisadas
by Kueppers et al. (2007) to show that western-US irrigation lowgsaid T,.x values at rates
comparable to increases from GHG warming. Modeling by Lobell et al. (2006¢dhemper-
ature changes generally dominated by GHG warming, but that largerieddand-use changes
can dominate in sub-domains.

Regional climate modeling by Snyder et al. (2003) showed that increases &$tG
enhance coastal upwelling by increasing land-ocean pressure and tempgeahers, as land

areas warm faster than ocean areas due to thermal differencescrélsed gradients also
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enhance alongshore winds that produce upwelling, which further increases onsiperatiem®
gradients. McGregor et al. (2007) observed this effect over coastal netrihfriea, while

Bakun (1990) had hypothized a similar scenario to explain an observed 30 year increase of
upwelling along California. Alfaro et al. (2004) found average March to Mayi®&wtadal
Oscillation (PDO) values and June to August (JJA) SSTs correlated withldAallies, with
maximum correlations in coast regions. LaDochy et al. (2007) found simildisrdsut also
showed that faxand PDO values were uncorrelated.

Analysis of 80 years of annual-averagegk @laily values at 112 National Weather Service
(NWS) Cooperative (COOP) sites in California by Goodridge (1991) showed wamtogstal
(attributed to warming SSTs) and inland urban (attributed to UHI effectsy;dns observed
cooling in inland rural areas was unexplained. Nemani et al. (2001) found summeytimre as
metric warming at northern California COOP sites in the Napa and Sononegsv@iliring
1951-97, as i, values increased (at 0%2tdecadé) and Thax values slightly decreased; both
effects were attributed to a measured increase in cloud cover. Increasatidew point tem-
peratures () over coastal California (at 0.21 decadé) were related to increased SST values.

Interpolated (to a grid) California COOP monthly-averaggdvilues from 1950-99 by
Duffy et al. (2006) showed warming in all seasons (average rate of abiliceeade),
attributed to increased UHIs or GHGs. Christy et al. (2006) analyzed 1910-2003 a8 fr
Central Valley (CenV) COORP sites and showed increagg@d T, values in all seasons,
with greater summer and fall increases. They also found concurrent summeg dggli(at -
0.26'C decadé) and warming dew pointgT(at 0.£C decad@) values, with changes attributed
to increased summer irrigation. Bonfils and Duffy (2007) argued, however, thaatheng

Tmin Values were not due to irrigation, which they said could only overcome GHG-warming
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effects on Tax Bonfils and Lobell (2007) showed that expanded irrigation cooled these summer
Tmax Values by —0.14 to —0.25°C decagdehile producing negligible effects on.f values.

The analysis by LaDochy et al. (2007) of data from 331 California CQ@$diring
1950-2000 also showed annualecvalues warming at most stations. Almost all increases were
due to changes inylh, as Tax showed either no change or cooling; fastegt increases occur-
red in summer. While maximum,Ewarming occurred in southern California areas, its north-
east Interior Basin showed cooling (at -0 2lecadé). Abatzoglou (2008) also found signif-
icant negative trends in late summer-early falixvalues along the immediate California coast
over the last three decades.

While previous studies have generally attributed observed decreased suaximeum
temperatures during the last decades at COOP sites in coastal Gatidanmareases in UHISs,
cloud cover, upwelling, and/or irrigation, the current study uses the same datarordetbe
spatial distributions of these decreases in two important California auskeasl to relate them
to sea breeze induced marine-air penetration patterns. In addition, the studyspeuiddace
that on-shore breezes have increased during the study period. The paper focusdsgimytw
populated near sea-level coastal California regions: South Coast Air BasiAB) and Central
California [i.e., San Francisco Bay Area (SFBA) and northern CenV].

