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Evapotranspiration along an elevation gradient
in California’s Sierra Nevada

M. L. Goulden,' R. G. Anderson,'* R. C. Bales,”* A. E. Kelly,' M. Meadows,*
and G. C. Winston'

Received 13 March 2012; revised 5 July 2012; accepted 14 July 2012; published 6 September 2012.

[11 We combined observations from four eddy covariance towers with remote sensing to
better understand the altitudinal patterns of climate, plant phenology, Gross Ecosystem
CO, Uptake, and Evapotranspiration (ET) around the Upper Kings River basin in the
southern Sierra Nevada Mountains. Precipitation (P) increased with elevation to ~500 m,
and more gradually at higher elevations, while vegetation graded from savanna at 405 m to
evergreen oak and pine forest to mid-montane forest to subalpine forest at 2700 m.

CO, uptake and transpiration at 405 m peaked in spring (March to May) and declined in
summer; gas exchange at 1160 and 2015 m continued year-round; gas exchange at 2700 m
peaked in summer and ceased in winter. A phenological threshold occurred between 2015
and 2700 m, associated with the development of winter dormancy. Annual ET and Gross
Primary Production were greatest at 1160 and 2015 m and reduced at 405 m coincident
with less P, and at 2700 m coincident with colder temperatures. The large decline in ET
above 2015 m raises the possibility that an upslope redistribution of vegetation with
climate change could cause a large increase in upper elevation ET. We extrapolated ET to
the entire basin using remote sensing. The 2003—11 P for the entire Upper Kings River
basin was 984 mm y ' and the ET was 429 mm y ', yielding a P-ET of 554 mm y ',
which agrees well with the observed Kings River flow of 563 mm y~'. ET averaged across
the entire basin was nearly constant from year to year.

Citation: Goulden, M. L., R. G. Anderson, R. C. Bales, A. E. Kelly, M. Meadows, and G. C. Winston (2012),
Evapotranspiration along an elevation gradient in California’s Sierra Nevada, J. Geophys. Res., 117, G03028,

doi:10.1029/2012JG002027.

1. Introduction

[2] The altitudinal patterns of plant seasonality and
Evapotranspiration (ET) in the western United States are
poorly characterized despite obvious practical importance.
Climate and vegetation vary markedly with elevation in
California’s Sierra Nevada: precipitation increases and tem-
perature decreases with increasing elevation [Major, 1988],
while the natural vegetation grades from grassland to savanna
to evergreen forest to dry alpine tundra [Barbour et al.,
2007]. The variation of easily observed ecosystem proper-
ties has been well described [Schoenherr, 1992]; for
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example, the timing of deciduous leaf out and senescence
follow the thermal gradient, with broadleaves and grasses
active in winter and spring at low elevation, and in summer at
higher elevation. But the altitudinal patterns of other impor-
tant ecosystem attributes, such as annual ET and the sea-
sonality of evergreen-canopy gas exchange, are poorly
known.

[3] Discussion of the Sierran montane climate has
emphasized the limitations imposed by winter cold and
summer drought [cf. Major, 1988; Stephenson, 1998; Urban
et al., 2000; Royce and Barbour,2001a, 2001b; Tague et al.,
2009]. California’s climate is Mediterranean, with wet win-
ters and a long summer drought. The timing of precipitation
is nearly constant with elevation, and mid-May through late
October are reliably dry at all elevations, except for very
infrequent and light thunderstorms. Previous analyses have
suggested the growing season at mid and upper elevation is
restricted to a brief window in late spring and early summer
when air temperatures are warm enough for photosynthesis
and soil moisture remains plentiful [Major, 1988; Jeton et al.,
1996; Urban et al., 2000; Royce and Barbour,2001a, 2001b;
Dettinger et al., 2004]. A short growing season would be
expected to reduce annual transpiration, leading us to sum-
marize current understanding with three hypotheses: (1)
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Figure 1. False color Landsat 5 Thematic Mapper image for September 4, 2011 (red is band 5, green is
band 4, blue is band 3). The scale bar is km, and the blue polygon is the Upper Kings River watershed.
Pine Flat Reservoir is near the southwestern edge of the watershed and the city of Fresno is in the south-
western corner of the image. The straight white lines connect the locations of the eddy covariance sites.
The inset shows the elevation profiles along the segments of the eddy covariance transect.

Growing season length remains constant (or decreases) with
increasing elevation due to modest increases in water avail-
ability and large increases in cold limitation. (2) The growing
season is temporally offset, with a progressively later start at
increasing elevation. (3) Annual ET remains constant (or
decreases) with increasing elevation due to a constant (or
decreasing) growing season length.

[4] Field tests of these hypotheses are infrequent and sel-
dom span a wide elevation range. Hypotheses #1 and #2 are
consistent with anecdotal visual observations of deciduous
phenology. Hypothesis #2 is consistent at higher elevations
with direct observations of conifer growth [Royce and
Barbour, 2001b]. Hypothesis #2 is also supported by
remotely sensed observations of deciduous phenology in
Southern California’s mountains [Anderson and Goulden,
2011]. Hypothesis #3 is consistent at higher elevations
with comparisons of water balance between gauged catch-
ments as a function of altitude [Armstrong and Stidd, 1967,
Lundquist and Loheide, 2011; Hunsaker et al., 2012]. But
we are aware of only a few investigations that used modern
plant physiological or micrometeorological methods to
investigate evergreen seasonality and ET in or near the
Sierra Nevada [Royce and Barbour, 2001a, 2001b;
Goldstein et al., 2000; Ryu et al, 2008]. And we are
unaware of any investigations that used these tools across a
wide elevation range in the Sierra Nevada.

