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ABSTRACT

The variability (1990-2002) of potential evapotranspiration estimates (ETo) and related meteorological var-
iables from a set of stations from the California Irrigation Management System (CIMIS) is studied. Data from
the National Climatic Data Center (NCDC) and from the Department of Energy from 1950 to 2001 were used
to validate the results. The objective is to determine the characteristics of climatological ETo and to identify
factors controlling its variability (including associated atmospheric circulations). Daily ETo anomalies are strong-
ly correlated with net radiation (R,) anomalies, relative humidity (RH), and cloud cover, and less with average
daily temperature (T,,,). The highest intraseasonal variability of ETo daily anomalies occurs during the spring,
mainly caused by anomalies below the high ETo seasonal values during cloudy days. A characteristic circulation
pattern is associated with anomalies of ETo and its driving meteorological inputs, R,, RH, and T, at daily to
seasonal time scales. This circulation pattern is dominated by 700-hPa geopotential height (Z,4,) anomalies over
aregion off the west coast of North America, approximately between 32° and 44° |atitude, referred to as the
California Pressure Anomaly (CPA). High cloudiness and lower than normal ETo are associated with the low-
height (pressure) phase of the CPA pattern. Higher than normal ETo anomalies are associated with clear skies
maintained through anomalously high Z,,, anomalies offshore of the North American coast. Spring CPA, cloud-
iness, maximum temperature (T,,,), pan evaporation (E,,), and ETo conditions have not trended significantly
or consistently during the second half of the twentieth century in California. Because it is not known how cloud
cover and humidity will respond to climate change, the response of ETo in California to increased greenhouse-
gas concentrations is essentially unknown; however, to retain the levels of ETo in the current climate, a decline
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of R, by about 6% would be required to compensate for a warming of +3°C.

1. Introduction

Potential evapotranspiration (ETo) is the atmospheric
demand for water from soil and free water surfaces
(Rind et a. 1990). As it is estimated from the energy
available for the vaporization of water, ETo isapotential
rate, with no regard for the actual availability of water
to evaporate. Asaresult, ETo represents an upper bound
on actual evapotranspiration (ETa) rates. In California's
Central Valley, the averageratios of ETa/ETo rangefrom
1.5% during the summer to 100% during the winter (N.
Knowles, U.S. Geological Survey, 2003, personal com-
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munication). In many cases, however, estimates of the
potential rate can be as useful as the actual rate (Rind
et a. 1990). For example, the long-term difference (or
ratio) between ETo and precipitation (P) has been con-
sidered a measure of aridity used in several climate
classification schemes (Koppen 1936; Thornthwaite
1948; Prentice 1990). Climatological aridity isacritical
environmental factor that helps to determine the char-
acter and sustainability of natural vegetation and ter-
restrial ecosystems, and consequently is related to ero-
sivity, water demands, and the condition of water re-
sources. The variation of this difference (or ratio) isalso
an index of drought (Rind et al. 1990). According to a
recent modeling study, anthropogenic climate change
may soon yield increases in the frequency and severity
of droughts and the expansion of deserts (Manabe et al.
2004). These changes would have profound impacts in
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water resources, ecosystems, and socioeconomic struc-
tures. Thus, study of changes and covariations of ETo
and P are needed and may provide the basis for early
warnings of such changes.

Probably the most common practical use of ETo es-
timatesisin scheduling irrigation in agricultural regions
(ITRC 2003). On farmed land, the amount of water that
has to be applied to the soil (water demand) generally
must be close to the potential evapotranspiration rate.
Under California’'s Mediterranean climate, ETo rates
reach their maxima during summer months and are low
during the winter, while P is largely restricted to winter
and spring. Importantly, in California, a large fraction
of the winter precipitation is locked as snow in the high
elevations until spring and summer so that the largest
demands for irrigation water (in the lowlands of the
Central Valley) are supplied by spring snowmelt that
arrives “‘just in time.” This arrangement is crucia to
the success of many of the state’s water supply systems,
but also imposes challenges to managers of water re-
sources as the supplies and demands vary from year to
year. In this study, we investigate the climatic influences
on one of the major demands, the demand for irrigation
water.

A better understanding of the climatic processes as-
sociated with ETo variability is also needed for the im-
provement of hydrologic models. Climatic mechanisms
related to the variability of ETo may provide insight
needed to close regional water and energy budgets, to
assess influences of changing land surface conditions,
and to anticipate changing demands on water supply
systems at a variety of time scales.

In the present study, daily, seasonal, and longer-term
variations of ETo and of estimated associated meteo-
rological variables are evaluated. In addition, these var-
iations are related to large-scale climatic forcings by
comparing them with atmospheric circulation patterns
at the 700-hPa pressure level, and to meteorological
observations including cloudiness, humidity, tempera-
ture, and wind speed. ldentifying the primary atmo-
spheric mechanisms responsible for ETo variation in
California should help to understand how evaporation
demand will be affected by climate variability and cli-
mate change.

2. Data
a. Meteorological records

California’s strong agricultural economy (especially
in the Central Valley) justified the establishment of an
automated network of meteorological stations to esti-
mate ETo for irrigation scheduling. The resulting Cal-
ifornia Irrigation Management Information System
(CIMIS; see Web site online at http://www.cimis.
water.ca.gov, hereafter referred to as CIMIS Web site)
was established in 1982 and is currently managed by
the California Department of Water Resources. Data
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Fic. 1. Location of CIMIS stations with available meteorological
data from 1995 to 2002 (open circles), CIMIS stations with available
meteorological datafrom 1990 to 2002 (filled circles), NCDC stations
with available daily cloud-cover data from 1984 to 1994 (square
markers), DOE stations with monthly cloud-cover data from 1893 to
1995 (solid squares), NCDC stations with available pan evaporation
data from 1965 to 2001 (triangle markers), and NCDC stations with
precipitation, maximum temperature, and minimum temperature from
1950 to 2001 (plus symbols).

from CIMIS are primarily being used to support agri-
cultural activities throughout the state. However, now
that more than 20 years of CIMIS data have been col-
lected, the network’s high spatial density makesit useful
for climate analyses. To date, CIMIS data have been
used in published studies with the objective of cali-
brating models to predict pasture growth rates (Lile and
George 1993) and for evaluating the suitability of em-
pirical ETo equations based on air temperature (Hope
and Evans 1992; Hargreaves and Allen 2003; Alexan-
dris and Kerkides 2003). The regional ETo signals con-
tained in these data and the climate patterns that deter-
mine that signal have not been investigated previously.