2. Methodology
The study evaluates 1970-2004 JJA mean monthly 2-m air temperatures for the above two
air basins (Fig. 1). Data were obtained from the National Climate g GNCDC) for 273
COORP sites, including: 58 CenV, 100 Central California, and 30 SoCAB sites. Only gaily T
and Thax values are used, as hourly values are not available from COOP sites. Even though the

data extends back to 1948 at most sites, the shorter sub-period is used as theustespfothe
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more rapid post-1970 warming period, as discussed below. Daily-average temperatares
used to produce average monthfy.T Tmax and Tyevalues. Months with more than five days
of missing data and/or sites with less than 15 years of data were excludeds diréthese var-
iables were calculated for each site, all sites combined, and the codstabad sub-regions.
An objective means to detect climate inhomogeneities in monthly-mgan i, and
Tavevalues at COOP stations across California was developed by Abatzoglo{2808). They
found that, while individual-station inhomogeneities can influence its trends, ngwaddsor
geographically coherent inhomogeneties were identified across théosth®y0 to the present.
The current effort is an exploratory statistical investigation of recstdridal observed
2-m air temperature trends in two California regions. It contragts/3. Tnax Winter vs.
summer, and within-region spatial variations of these trends. With such an expletady of
observed trends, calculations of formal statistical-significanceuresare not appropriate
(Switzer 2008). Such measures are intended to test whether calculated trendsssobid a
chance from climatology, but with no change over the period of the observations. In addition,
area-average statistics would require construction of spatial carrefatictions, a non trivial

exercise in complex terrain situations.

The current goal is thus not to claim that the climate has changed based omnrefesti
null hypothesis, nor is it to estimate future temperature trends, both of which woule e
abilistic statistical modeling of the observed record with associateddesignificance. The
goal of this exploratory study is rather to elucidate a richer detail of thevedsemperature re-
cord than has been done before, for the potential evaluation of California climage chadels.

Surface wind data are generally only available at airports, and are astiree by the den-

ser network of COOP sites; hence they do not provide sufficient spatial dadaiturrent trends



B. Lebassi et al.: Observed 1970-2005 Cooling 6

of Tp values were, however, calculated at the NWS sites at San Franciscatiimmaii{&FO)

and Sacramento Executive (SEC) airports (Fig. 2a). As SFO is well withiadahweeze intru-

sion zone and since SEC is near its average eastern inland boundary (as shown bielpesgt the

sea-breezegFtrend values at 1700 LT (where LT = UTC minus 7 h during summer daylight sav-

ings time periods) were analyzed to evaluate possible changes in maus&imtharacteristics.
Strong topographic distortions of near-surface flow patterns in the two sttioysans

have been documented by observations (Hayes et al. 1984; CARB 1989; MacKay 1997). Spatial

distributions of observed temperature trend-values for each air basinaeEeisely con-

structed, with summertime climatological wind patterns from the abovwenefes overlaid in

the figures to aid their interpretation. Subjective analysis was negessanterpolation soft-

ware cannot fully account for topographic distortions of most meteorological fietilsgh some

can approximate topographic influences on wind flow patterns). Spatial temperanar@iots

are useful for qualitative pattern interpretation, and no station trend-vasutyiatated” in their

construction.

Mean-monthly JJA SSTs along California at a 2.5-degree grid resolutiorobtaiaed
from NCDC. These Extended Reconstructed SST (ERSST) values, from the International Com
prehensive Ocean-Atmosphere D3t (ICOADS), had been produceddigtistical methods
that allow for stable reconstructions from sparse datath and Reynolds 2003)'he 1950-

2005 average SST trend was thus calculated for all ocean areas in Fig. 1.

The 1970 to 2006 spatial-distribution of Central California coastal-to-inlankgelgpres-
sure-gradient trends were calculated by use of average JJA NCEP risaradlyes, avail-able at

www. cdc.noaa.gov/datasel$CEP.reanalysis/surface/. These values are available at 6 h inter-

vals, starting at 0500 LT, and thus 1700 LT values were used, as calculated chfeaxmmeant


http://www.cdc.noaa.gov/coads/
http://www.cdc.noaa.gov/datasets/

B. Lebassi et al.: Observed 1970-2005 Cooling 7

as an estimate of sea breeze activity. Gradients were calculated flenandiés between aver-

ages in a 5 deg by 5 deg ocean area off central California and a similardarnd s east.

General Circulation Model (GCM) outputs of 2-nmsmer TyesVvaluesfrom 11 models for
1950-99%n a 2 by 2 deg grid over Californigere obtained from the IPCC Fourth Assessment
World Climate Research Programme (WCRP) Coupled Model Inter-compatsject Phase 3
(CMIP3) archive. Average values for the entire period were lineadypalated to a 0.5 by 0.5
degree grid. Additional details of the analysis are in Maurer (2007).