[5] An improved understanding of the patterns of phe-
nology and ET with elevation would contribute basic
knowledge on the climatic controls over ecosystem function
[e.g., Whittaker and Niering, 1975; Stephenson, 1998;
Anderson-Teixeira et al., 2011]. Moreover, the Southwest’s
mountains are an important source of water, and an
improved understanding of montane ET could aid near-term
runoff forecasts. A better understanding of ET with elevation

might also provide insight into the potential impact of cli-
mate change on regional hydrology. Assessments of western
hydrological vulnerability have relied almost exclusively on
land-surface models [cf. Dettinger et al., 2004; Vicuna and
Dracup, 2007]. Space-for-time substitutions, which extrap-
olate the current spatial relationship between climate and
ecological function to future climate distribution [Loarie et
al., 2009], can provide information on this poorly con-
strained problem.

[6] We used field measurements and remote sensing to
better characterize the patterns of climate, seasonality, and
ET with elevation in the southern Sierra Nevada Mountains.
We established and operated an eddy covariance mesonet of
four matched flux towers at ~800 m elevation intervals from
405 to 2700 m elevation in and around the Upper Kings
River basin. Our goals were to: (1) describe the patterns of
precipitation and temperature with elevation, (2) determine
how the seasonal patterns of whole ecosystem CO, uptake
and evapotranspiration vary with elevation, precipitation,
and temperature, (3) determine how annual ET varies with
elevation, precipitation, and temperature, and (4) determine
the influence of interannual ET variation on the patterns of
Kings River discharge.

2. Methods

2.1. Study Location

[7] Our study focused on the area in and around the Upper
Kings River, which drains the western slope of the Sierra
Nevada east the city of Fresno, California (Figure 1). The
Upper Kings watershed covers 3998 km® from 285 to
4313 m elevation, with a mean elevation of 2328 m. The
19712000 precipitation averaged over the entire watershed
was 968 mm y~'. The Kings drains into Pine Flat Reservoir
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Table 1. Flux Tower Sites
MODIS MODIS
Dominant Tower Tower Elevation = 1970-99 P 1970-99 1970-99 Pixel Pixel
Site Name Vegetation Latitude Longitude (m) (mmyr™)  MinT (°C) Max T (°C) Latitude Longitude

Sierra Climate Gradient Pine, Oak, 37.1087° —119.7313° 405m 513 mm yr ' 9.3° 23.5° 37.109° —119.731°
Oak/Pine Woodland annual grass

Sierra Climate Gradient Ponderosa Pine, Oak 37.0311° —119.2563° 1160 m 805 mm yr~ 5.5° 18.0° 37.031° —119.256°
Ponderosa Pine Forest

Sierra Climate White Fir, 37.0673° —119.1948° 2015m 1015mmyr '  2.7° 14.8° 37.067° —119.195°
Gradient Sierran Pine, Cedar
Mixed Conifer Forest

Sierra Climate Gradient Lodgepole Pine 37.0671° —118.9871° 2700 m 1078 mm yr~' —-1.9° 10.2° 37.067° —118.987°
Subalpine Forest

Southern California Desert perennials 33.6518° —116.3721° 275m 129 mm yr ' 12.9° 28.8° 33.658° —116.374°
Climate and annuals
Gradient Sonoran Desert

Southern California Climate Desert Shrubland 33.6100° —116.4502° 1300 m 313 mm yr~' 8.0° 23.6° 33.612° —116.449°
Gradient Desert Chaparral

Southern California Climate Pinyon, Juniper 33.6049° —116.4547° 1280 m 313 mm yr ! 8.0° 23.6° 33.586° —116.461°
Gradient Pinyon/
Juniper Woodland

Southern California Climate Annual Grassland 33.7365° —117.6946° 470m 408 mm yr ' 9.8° 25.2° 33.756° —117.726°
Gradient Grassland

Southern California California Sage, 33.7343° —117.6959° 475m 408 mm yr ' 9.8° 25.2° 33.755° —117.711°
Climate White sage,
Gradient Coastal Sage Malosma
Shrubland

Southern California Oak and Pine 33.8079° —116.7717° 1710 m 574 mm yr~" 6.3° 22.0° 33.805° —116.774°
Climate
Gradient Oak/Pine Forest

(Figure 1). The 1971-2000 mean discharge (Q) into Pine 2.3. Eddy Covariance Measurements of CO,

Flat was 1.78 million acre feet y~' (2.2 x 10° m®> y~'), Flux and ET

which is equivalent to 549 mm y~ ' averaged over the entire
watershed. Water from the Kings River is fully appropriated
for agricultural and urban use. The Kings River service area
was home to ~750,000 people in 2003 and generated gross
agricultural revenues of ~U.S.$ 3,000,000,000 [Kings River
Conservation District, 2003].