Meteorological variables measured at CIMIS stations
include solar radiation, air temperature, soil tempera-
ture, humidity, wind speed, and wind direction. The
variables are used to estimate hourly ETo ratesat CIMIS
sites, using a modified Penman equation (see next sec-
tion; Penman 1948; Pruitt and Doorenbos 1977; CIMIS
Web site), and those rates are integrated into daily and
monthly values. For this study, daily ETo estimates,
together with daily values of net radiation (R,), mean
air temperature (T,,), relative humidity (RH), wind
speed (U,,,), and wind direction (Ug,), were obtained
from 52 of the CIMIS stations (Fig. 1). These sites used
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are the subset of the CIMIS network stations that had
less than 7% missing data from 1995 to 2002. In several
analyses, a smaller subset of 29 stations with data span-
ning the period from 1990 to 2002 were used to capture
a broader sampling of ETo variations (Fig. 1). Missing
data were filled by averaging neighboring data values,
and the resulting time series were detrended and visually
inspected for outliers. The mean seasonal cycles of each
variable were estimated from 30-day moving averages
of period-of-record mediansfor each day of the calendar
year, and the resulting smoothed seasonal cycles were
subtracted from all daily variablesto obtain daily anom-
alies. The daily anomalies are used in severa of the
subsequent analyses. Trends were computed using linear
regression applied to the seasonal means of the raw data.

Daily gridded (2.5° X 2.5°) geopotential heights of
the 700-hPa pressure level (Z,y), from the National
Centers for Environmental Prediction—National Center
for Atmospheric Research (NCEP-NCAR) reanalysis
(Kalnay et al. 1996; Kistler et al. 2001), were used to
characterize atmospheric circulations from 1950 to
2002. The daily Z,,, were deseasonalized following the
same procedure asthe CIMIS data. Gridded daily cloud-
cover fractions, and monthly mean values of surface
relative humidity, surface temperature, precipitation
rate, and outgoing longwave radiation (OLR; a proxy
for cloudiness) from the same time period and same
source were used to characterize large-scale processes
affecting California’s surface variables. El Nifio-South-
ern Oscillation (ENSO) indices, obtained from the ar-
chives of the Joint Institute for the Study of the At-
mosphere and the Ocean, are used to determine possible
ENSO influences on ETo variations.

Hourly cloud-cover observations from 1984 to 1994
at two Central Valley weather stations were obtained
from the National Climatic Data Center (NCDC) (Fig.
1). Cloud-cover observations from 6:00 A.m. to 6:00
P.M. each day were averaged to produce daytime means,
since inspection of hourly data showed insignificant
nighttime contributions to the daily ETo totals. In ad-
dition, monthly mean cloud cover data for stations in
San Diego, Los Angeles, Fresno, Red Bluff, and San
Francisco from 1893 to 1987 were obtained from the
Department of Energy (DOE) Carbon Dioxide Infor-
mation Analysis Center (Steurer and Karl 2004). How-
ever, only the cloud-cover data from 1950 to 1987 were
used, because changes in cloud-observing practices in
the 1930s and 1940s may have introduced spurious
trends (Karl and Steurer 1990). These data were used
to verify long-term trends in cloud cover. The strength
and position of the North Pacific high (NPH) were char-
acterized using the indices described in Hameed et al.
(1995). Daily pan evaporation (E,,,) rates at seven Cal-
ifornia stations, from 1965 to 2001, were also obtained
from NCDC. The E,,, data were used as a check on the
CIMIS ETo estimates and to verify the regional climatic
patterns that are found to be associated with ETo in this
study. Daily precipitation and daily maximum and min-
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imum temperatures, from 1950 to 2001, at 165 coop-
erative observer stations in California were obtained
from the NCDC and were used to analyze long-term
trends. Only stations with less than 7% of missing data
were considered. The data were checked for outliers,
and missing data were filled using neighboring values,
but no additional manipulation was performed on the
data(i.e., testsfor homogeneity). A similar dataset, com-
posed of 256 daily precipitation stations covering the
same period of the CIMIS data (1990—2000), was also
obtained from the Cooperative National Weather Ser-
vice dataset through NCDC. These data were used to
characterize climatological precipitation in high eleva-
tions, since most of the CIMIS data and the 165 NCDC
meteorological stations previously mentioned are lo-
cated in lower elevations. Statistics of total population
by county for 2002 were obtained from the U.S. Federal
Census [see ‘* 2002 Data Profiles” on the U.S. Census
Bureau Web site (http://www.census.gov/acs/www/
Products/index.htm)]. These data were used to classify
the temperature records as coming from either urban or
rural stations in order to minimize biases introduced by
urbanization (Goodridge 1992).

b. Estimates of ETo

CIMIS ETo estimates are calculated by applying a
modified version of Penman’s (1948) equation for a
grass reference crop to mean hourly values of net ra-
diation [R, . (W m~2)], relative humidity [RH,,,, (%0)],
mean 2-m air temperature [T, (°C)], and wind speed
[Upowr (ms=1)]. The hourly estimates are then aggregated
into daily ETo totals. With the exception of R, , all of
these variables are measured at each CIMIS site. Net
radiation R,  isestimated from an empirical fit of mea-
sured (pyranometer) solar radiation, T,,, and RH,,,,, as
well as other solar and cloud parameters [Eg. (9); Dong
et al. 1992; Monteith 1973]. Net radiation R, is then
converted from units of watts per meter squared to mil-
limeters per hour using the latent heat of vaporization
according to Eq. (10). The CIMISversion of the Penman
hourly evapotranspiration (ETo,.,) equation is (Penman
1948; Pruitt and Doorenbos 1977; Dong et al. 1992;
Satterlund 1979; Monteith 1973; CIMIS Web site)

ETo —LR + 1—L (e, — e)f
hour_A_'_‘y Nhour A+'y S al 'uy
(mm h), 1)
where
4099
A=——""2— (kPa°C1), 2
T+ 23737 (PACH) @
P
y = 22 (ypa o1y, 3)
Ae