3. Results
a. Local flow patterns

California summer climate is dominated by atmospheric and oceanic feathrels in-
clude the General Circulation (GC) Pacific High, coastal ocean cugstens, and continental
thermal low (with an axis from the Mexican plateau to central Californibg High creates
along-shore wind stresses on the ocean surface, which results in spring and spywetisrg of
cold water to the surface (Hickey 1979; Bakun 1990; Herbert and Schuffert 2001; Mc&reg
al. 2007). Climate variability can produce small changes in these features aladgbusria-
tions in coastal climate (Gilliland 1980), e.g., during El Nifio years, upwellinghdihgs and
SSTs increase along California (Simpson 1983).

These features also produce strong pressure, temperature, and masherggras well
as a nearly continuous summer daytime onshore, cool, moist Pacific Coast Monsooraimarine
flow (Williams and DeMandel 1966; Giorgis 1983; Miller and Schlegel 2006). Subsidence from
the High also produces an elevated inversion layer that caps the shallow (< 1 kmmaieep)
boundary layer (MBL). The inversion (up to°@0through a 250 m layer) and its base lowest

just off the coast, where upwelling water results in MBL cooling (Seaman E295).
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Knowledge of local topographic effects on marine air intrusions is essentiatierstanding
study-area flow patterns. The CenV of California is about 800 km long and 80 km vgdg)(Fi
with the Sacramento Valley (SacV) as its northern third and the San Joaqew (&lV/) its
southern two-thirds. It is bordered by a continuous barrier of at least 1500 ewatiaai:
Klamath Mountains on its northwest, Cascades on its northeast, and Sierra Nevadasi it
Its western border is the Coastal Range (elevation of 915 m), with the folltomirglevation
inlets from the Ocean into the SacV (Fig. 2a): (a) Golden Gate Gap (GGG)eaagmssage
into San Francisco Bay; (b) Estero Lowlands, near sea level and north of Basderaand (c)
San Bruno Gap, south of San Francisco (elevation of 61 m).

Channeling through the GGG produces a westerly jet, which fans into three lsrasoeitb-
ward into the Santa Clara Valley, northward into the Petaluma, Sonoma, and Naga dalle
Marin, and eastward to the Carquinez Strait (Root 1960). The air in the Stsai$ plaes Sacra-
mento River Delta and goes half-way into the CenV (at its central latituda)k wisplits north-
ward into the SacV and southward into the SJV (Blumenthal et al. 1985). This onshore&-directe
marine flow is augmented by thermally-driven daytime upslope-flows alengast-facing
slopes of the coastal and inland mountain ranges (Seaman et al. 1995). As nighttisue-la
faces cool more rapidly than the sea, a thus reversed temperature-gradiaoéprevening
offshore-directed land-breeze flows, also augmented by similarlytelif@ownslope mountain
flows along the west-facing slopes.

Analogous SoCAB flow-patterns are dominated by the same GC features. TinehBas
ever, is a coastal plain open to the ocean, with mountain ranges (peaks to 3000 m) atethree s
(Fig. 2b). Resulting daytime onshore-directed marine-air intrusions into theEsa@Ahus

more widespread than those into the CenV, and the inland movement of its MBL (with an over-
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water depth of about 150 m) resembles a cold front (McElroy and Smith 1991). The onshore
marine-flow splits northward into the San Fernando Valley and eastward to Chine,itndpits
into northward (towards the San Gabriel and San Bernardino Mountains) and soutlieastwar
(towards the Lakeview and Estelle Mountains) directed flows. Marin@aibe prevented from
exiting the Basin (between the San Gabriel and San Bernardino Mountains) by opposing uppe
level easterly-flows associated with mesoscale high pressurenartta®f that gap (Boucouvula
et al.2003).
b. Warming and cooling trends

This section presents warming and cooling trends found in the current study. A com-
parison with previous literature results is presented in Section 4, as is a proguaadt®n of
the current and literature results.