2.2. Methodological Challenges to Understanding
Montane ET

[8] The difficulty of investigating land-atmosphere exchange
in mountainous terrain is widely recognized, and as a result we
adopted three strategies to address or bypass the methodo-
logical challenges: (1) We relied on three types of informa-
tion, micrometeorology, remote-sensing, and river flow
records, which have complementary strengths and weak-
nesses. We used these different forms of information to
independently assess the three main fluxes in the basin’s
hydrological balance (P, ET, and Q), and to crosscheck our
approach and results at both individual sites and across the
entire river basin. (2) We focused our analysis of micro-
meteorological observations on daytime, atmospherically
unstable conditions, and avoided scientific questions that
would have required accurate measures of nocturnal exchange
(e.g., ones related to cumulative net CO, exchange). (3) We
used remotely sensed observations to extrapolate in situ
observations to the basin scale, and relied on an approach that
did not require spatially resolved, detailed information on
meteorological or soil conditions.

[v9] The accuracy of eddy covariance measurements in
mountainous terrain is often questioned due to the increased
likelihood of complex, 3-dimensional atmospheric flow
[Finnigan, 2008]. These problems are most severe at night,
when tall vegetation, clear nights, and topography conspire
to increase cold-air drainage, causing an underestimation of
ecosystem respiration and an overestimation of 24-h and
longer-term carbon uptake [Goulden et al., 1996, 2006;
Aubinet et al., 2010]. Analyses indicate daytime flux mea-
surements in mountainous terrain are not systematically less
reliable than those at comparatively flat sites [Turnipseed et al.,
2002, 2003]. Given the challenges of measuring nocturnal flux
in the mountains, we opted to focus our analysis almost
exclusively on daytime fluxes and hence ET and Gross Eco-
system CO, Exchange (GEE).

[10] We installed four eddy-covariance towers in and
around the Upper Kings River basin during 2008 to 2010
(Figure 1 and Table 1). The sites were located along a west to
east transect at ~800 m elevation intervals beginning at 405 m.
All the sites were on soil developed from granitic parent
material, and had vegetation that had not been disturbed
recently and that was typical for the elevation. The selection of
sites also weighed logistical considerations, including access,
research permit availability, and micrometeorological
suitability.

[11] The measurements were made near the tops of small-
triangular-cross-section aluminum or steel towers that extended
5 to 10 m above the tallest trees (see Goulden et al. [2006] for
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methodological details). Power was supplied by solar panels.
The eddy covariance fluxes of CO, (Net Ecosystem CO,
Exchange; NEE) and water vapor (Evapotranspiration; ET)
were calculated at half hour intervals from the raw observations
of wind velocity made with a sonic anemometer (Campbell
Scientific CSAT-3) and CO, and water vapor density made
with a closed-path Infrared Gas Analyzer (LiCor LI7000). Air
temperature and other meteorological conditions were mea-
sured and averaged at half-hour intervals. Observations from
six additional sites along a climate gradient in Southern Cali-
fornia (Table 1) were used to establish a relationship between
the Normalized Difference Vegetation Index (NDVI) and
annual ET. The measurements at the Southern California sites
were made and analyzed using methods that were identical to
those used in the Sierras.

2.4. Calculation of Seasonal Patterns and Annual Rates
of GEE and ET

[12] The half-hour eddy covariance time series were filtered
to remove calm periods (observations with a friction velocity
(u*) less than 0.3 m s~ ') [Goulden et al., 1996]. The half-
hourly GEE was calculated as the difference between observed
NEE and the respiration determined over 30-day periods.
Respiration was determined as the y-intercept of a rectangular
hyperbola fit to the half hour NEEs during windy periods with
incoming solar radiation (K) less than 200 Wm~2,

[13] We used the energy budget closure to confirm that our
daytime observations were not systematically less accurate
than those reported for lowland, comparatively flat sites. The
energy budget closure was determined as the linear regres-
sion forced through the origin for half-hourly observations
during windy periods. The energy budget closure was 84% at
the 405-m site, 75% at the 1160-m site, 85% at the 2015-m
site, and 70% at the 2700-m site, which is typical of that
reported for eddy covariance at comparatively more ideal
sites [Wilson et al., 2002; Foken, 2008; see also Turnipseed
et al., 2002, 2003]. ET and GEE were subsequently cor-
rected for the lack of energy budget closure at each site
[Twine et al., 2000].

[14] Cumulative water-year (October 1 to September 30)
ET and Gross Primary Production (GPP; the annual cumu-
lative GEE) were calculated by integration after filling
intervals with missing, calm, or otherwise unsuitable obser-
vations as a function of K [Goulden et al., 1996, 2006,
Moffat et al., 2007]. Missing ET observations were filled as
a linear function of K, and missing GEE as a nonlinear
function of K. The incidence of missing observations varied
seasonally, with more missing observations in the winter due
to inadequate battery charging [Goulden et al., 2006]. For
example, 91% of the daylight periods in May through
October 2011, and 63% of the daylight periods in January
through April and November through December 2011, had
usable eddy-covariance flux observations at the 2015-m site.
The uncertainty associated with filling missing observations
as a function of environmental conditions is typically minor
[Goulden et al., 1996; Moffat et al., 2007], and the impact
was further mitigated by the comparatively low rates of ET
during the winter. The seasonal patterns of GEE and ET
were determined by averaging the filled time series for
individual half-hour intervals across 30-day periods and then
summing over 24 h.