P.» = 101.3 — 0.0115z + 5.44 X 10722
(kPa), (4)
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A = (250 — 0.0022T,,,) (MJkg~?), (5)
_ Thoul7.27
e, = 0.6108 6‘><IO<TWr n 237_3> (kPa), (6)
RH,
— our kP 7
ea 100 es( a)! ( )
If Rnhour = O:
fy, = 0.125 + 0.0439U,,, (mm h~* kPa"t), (8a)
If Rnhour > 0'
f, = 0.030 + 0.0576U,,, (mm h-* kPa'?), (8b)
RWm = 0.8 (1 — a)Rs + (T, + 273.15)*
X [£,(0)(1 — ¢) + ¢ — 0.98]}
(W m2), 9)
( h=Y R|(1\?I1VQUT72) h7 1 10
= 277.7ex (MM, (19)
if RTS = 0.375:
a = 0.001580 + 0.386 exp(—0.01880), (11a)
R
if TS < 0375:
a = 0.26, (11b)
| =1, cos(Z) (W m2), (12)
Z =90 — O (degrees), (13)

4(0) = 108{1 — exp[—(10e,) T 7 9205]} - (14)

RS 0.294
c= (1.33 - 1.33%> , (15a)
ifc> 1 c=1, (15b)
if c<O: c=0, (15¢)
Ra = (0.79 - %75>| (W m-2), (16)

where A isthe slope of the Clausius—Clapeyron equation
relating saturation vapor pressure to temperature, vy is
the psychometric constant, e, is the saturation vapor
pressure, €, isthe actual vapor pressure, ¢, isthe specific
heat at constant pressure (1.013 X 103 MJkg—*°C-1),
¢ isthe ratio of the molecular weight of water vapor to
that of dry air (0.622), and P,,, is the barometric pres-
sure, estimated from the station elevation z (m) using
Eq. (4). Equation (8) is an empirical wind function that
was developed by the University of California (CIMIS
Web site) to estimate the influence of winds on ETo.
Details of the formulations leading to Egs. (9) and
(11)—(16) can be found in Dong et al. (1992). In these
equations, « is the surface albedo over well-watered
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grass, Rs (W m~2) is the measured solar radiation re-
ceived at a horizontal plane at each CIMIS station, o
is the Stefan—Boltzman constant (5.670 X 108 JK*
m-2 s71), £,(0) is the clear-sky emissivity [Eq. (14);
Satterlund 1979], | (W m~2) is the irradiance on a hor-
izontal surface at the top of the atmosphere, 1, is the
solar constant (1367 W m~—2), c is the fractional cloud
cover (0 = ¢ = 1) estimated from Eq. (15), © (degrees)
is the solar atitude, Z (degrees) is the zenith angle [Eq.
(13)], and Ra (W m~2) is the potential clear-sky solar
radiation [Eq. (16)].

Potential evapotranspiration ETo formulations based
on the Penman equation sometimes consider ameasured
or estimated ground heat flux (G), which is subtracted
from R,, in order to account for heat transference at the
air—soil interface (Monteith 1965). In order to determine
if CIMIS'sETo estimateswould be affected significantly
by the exchange of heat with the soil, G was approxi-
mated using Eq. (17) (Shuttleworth 1993; van Wijk and
de Vries 1963), which is based on the day-to-day dif-
ference of soil temperatures [Tsoil (°C)]:

0.38 . .
Gugr = T(Ts;ondalyz — TS0ilg,,) (Mm day-*). (17)

Equation (17) isintended for estimating G at daily time
scales for average soil conditions and properties. Since
the CIMIS data is based on hourly ETo estimates, al-
ternative ETo estimates based on Eq. (1) were computed
using daily mean values of R,, RH, U, and T,,. The
daily anomalies of these alternative estimates proved to
be strongly correlated (median correlation = 0.84, p <
0.01) with the values reported by CIMIS (which were
computed at hourly time scales and integrated into daily
values). These correlations did not change significantly
when G was included (median correlation = 0.83, p <
0.01). Although there are a few exceptional days when
G becomes an important fraction of ETo (greater than
10%), the median contribution of G is less than 0.1%
of ETo for the set of California stations used here. Other
correlations, such as the ones between ETo and E,,
anomalies did not change significantly (lessthan =0.02
change) when the G term was added. Therefore, the
ground flux is not included in subsequent analyses,
which are instead based on the standard ETo estimates
reported by CIMIS.

CIMIS ETo estimates and nearby pan evaporation sta-
tion data (E,,,) are well correlated at monthly scales
(Table 1; see also Grismer et a. 2002). However, the
E,.. rates are usualy higher than their corresponding
ETo estimates. The evaporation from a pan can vary
significantly from the surrounding vegetation (even
well-watered) or nearby lakes. Thisdifferenceisusually
accounted through pan coefficients (k,,,) such that

ETo = KBy (Mm day—2). (18)

Pan coefficients are usually less than one, but they vary
widely according to pan characteristics, U, RH, and the
length of upwind fetch of green crop (Shuttleworth
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TABLE 2. Mean, standard deviation, and coefficients of variation

1 c
e £ -% P U — of ETo and P water year totals (Oct—Nov) from California stations
% & T g g '5 '5 from 1990 to 2001. The ETo and Pg,,,s values shown represent the
Seg median of 29 CIMIS stations shown as filled circles in Fig. 1. The
=
© Pueoc correspond to the median values for 256 stations shown with
a‘“+"” and “*” symbolsin Fig. 1.
s = -
é g % 8 g S ETO PCIMIS PNCDC
g5l° °© < ° Mean (mm) 1344 321 971
Qo Std dev (mm) 70 152 443
Coef var 0.05 0.48 0.44

0
var
0.52
0.50
0.69
0.63
0.73
0.63
0.70
0.64

1993). Daily E,,, anomalies have higher standard de-
viations than ETo anomalies and are only moderately