Mean JJA California 1970-2005 over-land 2-ge<Values show the expected warming
(Figs. 3a), with an increase of 0°C5decade". Corresponding i, and Tnax Values also show
expected asymmetric warming rates (Figs. 3b,c), with increases of @ ®704C decad€',
respectively. Concurrent DTR values (Fig. 3d) have thus decreased, at a022&6fdec-

ade’.

Note that the corresponding trends during the preceding 20 years were: 0.10, 0.16, 0.05,
and -0.12C decadé, respectively. As all of these (excepta] Which is seen below as a small
difference between two large values) were at least 50% less thaspooeng 1970-2005 val-

ues, the remainder of the paper thus focuses on trends during the later period.

The spatial distribution of observed SoCAB 1970-2004 JJAValues (Fig. 4) exhibits
a complex pattern, with cooling in low-elevation coastal-areas open to marpenatration and
warming at both inland and higher-elevation coastal areas. Marine air &teedow-elevation
coastal area south of Palos Verdes (Fig. 2b), and then splits northward towardsFeendado

Valley (with a max cooling of -0.9€ decade) and eastward towards the Chino hills, where it
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splits again. One part flows northward, towards the foothills between the $aal@ad San
Bernardino Mountains, while its southern branch flows past the Lakeview and B4belht-
ains. While these regions thus show cooling, higher elevation inland regionsdkhatlane
air penetration) show warming, i.e., north of Lakeview (local max ofG.#2cade"), San
Gabriel and San Bernardino Mountains to the north (local max olf@ddcade"), and Santa

Ana Mountains to the southwest (max of GG4lecade).

Given a data scarcity in some areas, some trend-line segments werépkerdn an
understanding of topographic influences on near-surface flow patterns, e.g.rrseathef the -
0.2 K decadé trend-line in the Estelle Valley was justified by the increasing &t@vin that
area. The 0.0 K decaddrend-line section between the San Gabriel and San Bernardino Moun-
tains was likewise placed, while the 0.4 K decidashed trend-line near the San Gabriel
Mountain was added for continuity with that over the San Bernardino Mountain. Sites north of

the San Fernando Valley would allow for a more precise northern edge of that ezelng

The averaged daytime JJA warming/cooling rates in SoCAB warnoiolgig sub-areas of
Fig. 4 unexpectedly show a larger average value for all sites in its ecaslialg area than for

all those in its inland-warming area. The values are -0.33 vs. 0.21 K decadpectively.

As SFBA topography is more complex, so are its concurrent 1970-2004,JJépatial
warming and cooling patterns (Fig. 5). As its coastal range almost ceypfileicks marine air
penetration, flow through the GGG (Fig. 2a) into the SFBA splits northward towarBetde
luma, Sonoma, and Napa Valleys and meets southward flowing marine air frostehe LEOW-
lands; these valleys are thus cooling (local max of °G.éfcade"). Some GGG air also flows
southward along San Francisco Bay into the Santa Clara Valley; coolimghsiseexist on both
sides of the Bay (local max of -0%3decade"). Some of the flow through the GGG also splits
off southward into the Livermore Valley, in which all sites are cooling (Iowat of -0.60C

decadé'). The remainder of this air enters the SacV through the Carquinez Strait,ivepdits
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at the Montezuma Hills into northward and southward flows (local max cooling 0f@.33
decade"). The most rapidly cooling area, however, is over Monterey Bay (max 0P@0.73
decade'). As the onshore flow from the Bay and the southward flow from the Santa Clara
Valley frequently are prevented from converging by the southern extension afrteeSuz

Mountains, two separate -6 decade isotherms are shown.

Warming regions, however, exist along the eastern side of the SacV and ineheglaéon
areas on its perimeter. The eastern-edge warming (local max 0€ @@eade") is probably
associated with wake effects from the high elevation outcrop south of the Montedlsna
Warming is also seen in the hills east of San Francisco Bay (local max % @&eade") and
in the coastal hills (local max of 0.%Ddecade) between the San Francisco and Monterey Bay
cooling areas.