GOULDEN ET AL.: SIERRA NEVADA EVAPOTRANSPIRATION
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2.5. Species Composition and Canopy Structure

[15] Plant species composition was determined at each
tower site by in situ survey in 200-m by 50-m plots oriented
into the dominant wind direction, with 150-m upwind and
50-m downwind. Plant cover and canopy height were deter-
mined at each flux tower site by aircraft LIDAR in 200-m by
100-m plots oriented into the dominant wind direction, with
150-m upwind. LIDAR observations were collected by the
National Center for Airborne Laser Mapping (http:/www.
ncalm.cive.uh.edu/) in August 2010. LIDAR observations
were processed to separate 1-m resolution bare earth and first
return raster images (https:/snri.ucmerced.edu/CZ0O/data.
html), and canopy height was calculated by difference.
Fractional canopy cover was calculated as the proportion of
pixels with a canopy height greater than 2 m.

2.6. Normal Precipitation and Air Temperature

[16] The 30-year normal precipitation and temperature was
examined for the reporting weather stations on the west slope
of the Sierras within 1 degree latitude and longitude of our
study area (~110 km). The Normals from both the National
Climate Data Center (NCDC) and the Western Regional
Climate Center (WRCC) were examined, since these two
sources provide slightly different types of information. The
altitudinal patterns of precipitation (P) and air temperature
(T) were determined with the NCDC 1981-2010 Normals,
while the seasonal pattern of precipitation was determined
with the WRCC 1981-2010 Normals. The length of the dry
season was defined as the duration between the 95th and 5th
percentiles of normal water year cumulative precipitation.
Both sets of normals were obtained from the WRCC (http://
www.wrcc.dri.edu/Climsum.html; NCDC Normals down-
loaded Nov. 21, 2011; WRCC Normals downloaded Dec. 1,
2011). There was partial but not complete overlap between the
sites used for the NCDC and WRCC analyses. The following
stations were used for either or both analyses: Ash Mountain,
Auberry 1 Northwest, Balch Power House, Big Creek Phase 1,
Cherry Valley Dam, Corcoran Irrigation District, Coarsegold 1
Southwest, Five Points 5 Southsouthwest, Fresno Yosemite
Airport, Friant Government Camp, Grant Grove, Hanford 1
South, Hetch Hetchy, Huntington Lake, Lemon Cove, Lind-
say, Lodgepole, Madera, Meadow Lake, North Fork Ranger
Station, Pine Flat Dam, South Entrance Yosemite National
Park, Visalia, Yosemite Park Headquarters.

2.7. Extrapolating ET With Remote Sensing

[17] Many approaches are available to spatially extrapo-
late ET based on remotely sensed observations [Li et al.,
2009; Glenn et al., 2008]. These strategies may be divided
into two categories: (1) Physically based methods, which use
either remotely sensed surface temperature and an analysis
of the surface energy budget [e.g., Bastiaanssen, 2000], or
reflectance-derived surface biophysical properties and an
approach such as the Penman—Monteith equation [e.g., Mu
et al., 2011]. (2) Regression methods, which directly apply
an empirical relationship between remotely sensed Vegeta-
tion Indices (VIs) and observations of ET [Glenn et al.,
2010].

[18] In the long term, many researchers feel physically
based ET methods will prove superior, since they have a
strong theoretical basis and, given an accurate representation
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of the surface, provide an accurate extrapolation of ET. In
the short term, physically based approaches are subject to
disadvantages that may limit their usefulness in mountainous
terrain. Physically based approaches require spatially
resolved meteorological inputs, such as radiation, tempera-
ture, humidity, wind speed, and precipitation, which may
vary markedly over small distances with elevation and
aspect. Extrapolation of montane meteorological conditions
to fine scale may be highly uncertain due to this heteroge-
neity, as well as inadequate understanding of montane
boundary layer development and sparse in situ meteorolog-
ical data. Similarly, soil conditions may be poorly charac-
terized in the mountains, and properties such as soil water
holding capacity and rooting depth may vary markedly with
topography.

[19] Regression approaches do not require inputs beyond
the observed VlIs, and are not impacted by the lack of
accurate spatially resolved meteorological and soil infor-
mation. Moreover, several considerations call into question
the assumption that physically based strategies are inher-
ently better than regression approaches. ET algorithms are
subject to equifinality constraints [Beven, 2006]; complex
approaches will not necessarily outperform simple, regres-
sion strategies [Glenn et al., 2010]. Additionally, feedbacks
associated with resource optimization theory [Field, 1991]
may cause a stronger relationship between a VI and ET than
could be predicted based solely on the physical controls on
ET [Glenn et al., 2010]. In semi-arid regions, a site’s water
balance, Leaf Area Index (LAI), primary production, and
annual ET are tightly correlated through a series of feed-
backs [Grier and Running, 1977; Gholz, 1982]. A high LAI
both drives a high annual ET and is symptomatic of a loca-
tion with a high ET. In turn, LAI is well correlated with the
Normalized Vegetation Difference Index (NDVI) [Carison
and Ripley, 1997], creating a tight relationship between
NDVI and ET. Previous studies have confirmed an extraor-
dinarily strong correlation between annual ET and NDVI
across semi-arid landscapes [Groeneveld et al., 2007].