g
B
5e
29
o=
8
-
g5
g
Bo
7B 2
B c
: g R
év 5% oo 0O o correlated with ETo anomalies, but at monthly time
28| SEISEEREY 85 scales Penman ETo estimates seem to be significantly
S8 & E correlated with E,,, data (Table 1). Similar results have
§ = = been found in other regions of the world (Chiew and
g > &= McMahon 1992; Xu and Singh 1998). There are many
g% §8(32 983588 reasons why potential evaporation estimates from the
':5 g Sg|¥YO OM G 6o Penman equation (E,.,) would differ from the pan data
62 £ estimations even when some limitations of the Penman
8> . and pan methods are considered. One of the most ob-
038 El o we o o vious differences is that E,,, and E,,, are based on data
=y IR RN collected from different evaporating surfaces (soil ver-
‘; £ w sus water). The roughness and the exchange of energy
‘%2 of the air with water and soil surfaces are different. In
€8 addition, if the soil is not kept continuously saturated,
g é 2|8, 25 499% the water from deeper layers has to be drawn through
= A RS S N . . . . . h
58 Sl U U5 5o capillarity until pores with the lower matric potential
o o 24933838334 are depleted (Lee 1980). It is unfortunate that ETo could
= not be further validated as there are amost no data
o % available in California from other methods such as ly-
.% % simeter, Bowen ratio, or eddy covariance.
72l z|BB AN OB
Q5 Wlooo 9.2 90 o o o ) e .
8% 1|3 BBEE 83 3. Variability of ETo and related observations
Z =
£ g a. Climatology and seasonality
5 = Annua ETo totals in California are greater than an-
§§ 2 QL QYL QYN QYN nual precipitation, a relation that is characteristic of its
N 8|02 020202 semiarid climate. When only the CIMIS stations are
L3 B|Eo=0=20=20 considered, precipitation is on average only 24% of an-
© ]
S = nual ETo (Table 2). However, the average annua pre-
§ ° cipitation for California computed from CIMIS stations
gg 2508050 5o is underestimated, as there are only a few stations in
S S| g o= ok ot the high-producing areas in the high elevations. Con-
é% S sidering the contribution of alarger range of elevations
g E] contained in 256 NCDC stations, precipitation in Cal-
zE ifornia is on average 72% of ETo annual totals (Table
B
< E o 2). There is, however, large spatial variability in the
3 g £ distribution of the water deficit. The average (1990—
S%; ® © 2002) water deficit (ETo minus P) ranges from approx-
> = é imately 200 mm yr—* at northern coastal sites to more
e clg E S, than 1800 mm yr-* in the southern deserts (Fig. 2); P
we -% o Qg2 § is also much more variable from year to year than ETo.
ER= aIE> 5899 The coefficient of variation of annual P is on the order
- fE23c98d of 40%, while that for ETo is only 5% (Table 2).
> S§88 88k

Throughout the network, ETo reaches its maximum in
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Fic. 2. Average annual total (a) ETo and (b) ETo — P (mm yr—1)
from 1995 to 2002. Contours are every 1000 m starting at 500-m
elevation.

July or August during the dry summer season when
clouds are few, insolation is long and intense, and tem-
peratures are high. The seasonal minimum of ETo isin
January, during the wet (cloudy and cool) winters (Fig.
3); P and ETo are thus modulated by conditionsin dis-
tinctly different, evidently independent seasons.
California’s precipitation is episodic and provided
mostly by relatively few winter storms each year. In
contrast, ETo is more persistent and seasonal in char-
acter, although significant anomalies around the sea-
sonal cycle occur. The daily ETo anomalies are char-
acterized by some extremely low values (Fig. 4). The
majority of these negative anomalies extend from the
winter through the spring until the midsummer (Fig. 4),
and they are infrequent for the rest of the summer. As
will be seen in following sections, these extremely neg-
ative daily ETo anomalies are associated with cloudy
days during the spring. Anomalies of ETo are more
persistent than P anomalies at daily time scales, but, on

VOLUME 6

-1

Daily mean (mm day )

M A M J
month

Fic. 3. Median daily averages of ETo (dotted line), P from CIMIS
station (thick solid line), and P from NCDC stations (thin solid line)
in mm day *.
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the monthly scale, the lag 1 autocorrelation coefficients
of ETo and P are similar, suggesting comparable mem-
ories (Table 3). ETo rates are relatively low in winter
and autumn, and summer ETo values—although largest
overall—arerelatively least variable. The median spring
standard deviation of the daily ETo anomalies is 1.36
mm day %, and for summer is 0.89 mm day —*. Spring
ETo isboth large and highly variable. Consequently, the
rest of this paper tends to focus on the warm season
and, especially, spring ETo variations.

The amplitude of the seasonal cycles of ETo, as well

ET, (mm day-)
e 3

-

ET, (mm day-")

ET, (mm day-)

Month

FiG. 4. Distributions of the daily ETo data from 1995 to 2002 for
selected CIMIS stations; ETo values inside (outside) the interquartile
range are shown with a light dot (dark plus) symbol.
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TABLE 3. Median lag-1 autocorrelation coefficient (p,) of ETo and
P anomalies and coefficient of variation (c.v.) obtained by dividing
the std dev of the ETo and P anomalies by the mean of their actual
values. The values represent the median of 29 CIMIS stations from
1990 to 2002.

ETo P

P Cc.v. P Cc.v.

Daily 0.55 0.25 0.27 4.82
5 days 0.37 0.18 0.27 2.85
10 days 0.31 0.15 0.27 221
30 days 0.32 0.11 0.33 1.56
90 days 0.23 0.08 0.03 113
Annual —0.02 0.05 —-0.23 0.47

as of the other CIMIS variables (except the wind pa-
rameters), is strongly modulated by the strength of the
influence of North Pacific air masses, which are roughly
proportional to the distance from the ocean. For ex-
ample, the difference between daily ETo from summer
to winter ranges from 3.3 mm day ~* in coastal stations
to 7.3 mm day ~*inland. The moist near-surfaceair along
the coast dampens seasonal cycles in contrast to the
semiarid environment farther inland. The logarithm of
distance to the coast explains 62% and 87% of the spa-
tial variation of the amplitudes of the ETo and T, Sea-
sonal cycles, respectively, for the 52 CIMIS stations
shown in Fig. 1. This modulation of seasonal cycles by
the marine environment is stronger among the CIMIS
sites than is the influence of elevation. However, the
CIMI'S network, and the subset of stations used here, is
denser in the Central Valley and along the central and
southern California coast. The underrepresentation of
high altitudes in the CIMIS network may lead to an
underemphasis of elevation effects, and the paucity of
southern California desert stations probably yields an
underemphasis of the role of north—south climate con-
trasts.

b. Meteorological factors of ETo variability

Among the CIMIS meteorological variables, at the
regional scale considered here, R, and RH fluctuations
contribute most to the variability of daily ETo anoma-
lies. The analysis of this section is based on correlations
between the anomalies of ETo and the anomalies of the
related variables (R,, T, RH, and U). It should be
noted that when ETo is computed from these related
variables, the seasonal cycles are included in the equa-
tion. ETo’'s seasonal cycle can be approximated fairly
accurately using the seasonal cycle of R, (or even T,,,).
For this reason, in order to find the origin of the day-
to-day ETo anomalies the seasonal cycleswereremoved
from the data. The sense of the correlations of the anom-
alies of the related variables with ETo are such that
positive anomalies of R, (higher than normal solar ir-
radiation) and negative anomalies of RH (drier than nor-
mal conditions) are associated with higher than normal
ETo anomalies (Table 4a). Wind speed anomalies, U,
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TaBLE 4. Median intercorrelations at different time scales of me-
teorological variables for 29 CIMIS stations in California from 1990
to 2002.