Given SFBA topographic complexity and data scarcity, part of one trend-linegaias a
placed based on the physical reasoning discussed above, e.g., the end of -0.2 Kideeade
therm south of the San Francisco Bay could have been linked with that northeast oéiits cur
southern edge. Additional observational sites would be useful to better defingeseéd
several cooling/warming areas, e.g., some within the mountain area southigbtheore
Valley would allow for more precise location of the northern edge of the 0.2 K détamhel-
line in the southeastern domain, while additional sites in the SacV Delta wouldlbaxezldor
more precise location for its 0.0 K decadeend-line. Observational sites west of the Petaluma
Valley and in the hills west of the Delta would have likewise been useful to shovestermv

edges of their cooling areas.

The averaged daytime JJA warming/cooling rates in SFBA warmingigoalb-areas of
Fig. 5 show a larger value for all inland-warming sites than for all those ¢oaistal-cooling

areas (0.47 vs. -0.16 K decajeespectively). This reversal from the SoCAB results (discussed



B. Lebassi et al.: Observed 1970-2005 Cooling 12

above) arises due to the increased blockage of marine intrusions in the SFBA by its more

complex coastal topography.

As a comparison to the all-California trends in Fig. 3, similar trends wateated sep-
arately for the combined SFBA and SoCAR.F warming (i.e., generally inland and a few
higher elevation coastal areas) areas (Fig. 6b) and then likewise faxahmdined Tax-cooling
(i.e., generally low-elevation coastal) areas (Fig. 6a), hereafteregfe as the “inland” and
“coastal” areas, respectively. Thgidwarming trend was greater in the “coastal” areas than the
“inland” areas (0.28 vs. 0.6 decade"). Corresponding Juctrends were -0.3C decadé for

the cooling “coastal” areas and (®@Xecadeé" for the warming “inland” areas.

As combined “inland” warming-area (Fig. 6a)idand Thax values both increased, itg,d
values increased at a midway rate (BC2decade"), and as its f.cwarming was larger than its
Tmin-warming, its DTR-values increased by @Q&lecade". As corresponding “coastal’h
magnitudes (Fig. 6b) increased with a magnitude similar to,itgcboling rate, its I, value
changed by only -0.6C decad€, while its DTR thus decreased by -F6&lecade".

4. Discussion

This section first compares the current results with those in the lite(atudescribed in
Section 1) and then offers a hypothesis and supporting data to explain them. Previosis studie
(e.g., Duffy et al. 2006; LaDochy et al. 2007) have also used 1950-2005 summer (JJA) COOP
data and have found some or all of the following all-California current-regaltsicreased Jl«
values, (b) asymmetric warming, agisFvalues increase faster thap.fvalues, and (c) thus
decreased DTR values.

Current results also show COOP sites in the coastal and/or inland valleys iedlugnc

marine air penetration with JJA increaseg,Tand decreasedylvalues. Previous studies that
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have likewise found these results include Nemani et al. (2001) for the SFBA, @hasty

(2006) and Bonfils and Lobell (2007) for the CenV, and LaDochy et al. (2007) for the SoCAB.
While these studies also generally also found decreased JJA DTR valuesdorditeys,

LaDochy et al. (2007) found increased values at 30 of 219 sites. While the currenikstudy |
wise showed decreased JJA DTR values for all California sites takeneiggetbund that this
arose from combined small DTR-increases at its “inland” sites and |argedBcreases at its

“coastal” sites.

Observational studies have suggested that the summer cooling ofJd/Allies in Cali-
fornia were due to increased irrigation (e.g., Christy et al. 2006; Bonfils antl R6B&), coast-
al upwelling (e.g., Bakun 1990; Goodridge 1991), or cloud cover (e.g., Nemani et al. 2001).
Modelling studies have also attributed this cooling to either increased upwellipng3Inyder et

al. 2003) or irrigation (e.g., Kueppers et al. 2007).

The current hypothesis is that observed coastal-California JJA cooling.efdlues arises
from GHG-induced global-warming of “inland” areas, which results irei®ed sea breeze flow
activity, which overwhelms (as discussed below) that warming in “cOaseds. Note that the
hypothesis is consistent with increased upwelling, which increases sea fiweezand thus

coastal stratus.