[20] Based on these considerations, we investigated the
relationships between annually integrated eddy-covariance
ET and observations collected by the MODerate resolution
Imaging Spectroradiometer (MODIS). We compared tower-
based ET to the annually integrated MODIS ET product
(MOD16A2 Collection 5) [Mu et al., 2011], the snow-free
annual average NDVI (MYD13Q1 Collection 5) [Huete et al.,
2002], and the snow-free average Enhanced Vegetation Index
(EVI). MOD13 and MOD16 time series were downloaded
from the Oak Ridge National Laboratory Distributed Active
Archive Center for Biogeochemical Dynamics (ORNL
DAAC; http://daac.orl.gov/MODIS/; downloaded Feb. 24,
2012). The area of homogenous vegetation around the flux
tower at some sites was too small to provide a reliable MODIS
target, and MODIS observations for a nearby, larger patch of
similar vegetation were used in these cases (i.e., the MODIS
pixels in Table 1). The 16-day MOD13 and 8-day MOD16
data were downloaded for each tower’s MODIS pixel and
summed or averaged for each water year.

[21] We found annually integrated MOD16 was poorly
correlated with in situ ET, especially for montane forest
(Figure 2a). The magnitude of MOD16 ET averaged across
all the sites was in rough agreement with the average
observed in situ. But the sites with the highest in situ ET
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(Oak/pine forest and Sierra mixed conifer forest) had com-
paratively low rates of MOD16 ET. The poor agreement
presumably reflects erroneous meteorological or biogeo-
physical inputs to the MOD16 algorithm. Given that similar
inputs are required for other physically based ET approa-
ches, and that the development of spatially resolved meteo-
rological or soil inputs in montane landscapes is particularly
challenging, we conclude additional evaluation is needed
before these methods can be reliably applied to the Sierra
Nevada.

[22] In contrast, the much simpler approach of regressing a
VI against in situ ET performed well. Both NDVI and EVI
were well correlated with ET, with a marginally tighter
correlation observed for NDVI (1% = 0.9154; Figure 2b). The
montane sites (Oak/pine forest, Ponderosa pine forest, Sierra
mixed conifer forest, and Subalpine forest) were not anom-
alous relative to the lowland sites. Both VIs saturated at high
ET, where incremental increases in ET were associated with
progressively smaller increases in NDVI or EVI. Neither VI
responded consistently to the reduced rates of ET in 2007,
which was an extraordinarily dry year. Moreover, we
emphasize that our regression approach is unsuitable for
quantifying the day-to-day or seasonal patterns of ET, when
meteorological conditions and plant phenology play domi-
nant roles, and a more physically based approach is required.

2.8. Spatial Patterns of P, ET, and P-ET

[23] We combined existing spatially resolved information
on precipitation with MODIS NDVI observations to estimate
the P, ET and P-ET for the entire Upper Kings watershed.
Gridded monthly P calculated using the Parameter-elevation
Regressions on Independent Slopes Model (PRISM) was
obtained for 2002 to 2010 at 2.5-arcmin (0.04167°; ~4 km)
resolution, and for the 1971 to 2000 normal at 30-arcsec
(0.0083°; ~800 m) resolution [Daly et al., 1994] (PRISM
Climate Group, Oregon State University; http:/prism.
oregonstate.edu, downloaded Nov. 9, 2011). The monthly
2.5-arcmin PRISM images were then summed for each water
year (October to September).

[24] Gridded ET was calculated from the water-year mean
NDVIs obtained by the Aqua satellite MODIS. MODIS
imagery for the Kings River watershed was obtained from
the ORNL DAAC (http://daac.ornl.gov/MODIS/; MYD13Q1
Collection 5; in geographic coordinates at 0.002083° reso-
Iution, downloaded Oct. 16, 2011). NDVI data were filtered
to include only the highest quality observations (pixel reli-
ability = 0) for day of (calendar) year (DOY) 0-201 and 265—
365. A pixel reliability of 0 or 1 was used for DOY 201-265
(these late summer periods were reliably cloud free and
largely snow free). NDVI was averaged for each water year,
and ET was calculated based on the regression between
annual NDVI and ET (Figure 2b). The relationship between
NDVI and ET is almost certainly driven by the transpira-
tional component of ET [Glenn et al., 2010], and it will
underestimate ET for evaporation-dominated locations,
such as lakes or reservoirs, and possibly also sublimation-
dominated locations.