(a) Daily anomalies (intraseasonal variations)

ETo R, RH Tog Uayg
ETo 1.00 0.81 -0.67 0.43 0.21
R, 1.00 —0.46 0.11 —0.04
RH 1.00 -0.27 —0.08
Tag 1.00 0.00
g 1.00
(b) Month-to-month (seasonal cycle included)
ETo R, RH Tog Uayg
ETo 1.00 0.99 -0.75 0.92 0.56
R, 1.00 —0.69 0.89 0.55
RH 1.00 —0.68 -0.21
Tag 1.00 0.36
g 1.00
(c) Year-to-year (interannual variations)
ETo R, RH Tog U
ETo 1.00 0.76 -0.67 0.38 0.24
R, 1.00 -0.37 0.00 0.01
RH 1.00 -0.23 0.10
Tag 1.00 0.07
1.00

avg

are poorly correlated with ETo anomalies. For this rea-
son, the results for U,,, are not shown in the following
analyses. The T,, anomalies correlations with ETo
anomalies are weaker than the R, anomalies correlations
because the terms associated with T, in the Penman
equation are highly nonlinear. The nonlinear relation-
ship between T,,, and ETo also appears in other tem-
perature-based ETo equations such as the Hargreaves
equation (Hargreaves et al. 1985; Hargreaves and Allen
2003). Physically, this probably reflects the relatively
modest excursions of vapor pressure (e, and A) over
the range of temperatures encountered in California. The
T, and R, anomalies are moderately to weakly corre-
lated, indicating that the two variables provide some-
what independent influences on ETo anomalies. At daily
time scales, R, anomalies are more linearly related on
relative humidity anomalies and other variables, such
as cloudiness, than air temperatures.

When the seasonal cycles are included and the high-
frequency variations are dampened by integrating the
raw data into monthly means, R, and ETo are till the
highest intercorrelated variables. However, the corre-
lations between T,,, and ETo (and T,, and R,) are also
quite strong, suggesting that the seasonal cycles of ETo
and T, are strongly correlated (Table 4b), although this
correlation does not imply causality. In comparison, the
seasonal cycles of RH and ETo are not as strongly re-
lated. In terms of the interannual variations, R, showed
the strongest correlations and RH explains a similar
fraction of the variability of ETo as it did at daily time
scales. Notably, for interannual time scales, T,,, does
not explain alargefraction of the variation of ETo (Table
4c).
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Auto correlation

Lag (days)

FiG. 5. Median lag autocorrelations of daily warm-season (Apr—
Sep) anomalies of different meteorological variables from 29 CIMIS
stations (1990-2002).

c. Variability

The characteristic time scales of daily CIMIS fluc-
tuationsdiffer from variableto variable. Daily variations
of ETo are most similar to those of R, (as noted pre-
viously) and this similarity is reflected in their char-
acteristic time scales. Daily correlograms of CIMIS var-
iables during the warm season (spring plus summer) are
shown in Fig. 5. Variations of both ETo and R, have
decorrelated (have e-folding times) after about 1 to 2
days, on average, in al seasons. In contrast, RH and
T.,, ae most persistent, decorrelating only after about
3 to 4 days. Although the lag correlation for each var-
iable becomes small by about 5 days, each has persis-
tently nonzero valuesto at least 10 to 12 days (especially
RH), reflecting long-term intraseasonal to interseasonal
excursions (e.g., some springs are just clearer or warmer
than others). After about 8 days most of the high-fre-
guency autocorrelation is low for all variables and is
only marginally reduced from this point to 15 or 30
days. The correlogram of RH is fairly similar to T, at
short lags, albeit with a wider range of variability be-
tween stations. Presumably, differences in their decor-
relation time scales reflect differences in the process
controlling each of these variables. These processes
would include the larger-scale atmospheric circulation
that strongly governs daily temperature and humidity
(larger-scale controls) and smaller-scale cloud processes
that govern R, anomalies. After a single day U, de-
correlates completely and presumably reflects strong
short-term influences. As noted previously, ETo reflects
a combination of radiation and humidity time scales,
with its time scale falling between the two. However,
as noted previously, ETo anomalies are most strongly
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influenced by R,, and thus the time scale of its fluctu-
ations around its strong seasonal cycle is quite short.

The amplitudes of daily variations of the CIMIS var-
iables also differ, between variables, seasonally, and
geographically. The standard deviations of the daily
CIMIS anomalies for ETo, R,, RH, and T, are mapped
in Fig. 6. Much like the amplitudes of seasonal cycles,
the standard deviations of daily T, anomalies depend
to a considerable extent upon proximity to the coast,
with the largest variations at the interior stations, es-
pecially in the northeastern corner of California on the
lee side of the Sierra Nevada. In contrast, standard de-
viations of ETo are not strongly related to the distance
to the coast. Other factors, such as the variation of cloud
cover and other influences (i.e., large-scale circulation),
must determine the size of the ETo variations.

Daily variations of ETo, R,, and T,,, anomalies are
the largest in spring and somewhat smaller during the
summer. Winter and autumn variations of ETo and R,
anomalies are smallest. The larger ETo variability dur-
ing the spring reflects a general increase in the standard
deviations, but notably much of this spread reflects the
occurrence of low values during cloudy days, as the
negative anomalies are generally larger in magnitude as
the positive anomalies (Fig. 4). These negative anom-
alies become much less frequent (in some settings quite
abruptly) by midsummer. The abrupt transition between
the broad spring and narrow summer ETo distributions
reflects the rapid reduction of cloudiness once summer
circulations are established (Nogues-Paegle and Mo
1987). The tendency toward higher variability during
spring parallels, and is largely driven by, a similar ten-
dency in R, at most of the stations. The springtime
negative ETo anomalies correspond to R, reductions as-
sociated with partially (and completely) cloudy daysthat
interrupt the seasonal progression from cool-season to
warm-season ETo norms. The much lower autumn and
winter ETo values are only marginally reduced by
clouds, and the variability during these seasonsissmall.
Summertime variability of ETo and R, anomalies are
small, mostly because clouds are scattered and infre-
guent throughout the state in this season, especially in
the Central Valley (Davis and Fresno State stations in
Fig. 4).