As sea breeze flows are driven by gradients of ocean-to-inland sea-k=s&inery the
spatial-distribution of ptrend from 1970 to 2006 was calculated from average JJA NCEP re-
analysis values at 1700 LT (Fig. 7). Results show pressure increases (up to 0dabE? e
the oceanic Pacific High and decreases (up to -0.3 hPa d@dadee central-California Ther-
mal Low. These changes could arise from increased upward motion in the Low llei&ta®-
induced warming and the thus induced increased downward motion in the High. The corres-

ponding trend in the gradient of was calculated from the difference between the average-val-
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ues in a 5 by 5 deg ocean area off central California (western red squage/ipdsd in the
similar land area to its east. Results (Fig. 8) showteeha of 0.02 hPa 100-khdecadé,

supportive of the hypothesis of an increased sea breeze activity.

Increased sea breeze activity implies increased moisture values mefnmarusion areas,
and thus 1970-2005 trends in 1700 L vialues at the NWS sites at SFO (well within the sea
breeze intrusion zone) and SEC (near its average eastern boundary) weatechld®Results
(Fig. 9) thus show a largepTrend at SFO than at SEC (0.42 vs.0G38ecad?d, respectively).
Christy et al. (2006) found a similar trend at Fresno (also in the CenV, but 100 km sooftheast
SEC), which was attributed to enhanced agricultural irrigation. The currertsneslitate that
all of the change at coastal SFO, and at least part of it at inland SEC, avarduedsed sea

breeze activity; the current study did not extend southward to Fresno.

Nemani et al. (2001) showed that increased anngtBlues over coastal California
were related to increased SST-values, and thei4950-1975 and 1976-2005 average JJA trends
in average SST were calculated for the ocean area of Fig. 1. ResultO]sigowed SST-
trends of 0.02 and 0.16 decad€, respectively. Increased SSTs could thus also be a factor in
the currently-observed increasegtalues. The 1976-200%frend has the same magnitude as
the corresponding current all-Californig, dtrend, and 1970-2005Ivalues are correlated with

coastal Thaxvalues (r > 0.8, not shown).

The sharp increased rate of California SST warming since 1976 (Ebbesmalyd980)
is believed associated with a concurrent PDO intensification, which has prodoceétequent
El Nifio events (Trenberth and Hoar 1997; McGowan et al. 1998). While Alfaro et al) (2004
and the current study (not shown) showed summer Califogiavdlues strongly correlated

with the PDO, LaDochy et al. (2007) and the current study showgdiiicorrelated with PDO.
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While Goodridge (1991), Bereket et al. (2005), Duffy et al. (2006), and LaDochy et al.
(2007) have attributed trends i, and/or Teto an UHI effect, it could also affect the cur-
rently observed Jacincreases in areas of the SFBA and SoCAB. Sacramento, Modesto, Stock-
ton, and San José all have experienced growth (DoT 1970) in aerial extent (21 to 59%) and popu-
lation (40 to 118%), and thus part of their currently observed small increases iptdAllies
could be partially due to increased daytime UHI-intensity. Without UHtEs{f¢he currently
observed JJA SFBA coastal-cooling area might have been expanded to includedbgeas gie
first three are adjacent to rural airport sites, which showed coaliggv@lues due to increased
marine influences. In addition, all urbanized sites that showed coglipgydlues probably
would show larger trends if UHI effects could be removed.

To determine if GCM models can discern the coastal-cooling effects in tleatcre-
sults,1950-99JJA median (of 11 models) GCM 2-Tg,«Vvalues over California were determine-
ed. Results (Fig. 1) show warming that decreases frofi@décadé at inland California to
0.08°C decadé at coastal areas north of the SOCAB. While this ensemble result thus correctly
shows coastal influences og.d its coarse spatial resolution may not allow it to sufficiently
resolve local topographic features, and thus fine-scale near-surface#tunes, necessary to
produce the coastal cooling of,J-values seen in current analysis of COOP data.