[25] Gridded P-ET was calculated by difference between P
and ET on a pixel by pixel basis at 0.002083° resolution.
Annual runoff was calculated for individual water years
using the corresponding 2.5-arcmin PRISM records. All
spatial analyses were done for the entire Upper Kings River
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Figure 2. (a) Annual total ET (mm yr ') across 8 sites and 19 site years as a function of annual mean
integrated water year ET based on the MODIS ET product (MOD16; (MODI16 was unavailable for
2010 and 2011 water years); solid line indicates 1:1). (b) Annual total ET (mm yr~') across 10 sites
and 37 site years as a function of annual mean Normalized Difference Vegetation Index (NDVI; dimen-
sionless). Drought years (circled) are 2007 for Southern California sites, when Precipitation was extra-
ordinarily low. The best fit regression for all years was ET = 101.49 * @6833"™NDVD (R2 = (0 9154),

watershed, as demarcated by the United States Geologic
Survey 8 Digit Watershed Boundary Data set (http://data-
gateway.nrcs.usda.gov/; downloaded April 6, 2011). Eleva-
tion was based on the National Elevation Data set at 30-m
resolution obtained from the U.S. Department of Agriculture
Natural Resources Conservation Service Geospatial Data
Gateway (http://datagateway.nrcs.usda.gov/; downloaded
April 7, 2011). The spatially gridded P, ET, and P-ET were
subsequently divided into 200-m elevation bins and the
corresponding minimum, maximum, mean, and standard
deviation calculated.

[26] We did not attempt a rigorous uncertainty analysis of
NDVI-based ET, PRISM P, or P-ET. It is unlikely the
uncertainty of either P or ET is less than £10 to 15%, given
the variety of possible errors. The uncertainty of P-ET is
probably greater, since it is the residual of larger terms.

[27] The interannual patterns of water year P, ET, and P-
ET averaged across the entire watershed were compared
with the unimpaired runoff into Pine Flat Reservoir summed
for corresponding periods. The Pine Flat inflow record was

6 of

obtained from the California Data Exchange Center (http://
cdec.water.ca.gov/; Kings River - Pine Flat Dam Full
Natural Flow; downloaded Nov. 10, 2011).

3. Results

3.1.

[28] The Kings basin experiences a montane Mediterra-
nean climate; more than 90% of precipitation falls from late
October to mid-May and the summer is reliably dry (WRCC
Normals; data not shown). Most of the precipitation occurs
during large frontal storms that move off the Pacific Ocean
from west to east. Precipitation increases rapidly with ele-
vation to ~500 m, and more gradually at higher elevations
(NCDC Normals; plot not shown; P(mm) = 107.7 + 1338 *
(elevation(m)/(656 + elevation(m)); r* = 0.947). The period
without appreciable precipitation is slightly longer at lower
elevations, which may remain dry during weak late-season
storms. On average, a site at 400-m elevation has a 172-day
dry season and a site at 2000 m has a 156-day dry season

Altitudinal Patterns of Climate and Vegetation

13



G03028

GOULDEN ET AL.: SIERRA NEVADA EVAPOTRANSPIRATION

G03028

Gross CO, uptake (kg C ha” d'1)

ET (mmd™)

Date

Figure 3. Seasonal patterns of (a) gross CO, uptake (GEE) and (b) ET at the flux tower sites. Lines connect

averages at 30-day intervals.

(WRCC Normals; data not shown). Areas above 2500 m
receive most precipitation as snow; areas from 1500 to
2500 m receive a mix of snow and rain; areas below 1500 m
receive mostly rain [Bales et al., 2011].

[29] The daily mean air temperature at the top of the 2015-m
tower was 2.6°C in winter and 17.2°C in summer. The sea-
sonality of temperature was independent of elevation: the
temperature at all sites varied in parallel, indicating a nearly
constant atmospheric lapse rate. The average atmospheric
lapse between the eddy covariance towers was —5.3°C km ™"
in 2011 (plot not shown; Tower T (°C) = —0.00530 * eleva-
tion (m) + 20.21; R* = 0.999). The lapse calculated from the
NCDC Normals was —5.1°C km~' (Normal T (°C) =
—0.00510 * elevation (m) + 18.28; R? = 0.946).

[30] Large changes in vegetation type and density
occurred with elevation (data not shown). The 405-m site
was an open savanna with a continuous cover of annual
grasses and 25% pine and oak cover. The 1160-m site was a
lower montane forest with 63% ponderosa pine and oak
cover. The 2015-m site was a mid-montane forest with 53%
white fir and pine cover. The 2700-m site was an open
subalpine forest with 31% lodgepole pine cover.

3.2. Seasonal Patterns of Canopy Gas Exchange
With Altitude

[31] Gross Ecosystem CO, Exchange (GEE) is a measure
of whole-forest photosynthesis; increasing GEE indicates
increasing photosynthesis (Figure 3a). GEE at 405 m peaked
in late spring (March to May) and declined markedly in
summer (July to September). GEE at mid-elevation (1160
and 2015 m) continued year-round, with modest declines

during the winter (November to March) and late drought
(September to October). GEE at 2700 m peaked in summer
and early fall (May to October) and ceased in winter and early
spring. ET represents the sum of transpiration, evaporation,
canopy interception and sublimation. Transpiration is tightly
linked with GEE through leaf gas exchange, and the seasonal
ET differences with elevation were similar to, though less
pronounced than, the patterns observed for GEE (Figure 3b).

[32] The seasonal patterns and rates of ET and GEE were
generally similar between 1160 and 2015 m despite a large
difference in precipitation form. Both sites showed year-
round gas exchange despite a transition from rain dominated
precipitation at 1160 m and the absence of a lasting snow-
pack, to mixed precipitation at 2015 m and a snowpack that
often lasted until late May.