As was mentioned before, ETo deviations above the
median (positive anomalies) tend to be smaller than are
the lower than median excursions (negative anomalies),
except for a few stations, mostly in the Sacramento Ba-
sin (i.e., Davis in Fig. 4). The episodes of extremely
high spring ETo in the Sacramento Basin are associated
with combinations of exceptionally clear skieswith high
temperatures and low RH in the basin. An analysis of
weather reports from two Central Valley stations (Fig.
7) reveadls that the variation of ETo is inversely corre-
lated with clouds, fog, and rain during the spring, and
that the presence of haze does not preclude high ETo.
Rainy days during the spring are aimost exclusively
associated with low ETo days (and high cloudiness),
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sky cover data were obtained by averaging hourly NCDC station data
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while high ETo days are exclusively related with dry
days (and low cloudiness). Normal ETo days are almost
always observed in days with no rain but with some
amount of cloud coverage.

4. Influence of large-scale climate
a. Regional atmospheric circulation

Regional atmospheric circulations have strong effects
on the variability of CIMIS variables at all time scales,
and asingle, shared circulation pattern isassociated with
anomalies of ETo and its driving meteorological inputs,
R., RH, and T,,,. The correlations between daily anom-
alies of Z,,, and each of these variables are shown in
Fig. 8 and reveal a consistent underlying circulation
pattern. The correlation pattern that all the variables
share is dominated by Z,,, anomalies over a region off
the west coast of North America, approximately be-
tween 32° and 44° latitude. The pattern is displaced
somewhat inland in the T,, correlations. During the
spring, the shape of the R, correlation pattern is very
similar to the ETo pattern (Fig. 8), consistent with the
strong dependence of ETo and R, (Table 4). The ETo
correlation pattern during summer is more similar to the
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dashed.

T, Pattern than during spring. Of the CIMIS variables,
T, is the most strongly correlated with the circulation,
especially during summer, but has less influence on ETo
than R, and RH. Very similar correlation patterns are
obtained at all time scales and at several pressurelevels
(not shown). In general, the center of the correlation
patterns tilt southward with height in the atmosphere.
The correlation pattern shown in Fig. 8 suggests that
ETo (and the other variables) are strongly influenced by
interplays between coastal-marine and continental air
masses. During the spring, days with low pressures
(Z,00) Offshore are associated with anomalously south-
westerly winds and more than normal cloud cover in
most of California (Fig. 9) and, as a consequence, lower
than normal ETo. Spring days with high pressures off-

shore experience a blocking of westerly flows into the
state with less cloudiness and are characterized by high
ETo rates (Fig. 9). A similar configuration of pressures
operates in the summer, although the correlations are
significantly lower, and the center of the ETo circulation
pattern is displaced slightly inland, yielding broad at-
mospheric subsidence, drying and warming of the air
over the state, and resembling more the T, correlation
pattern (Fig. 8).

The relation of these circulation patterns to the po-
tential for evapotranspiration can be verified, in part, by
considering the longer E,,, records (1965-2001) from
afew locations in California. Correlations between E,,,
and Z,,, were shown to be very similar to the corre-
sponding ETo pattern (Fig. 8a), regardless of time period
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Fic. 10. Time series of spring seasonal-mean CPAI (thin line), standardized ETo (dotted line),
cloud cover multiplied by —1 (circular markers), and E,,, (thick gray line) data from California
stations. The ETo values represent the mean of 29 stations, the E,,, values represent the mean of
7 stations, and the cloud cover is the mean of 5 stations.

considered (not shown). The pattern and magnitude of
CIMIS T,, daily and monthly correlations with Z,,,
(Fig. 8) were also verified using temperatures from 165
NCDC stations (not shown).

b. Relations of regional atmospheric circulations with
large-scale climate

The springtime circulation pattern associated with
ETo variations (Figs. 8 and 9) represents the long-term
average connection between Z,,, and the CIMIS surface
variables. The pattern is an average and thus would
obscure some of the different circulation patterns that
contribute to ETo variations, especially those which in-
frequently recur over the region.

The springtime pattern is similar to the correlation
patterns between winter sea level pressure and Decem-
ber—August streamflow in the Sacramento River (Fig.
6 of Cayan and Peterson 1989). The streamflow-cor-
relation pattern, called the California Pressure Anomaly
(CPA; Cayan and Peterson 1989), has roughly the same
areal extent but is centered (40°N, 130°W) farther north
than the patterns of Figs. 8 and 9. Low wintertime pres-
suresin the CPA region are associated with large stream-
flows. Similar patterns were found by Mo (1999) and
Mo and Higgins (1998) in several atmospheric circu-
lation variables associated with California wintertime
precipitation. Another possibility, given that our focus
is on spring and summer, is that the patterns shown in
Figs. 8 and 9 might actually be related to the position
and influences of the North Pacific High (NPH) pattern
(Hameed et al. 1995). The NPH is a synoptic feature
characterized by a very persistent region of high pres-
sure off the coast of North America. The spring pattern
shown here, however, is not the NPH as such, as the
NPH isnot stationary in space and it isgenerally located
farther offshore, although it sometimes could ridge over
the Pacific Northwest (Navy 2004). During the winter-
time the NPH presents lower intensity and displaces
south (Dorman and Winant 1995; Navy 2004). The nor-
mal position of the NPH during the summer is north of
Hawaii (around 30°N), and during the winter it is be-
tween San Francisco and the north of Hawaii (around
40°N; Dorman and Winant 1995; Navy 2004). The cor-
relation (1950-95) of spring means of the CPA-like

index (CPAI) and an index representing the intensity of
the NPH (Shi 1999; Hameed et al. 1995) is +0.31 (p
= 0.05). The correlation of the spring-mean CPAI and
the latitude of the spring center of action of the NPH
is +0.36 (p < 0.05). Similar correlation for the lon-
gitude of the spring center of action of theNPH is +0.37
(p < 0.05).