5. Conclusion

The study evaluated 1948-2004 summer (JJA) mean monthly 2-m air temperatures fr
273 COORP sites, with a focus on two California air basins: SOCAB and Central @alifce.,
SFBA and northern CenV). The study also focused on the more rapid post-1970 warming per-
iod, and its daily Fin and Tax values were used to produce average monthly values. Trends of
these variables were calculated for each site, all sites combined, andl aodstéand sub-

regions. The goal of this study was to elucidate a richer detail of the absemveerature
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record than done before, for the potential evaluation of California climate-«€haodgls.
Spatial distributions of observed temperature trend-values for each as bease thus con-
structed, with summertime climatological wind patterns overlaid to aidititenpretation.
Additional analyses included concurrent trends®fadlues at the NWS sites at SFO and
SEC airports at 1700 LT. Mean-monthly JJA SSTs at a 2.5-degree grid resolerteal $o
used to construdt950-2005 average trends. The 1970 to 2006 spatial-distribution of trends of
the coastal-to-inland gradient of sea-level pressute-gstimate changes in sea breeze activity
were calculated by use of average JJA NCEP reanalysis values at 170@CMouButs of 2-m
JJATaeVvaluesfrom 11 models for 1950-98n a 2 by 2 deg grid over Californigere also
obtained from the IPCC archive, and average values interpolated to a 0.5 by 0.5 ddgree gri
Results for all California COOP sites together showed increased,Jallies; asymmet-
ric warming, as fir-values increase faster thapfFvalues; and thus decreased DTR values.
The spatial distribution of observed SoCAB and SFBA 1970-2004 Jd&vdlues exhibited a
complex pattern, with cooling in low-elevation coastal-areas open to marpenaitration and
warming at both inland and higher-elevation coastal areas. While previous slsoliesiad
decreased JJA DTR values for these valleys, the current study showed tiestrzesse arose

from small increases at “inland” sites combined with large decreasesaatdt’ sites.

Previous studies have suggested that the cooling of JdAvadlues in coastal California
were due to increased irrigation, coastal upwelling, or cloud cover, while tleatchypothesis
is that it arises from GHG-induced global-warming of “inland” areas, wieistlts in increased
sea breeze flow activity, which overwhelms that warming in “coastafisar This is consistent
with increased upwelling, which increases sea breeze flows and thus coastal $tre spatial-
distribution of p-trend from 1970 to 2006 at 1700 LT showed pressure increases in the oceanic

Pacific High and decreases in the central-California Thermal Low. drnesponding trend in
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the gradient of pshowed drend of 0.02 hPa 100-khdecadé, supportive of the hypothesis of

increased sea breeze activity.

Calculated 1970-2005 trends in 1700 L vialues at showed a larger value at coastal SFO
than at inland SEC. A similar trend, previously found at Fresno, was attributed toexhhgne
cultural irrigation, and thus the current results indicate that all the SF@ehHaand some of it at
SEC, are due to increased sea breeze activity. Calcll@i®d2005 average JJA trends in SST
showed a value of 0.6 decad@, which could also be a factor in the currently-observed in-

creased J-values.

Previous studies have also attributed trends in California J/aid/or Tyeto UHI
effects, which could also affect the currently observgg-ihcreases. As CenV cities have
experienced growth in aerial extent and population, part of their currentlywetdsanall in-
creases in Jaxcould be due to increased daytime UHIs. Without this effect, the currently ob-
served SFBA coastal-cooling area might have been expanded to include tisesalkitdban-
ized sites with cooling Jaxvalues probably would show even larger trends, if UHI effects could
be removed.

GCM model1950-99JJA mediamT 4« Vvalues showed warming that decreases from
0.13C decadé at inland California to 0.08 decad@ at coastal areas. While this correctly
shows coastal influences og.d its coarse spatial resolution does not allow it to sufficiently
resolve the local topographic, and thus fine-scale near-surface flowgteatgessary to pro-
duce the coastal cooling of,fxvalues in current analysis. California coastal cooling of annual

Tavevalues, however, is seen as a single data point in the global 2001 IPCC observatonal da

set (Jin 2004).
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Additional observational sites and/or downscaled model results (to mesoscale witide
1-10 km grids resolution) are thus necessary to determine the fine-scale sandtorere pre-
cise boundaries between the adjacent warming and cooling areas found in theresates. In
addition, additional SST, sea breeze (e.g., onshore wind speed and cloud cover), adgicultur

irrigation, and UHI effects need further analysis and model simulations.

The most significant result of the current study is that the expected Gis ditobal
warming of summer Jcvalues in the eastern inland CenV and Sierra Nevada foothills may
have produced enhanced cool-air sea breeze intrusions, and thus may have induced tlie current
observed cooling of summepJd-values in low-elevation coastal basins. This regional effect
appears to coexist with the GHG-induced increases in California-wiyeldak-, Tmin-, and

Tavevalues and with increases in summe-Values in both basins.