[33] A phenological threshold occurred between 2015 m,
where CO, uptake continued year-round, and 2700 m, where
CO, uptake ceased in winter (Figure 3a). This shift was
associated with the development of plant dormancy and not
the immediate limitation of cold on leaf gas exchange
(Figure 4). The net CO, uptake at 2700 m during well-
illuminated winter periods was consistently negative (i.e.,
a net loss of CO; to the atmosphere). The site did not have an
appreciable photosynthesis rate during the winter, even on
unusually warm days. In contrast, the 2015-m site remained
capable of photosynthesis throughout the winter. The net
CO, uptake at 2015 and 2700 m showed similar temperature
dependence in summer. The transition from a year-round
growing season at 2015 m to winter dormancy at 2700 m
coincided with a between-site mean daytime temperature
difference of 3.8°C (Figure 4).
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Figure 4. Relationship between air temperature and net ecosystem CO, uptake (lines connecting
averages for 2° bins; positive fluxes indicate greater ecosystem CO, uptake) during sunny (incoming solar
radiation greater than 200 W m~2) winter (December 10 through March 30) and summer (June 8 through
November 20) periods at the two highest elevation sites. The filled circles indicate the mean air tempera-
ture at each site during sunny periods in the corresponding season.

3.3. Altitudinal Patterns of ET

[34] Annual ET measured by eddy covariance was greatest
at 1160 and 2015 m, and was 35% lower at 405 m coincident
with less P, and 40% lower at 2700 m coincident with colder
temperatures (Figure 5). Gross Primary Production showed a
similar trend with elevation, as would be expected based on
the tight leaf-level coupling between transpiration and pho-
tosynthesis [Chapin et al., 2002].

3.4. Altitudinal Patterns of ET and P-ET
by Remote Sensing

[35] PRISM Precipitation was well correlated with eleva-
tion, showing a strong increase from west to east with
increasing altitude (Figures 6a and 6b). PRISM precipitation

was reduced in some of the eastern sections of the watershed,
even at higher elevation, presumably because of rain sha-
dowing. We combined the empirical NDVI-ET relationship
(Figure 2b) with MODIS imagery to calculate gridded
records of annual ET for 2003 to 2011 over the entire Upper
Kings watershed (Figure 6¢). NDVI-based ET peaked at mid-
elevation, with moderately high ET at the lowest elevations
in the western part of the basin and very low rates of ET in the
highest, eastern regions. We combined ET on a pixel by pixel
basis with the corresponding precipitation based on the
PRISM approach (Figure 6b) to calculate P-ET (Figure 6d).
P-ET was consistently low in the western, lower parts of the
basin, and greatest in the eastern, high elevation reaches.
[36] P-ET extrapolated to the entire watershed agreed
remarkably well with the corresponding discharge (Q) into

800 [
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300 1 ] Tower-based ET (2009-11)
— — — Mean GPP
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Figure 5. Relationships between elevation, evapotranspiration (ET; mm y'; filled squares show values
for individual water years and solid lines connect averages), and gross primary production (GPP; gCm 2y ';

1

positive fluxes indicate CO, uptake by the land surface; dashed lines connect averages) determined by

annually summing GEE.
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Figure 6. Upper Kings River basin with Pine Flat Reservoir (in blue) at the southwestern edge. (a) Ele-
vation in m above sea level (0 m in red to 4314 m in dark violet). (b) Precipitation 30-year climatology
(1971 to 2000 PRISM Normal; 0 mm y ' in red to 1545 mm y~ ' in dark violet). (c) Average (2003 to
2011) evapotranspiration calculated from NDVI (0 mm y~' in red to 1010 mm y ' in dark violet).
(d) P-ET calculated as Figure 6b minus Figure 6¢ (—245 mm y ' in red to 1370 mm y ! in dark violet).

Pine Flat Reservoir (Figure 7), though this may be partly
fortuitous given the uncertainty in P-ET. The mean 2003—11
P for the entire watershed was 984 mm y ' and the mean ET
based on NDVI was 429 mm y ', yielding a P-ET of
554 mmy ', which is quite close to the 2003—11 full natural
flow into Pine Flat of 563 mm y~'. The NDVI-based ET was
nearly constant from year to year, ranging from 413 mm y '
in 2008, which was a drier than average year following an
extraordinarily dry year, to 451 mmy~ " in 2011, which was
a very wet year following a wetter than average year. The
interannual patterns of ET were similar to those observed at
the 2015-m flux tower site. ET at 2015 m increased 8% from
2009 to 2011 (Figure 5) coincident with increasing P
(Figure 7), while NDVI-based ET for the entire basin
increased 9% (Figure 7).

[37] The NDVI-based ET showed an altitudinal pattern
that was similar to that observed in situ (Figures 8 and 5).
NDVI-based ET peaked at 1600 to 1800 m and was reduced
at both higher and lower elevation. The PRISM-based P
showed a steady rise with elevation, with some leveling off
in the 2000 to 3500-m range, and an increase in P at the
highest elevations. The P at these highest elevations is very
uncertain due to a lack of observations, though this

uncertainty is unlikely to affect our analysis since this ele-
vation accounts for a small fraction of the watershed. P and
ET increased in tandem up to 1700 m, resulting in a low and
constant P-ET. P-ET increased by 660 mm y ' from 1700 m
to 3500 m, with 80% of this increase attributable to declin-
ing ET and the remaining 20% to increasing P.