On a seasona basis, the CPAI developed here is
strongly correlated with ETo, E,,, and cloud cover
[Fegan = 0.72 (p < 0.01), 0.61 (p < 0.01), and r =
0.40 (p < 0.05), respectively]. From 1950 to 2002, a
weighted average of daily Z,,, values was cal cul ated for
points in Fig. 8 with correlations greater than or equal
to 0.40, weighted by those correlations. The springtime
CPAI series, and standardized springtime means of ETo,
E,an» and cloud cover are compared in Fig. 10. The CPAI
has a local influence on precipitation and a regional
influence on temperature, as the CPAI pattern is sig-
nificantly correlated with springtime temperature vari-
ations into Nevada and Arizona (Fig. 11). The CPAI
influence on surface RH is also relatively localized to
Cdlifornia (Fig. 11). It is interesting to note that the
correlations of the CPAI with RH have opposite signs
for the land and the sea, with steep gradients between,
suggesting greater RH land—sea contrasts during ex-
treme values of the CPAI (and thus also of ETo). Cor-
relations of the CPAI with outgoing longwave radiation
(aproxy for cloudiness) are consistent with the precip-
itation correlation pattern. The OLR interannua cor-
relation pattern also is similar to the OLR-composite
patterns found by Mo (1999; cf. Mo's Fig. 5) and Mo
and Higgins (1998; cf. their Fig. 3a), which are thought
to be related to intraseasonal precipitation oscillations
(10-90-day period) in Californiaduring the winter. Cor-
relations of the filtered (10-90 days) CPAI and OLR
daily anomalies during the spring presented a charac-
teristic three-cell pattern depicted in Mo and Higgins
(1998; not shown). The three-cell pattern is also seen
in the OLR and precipitation rate season-mean corre-
lations with the CPAI (Fig. 11). Heavy wintertime pre-
cipitation in California (middle cell of the three-cell
pattern) is associated with dry conditions over Wash-
ington, British Columbia, Canada, and the eastern Gulf
of Alaska (northernmost cell of the pattern), and also
with reduced precipitation over the subtropical eastern
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NCAR reanalysis.

Pacific and Mexico (southernmost cell; Mo and Higgins
1998). The seesaw between northern British Columbia
and California is a more consistent pattern, which is
related to moisture transport. The seesaw between Cal-
ifornia and the subtropics, although having a dynamical
support, depends on the strength of the Hadley cell,
which isareflection of convection in the subtropics (Mo
and Higgins 1998; K. C. Mo 2004, personal commu-
nication). In our analysis, thelocal (middle) pattern over
California defined by the CPAI was correlated with the
other poles of the three-cell pattern during the spring,
at 1090 days and at interannual time scales (using sea-
sonal-mean correlations). However, the connections of
California precipitation (or cloudiness) with the sub-
tropics during the spring have to be verified with more
research, as the Mo and Higgins (1998) study focused
on winter processes and the Northern Hemisphere Had-
ley cell weakens progressively from winter to summer
(Dima and Wallace 2003).

Although the very strong El Nifio events of 1982/83
and 1997/98 yielded unusually low spring CPAI values,
this tendency was not generally evident in other El Nifio

events during 1950-2002. This may reflect the tendency
for large El Nifio events to persist through boreal winter
into the spring season. La Nifia springs also are not
consistently associated with high spring CPAI. There-
fore, thereisno strong ENSO signal in springtime CPAI
or ETo. For example, the correl ation between springtime
Nifio-3 SST anomalies and the CPAI is nonsignificant
[r = —0.22 (p > 0.05)]. The same type of correlation
for the winter is —0.41 (p < 0.01), suggesting that
during this season, the CPAI may be a feature related
to the linear part of the extratropical response to ENSO.

5. Historical trends and implications for climate
change

Declining E,,, rates have been reported in some re-
gions of the United States and have been attributed to
changes in radiation, sunlight reaching the surface, and
cloudiness (Roderick and Farquhar 2002; Peterson et al.
1995; Lawrimore and Peterson 2000). In contrast, no
significant springtime E,,, trends are present at five of
seven California stations (Table 5). Even the signs of
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TaBLE 5. Annual and springtime trends of (a) pan evaporation data
and (b) cloud-cover data for California stations. Significant trends at
the 0.05 level are italic.

(a) Pan evaporation trends (1965 to 2001)

Annual trend Spring trend
Name (mm yr-1t) (mm yr-1)
Cachuma Dam —1.5019 +0.3136
Davis +3.8009 +0.5820
Death Valley —33.6705 —9.1789
Friant Government Camp —4.1267 +1.1494
San Luis Dam —3.4687 —0.5631
Shasta Dam +4.1212 +0.4818
Lodi —5.6219 —1.8858
(b) Cloud-cover trends (1950 to 1987)
Annual trend Spring trend
Name (% yr) (% yr—4)
Eureka —0.1097 —0.1338
Red Bluff +0.1180 +0.0240
Fresno +0.1917 +0.0375
Los Angeles —0.0234 —0.0891
Sacramento +0.0769 —0.02173
San Francisco +0.0347 +0.0176
San Diego +0.1758 +0.08123

E,. trends at stations relatively closeto each other (e.g.,
Davis and Lodi) have differed (Table 5). Thus, there
have been no strong or consistent overall springtime
E,.. trend in California

In California, radiation (and cloudiness) changes that
may cause E,,, and ETo trends (in the future) are as-
sociated with springtime atmospheric circulations that
can be indexed by the CPAI. However, historically, the
springtime and annual CPAI show no significant trends
from 1950 to 2002, and few of the cloud-cover stations
reported significant trends (Tables 5 and 6). Over the
same period, however, there have been significant trends
toward more springtime precipitation at many NCDC
sites. This precipitation trend is not particularly consis-
tent with the lack of trendsin cloud cover, but inspection
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of the precipitation time series reveals that many of the
precipitation trends reflect a step change toward wetter
conditions in 1976/77. This climatic shift is part of a
seemingly natural, large-scale circulation change that
affected many environmental and physical variables in
North America (Ebbesmeyer et al. 1991; Mantua et al.
1997). Overall, it appears that the lack of historical
springtime E,,, and ETo trends reflects a weakness or
lack of trends in their primary radiative forcings.
Temperature trends may also affect ETo in California
(eventualy). In California, ETo’s temperature depen-
dence is largely limited to daytime temperatures, which
can be indexed by daily maximum temperatures (T,.,)-
Springtime and annual T, series in California have
small (usualy nonsignificant) and less consistent pos-
itive trends than have minimum temperatures (T,,,). At
nonurban stations (those where population density <
120 habitants km—2), the T, trends are even smaller
and less significant (Table 5; Goodridge 1992).
Although historical springtime evaporation demands
in California have not trended significantly, future cli-
mate changes may affect them. Current climate models
project twenty-first century warmings of between about
3° and 6°C over Californiain response to ** business-as-
usual’”’ greenhouse-gas emission scenarios (e.g., Dettin-
ger 2004). In response to a +3°C uniform warming of
Tag EQ- (1) (with unchanged 1990-2002 CIMIS me-
teorological data applied otherwise) indicates that an-
nual ETo totals could increase by 6% (Fig. 12). Note
that although temperatures play only a secondary role
in determining California ETo variability, T, trends
could still be reflected as ETo trends, as the lack of
strong intercorrelation between T, and ETo anomalies
(presented in section 3b) does not preclude this effect
according to Eq. (1). That is, ETo’s driving meteoro-
logical inputs (R,, T,, RH, and U) used in Eq. (1)
include trends and seasonal cycles of the variables,
while the correlations between these inputs and ETo