The observed coastal cooling may thus be an example of a regional “ressaten” to
the warming. Significant societal impacts in California may result trosmobserved “reverse-
reaction”, e.g., decreased water supply, as summer mountain snowmeltfinifitehwinter rain
runoff, with its increased soil absorption during flow to valley reservoirs. @Agural produc-
tion will increase or decrease, e.g., wine grape production will increase aooling valleys
north of San Francisco. Other beneficial effects due to the reduced sugyreallies include
decreased maximums@evels, which will occur due to resulting reduced: fossil-fuel usage for
cooling, natural hydrocarbon production, and photochemical photolysis rates. Human thermal-

stress rates and mortality will also decrease.

While similar GHG-induced “reverse-reactions” could be expected in otheppidat
low-elevation coastal regions, similar impacts might also exist in afdagh topography, as

with the cooling found along the California-Nevada border by Christy et al. (2006)a&rathy
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et al. (2007). Such possibilities require further investigation by additionahadegcale data

analyses and/or dynamically-downscaled numerical modeling.
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List of Figures

1. Central California topographic heights (m), study air basins of Figs. 2 anteJ(tes), and
linearly interpolated (on 0.5 by 0.5 deg grid) 2-m 1950-1999 GCM summer-average-temper

ature-change’C).
2. Topographic heights (m) for (a) SFBA and (b) SoCAB study areas.

3. Summertime 1950-1970 and 1970-2005 California tréi@is¢cade) for 2-m temperatures:

(a) average, (b) minimum, (c) maximum, and (d) daily temperature range.(DTR

4. Spatial distribution of trends in SOCAB 2-m summertime maximum-tempesaGrdec-
ade") for 1970-2005; arrows indicate predominant summertime flow-patterns, plusegsinus
(+/-) warming/cooling stations, and isopleths follows: blue/red for coolinghmay areas, red

dashed for extrapolated warming areas, and black for zero-change.
5. Same as Fig. 4, but for SFBA.

6. Combined SFBA and SoCAB 1950-1970 and 1970-2005 summertime fiéndiscadd) of
maximum and minimum temperatures and of daily temperature range (DTiglJdaing

areas: (a) warming and (b) cooling.

7. Trend in 2.5 degree NCEP-reanalysis summertime sea-level pressavde¢h&e) at 0000

UTC for 1970-2005; boxes represent ocean (O) and land (L) averaging-areas &r Fig

8. Trend in ocean minus land summertime sea-level pressure gradient (hPa106cko®) at

0000 UTC, from area-average values in two boxes of Fig. 8.

9. Trends in summertime 1700 LT 2-m dew point temperatyi@J decadé) for 1970-2005 at

two airports: SFO (dashed line) and SEC (solid line).

10. Trend in summertime average SSdecadd) for 1970-2005 in ocean area of Fig. 1.
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FIG. 3. Summertime California trendiC(decadé) of 2-m temperatures for 1948-1970 and

1970-2005: (a) maximum, (b) minimum, and (c) daily temperature range (DTR).
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FIG. 6a. Combined SFBA and SoCAB 1950-1970 and 1970-2005 summertime f@nds (
decad&) of maximum and minimum temperatures and of daily temperature range (BTR) f

warming areas.
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FIG. 6b. Combined SFBA and SoCAB 1950-1970 and 1970-2005 summertime f@nds (
decad&) of maximum and minimum temperatures and of daily temperature range (BTR) f

cooling areas.
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FIG. 7. Trend in 2.5 degree NCEP-reanalysis summertime sea level presPavege¢ade) at

0000 UTC for 1970-2005; boxes represent averaging-areas for Fig. 9.
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FIG. 8. Trend in ocean minus land sea level pressure gradient (hPa Tak&aud) between

areas in boxes of Fig. 7.
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FIG. 9. Summertime 1700 LTyRrends {C decadé) for SFO (dashed line) and SEC (solid line)

airports.
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FIG. 10. Trend in summertime average SSTsdecadg) for 1970-2005 in ocean area of Fig. 1.