TABLE 6. Annual and spring-mean trends in 1) precipitation and air temperature for two sets of NCDC California stations and 2) the spring
CPAI. Trends significant at the 0.05 level are italic. Low population density stations are those located in areas where population density is

less than 120 habitants km=2. Data are from 1950 to 2000.

Annual

Spring

Variable Median trend

Percentage of
stations reporting
positive trends

Percentage of
stations reporting

Median trend positive trends

Surface variables:

All stations (165 stations):
Precipitation
Maximum temperature
Minimum temperature

+1.0644 mm yr-*
+0.0071°C yr—*
+0.0241°C yr*
Low population density stations (116 stations):

Precipitation

Maximum temperature

Minimum temperature

+0.9617 mmyr-*
+0.0042°C yr-*
+0.0221°C yr—*
Atmospheric variables:

California Pressure Anomaly index

88%
65%
84%

+3.2804 mm yr 1
+0.0169°C yr-*
+0.0325°C yr—*

89%
1%
94%

86%
60%
81%

88%
70%
92%

+2.8688 mm yr !
+0.0131°C yr*
+0.9708°C yr—*

—0.0242 yr*
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tions during 1990-2002. Positive (negative) contours solid (dashed)
black (gray) curves.

(section 3b) were computed from the anomalies of the
variables (seasonal cycles and trends removed). Projec-
tions of R, trends are generally not available and have
not been studied. Projections of twenty-first century pre-
cipitation might provide some hints about the future of
R, but are notably less unanimous than the temperature
projections, with even the signs of projected precipi-
tation changes differing from projection to projection
(Dettinger 2004). However, to put the role of future R,
changes into perspective, we note that areduction of R,
by about 6% would be required to mitigate the projected
3°C warming influence on ETo (Fig. 12); any increases
in R, would rapidly aggravate the warming-induced ETo
trends. For reference, the standard deviation of annual
ETo is typicaly around 5% (Table 2), so that ETo re-
sponses of these magnitudes would be large and ob-
servable in CIMIS data.

6. Concluding discussion

The annual demand of water is greater than the supply
of accumulated precipitation for all of the relatively low
elevation stations for which we can estimate ETo. How-
ever, precipitation in California arrives in sporadic
storms, with many dry days in between, while ETo is
much more smoothly distributed throughout the seasons.
Although the variability of annual precipitation totalsis
also much larger than those of ETo totals, ETo vari-
ability is important because of its impacts upon water
resources and agricultural management. The ETo vari-
ations are largest in spring when precipitation variability
is muted and thus have significant influences upon the
overall hydrologic cycle in California.

Daily ETo anomalies in California are most variable
during spring. This large variability is associated with
the generally large ETo values, due to the season’s high
surface irradiance (compared to winter and autumn),
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which is interrupted by occasional ETo reductions as-
sociated with cloudy days. This combination of high
seasonal values with strong cloud interference is not
common to the other seasons. Daily ETo anomalies are
most strongly correlated with R, and RH, and less so
with T, (especially during spring). The strong relation
between ETo and R, compared to T, is also evidenced
by the shorter decorrelation times shared by ETo and
R,, suggesting faster and more local controls on ETo
and R, (i.e., cloudiness) than on T,.

ETo and associated meteorological variations are
driven by the regional atmospheric circulation. A char-
acteristic circulation pattern influences daily, monthly,
and seasonal variations of ETo, R,, T,,,, RH, and U,
anomalies. High cloudiness and lower than normal ETo
values are associated with low-height (pressure) anom-
alies centered immediately offshore from central Cali-
fornia, in a CPA-like circulation pattern (Cayan and
Peterson 1989). Conversely, higher than norma ETo
anomalies are associated with clear skies maintained by
a high pressure center off the central California coast.

Statewide springtime cloudiness and E,,, and ETo
conditionsin Californiadid not trend appreciably during
the last part of the twentieth century. Average T, tem-
peratures for 165 California stations showed significant
increasing trends from 1950 to 2001, but T, ,—which
is more directly associated with ETo variability—did
not generally trend significantly during the twentieth
century. However, significant temperature increases in
the twenty-first century under the influences of increas-
ing greenhouse gases are suggested by the climate pro-
jections from general circulation models (GCMs). The
typical range of temperature increase projected by the
GCMs would increase ETo significantly, unless miti-
gated by changes in R,. The future of R, remains un-
certain, in large part because the disposition of cloud
cover under climate changeis not known. Moderate (one
standard deviation) changes in annual ETo would be
projected from the Penman equation [(1)] in response
to realistic future changes in temperature and radiation.
However, more subtle changes should also be investi-
gated; for example, those related to the changes in the
hourly distributions of cloud cover, changes related to
nonuniform increases in temperature and radiation, and
to ETo’s differing sensitivitiesto T, and T,

This paper was focused on the variability of ETo be-
cause of its importance for quantifying water demand
and its widespread use for scheduling irrigation. In other
applications, such as for closing water balances, climate
change studies, and hydrological models, it may be nec-
essary to analyze ETa estimates. Although approximate
methods are available for the estimation of ETa from
ETo and R, (Bouchet 1963) and from hydrologic models
(Knowles 2002; Knowles and Cayan 2002), more ly-
simeter measurements are needed in order to improve
ETaestimates. High-resolution (<1 km) land-cover data
would also improve our estimates of hydrological and
evapotranspiration conditions, while more high-eleva-
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tion meteorological stations are needed to provide a bet-
ter understanding of forest evapotranspiration processes.
Additional CIMIS-like stations in northernmost Cali-
fornia and in the southern deserts are needed to com-
plement the information provided by the CIMIS system.
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