4. Discussion

4.1.

[38] Montane landscapes provide one key advantage for
investigating large-scale hydrology. The lower boundary of
montane watersheds is often well-sealed, which limits dis-
charge to groundwater. Additionally, the rate of surface flow
is often well characterized using river gauges and reservoir
level. Discharge to groundwater in the Upper Kings River
basin is thought to be minor, as a result of the underlying
granite batholith. Our strategy allowed a series of cross-
comparisons between largely independent measures. In par-
ticular, we were able to: (1) Confirm that eddy-covariance
and remote-sensing provided qualitatively similar patterns
of ET with elevation (Figures 5 and 8). (2) Confirm that
total ET calculated for the Upper Kings Basin based on

Crosschecks
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resolved raster values similar to those in Figure 6 for individual water years.

remote sensing was quantitatively similar to that calculated
by the difference between P and Q (Figure 7). (3) Confirm
that interannual ET variability calculated for the Upper Kings
Basin based on remote sensing was qualitatively similar to
that calculated for the basin by the difference between P and
Q (Figure 7). The crosschecks markedly increased our con-
fidence in the results.

4.2. Patterns of Climate and Seasonality
With Elevation

[39] The altitudinal patterns of precipitation, temperature,
plant species composition, and vegetation structure were
similar to previous reports [Major, 1988; Urban et al., 2000;

Barbour et al., 2007]. Precipitation increased rapidly with
elevation to ~500 m (NCDC and WRCC Normals), and
more gradually at higher elevations (NCDC and WRCC
Normals; Figure 8), a pattern typical of the Sierra Nevada
[Major, 1988; Armstrong and Stidd, 1967]. Likewise, the
relatively shallow atmospheric lapse rate (—5.3°C km™') is
similar to that reported previously for the area [Major,
1988].

[40] Our observations of the seasonality and duration of
CO, uptake and ET provide evidence that the first two
hypotheses are over simplifications. We found that growing
season length increased from 405 m to 1160 m, and that
mid-elevation sites were photosynthetically active year-
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x
)
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Figure 8. Relationships between elevation and P (mm y ™~ '; filled circles; 1971 to 2000 PRISM Normal),
ET (mm y'; open circles; 2003 to 2011 NDVI-based regression), and P-ET (mm y'; inverted filled tri-

angles; calculated). The elevation trends were calculated by binning and averaging the raster values in
Figure 6.
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round (Figures 3 and 4), contradicting Hypothesis #l
(growing season length remains constant (or decreases) with
increasing elevation), with the main discrepancy a result of
the year-round growing season at mid-elevation. Likewise,
we found high rates of CO, uptake earlier in the water year
at mid-elevation than at low elevation (Figure 3), contra-
dicting Hypothesis #2 (the growing season is temporally
offset, with a progressively later start at increasing eleva-
tion), with the main discrepancy again at mid-elevation. The
year-round growing season at mid-elevation reflected two
phenomena that we feel have been underappreciated: the
mid-elevation sites experienced only minor cold limitation
in winter, and the mid-elevation sites largely escaped sum-
mer drought.

[41] The lack of strong cold limitation at 2015 m is
attributable to physiological adaptations or acclimations that
allow high rates of evergreen photosynthesis at an air tem-
perature of just 5°C (Figure 4). The forest at 2015 m main-
tained higher rates of photosynthesis at lower temperatures
than have been reported for other evergreen forests [Yuan
et al., 2011], and also than would be expected based on a
commonly used parameterization for photosynthesis
[Farquhar et al., 1980]. Previous discussions failed to
appreciate the potential for high rates of photosynthesis
within just a few degrees of freezing (but see Waring and
Franklin [1979]), and may have misinterpreted the pres-
ence of a deep snowpack and deciduous leaf drop at mid-
elevation as evidence of evergreen dormancy.

[42] The phenological transition from winter-active ever-
greens at 2015 m elevation to winter-dormant evergreens at
2700 m coincided with a reduction in mean daytime tem-
perature of 3.8°C (Figure 4). The phenological transition
was accompanied by an almost complete turnover of plant
species composition. The marked species turnover in this
elevation range has been described before and attributed to
the location of the mean storm snowline [Barbour and
Minnich, 2000; Royce and Barbour, 2001a, 2001b]. We
propose an alternative hypothesis: the modest winter day-
time temperature decline from 6.3°C at 2015 m to 2.5°C at
2700 m crossed the threshold between a climate that favored
winter activity and one that favored dormancy (Figure 4).
This caused a large turnover of canopy species composition,
with a shift from winter active species such as white fir to
winter dormant species such as lodgepole pine.

[43] The lack of strong drought limitation at the mid-
elevation sites was not attributable to water storage in the
snowpack; we did not observe a major difference in season-
ality between 1060 and 2015 m despite a large difference in
precipitation form and snowpack duration. Instead, we attri-
bute the lack of mid-elevation drought limitation to deep
rooting. Less than 2 mm of precipitation fell near the 2015-m
site during a 154-day period in summer 2010, and the
464 mm cumulative ET during this period (Figure 3) was
withdrawn from the soil. The soil at 2015-m was coarse, and
plant available water was 0.10 to 0.20 cm® cm > [Bales et al.,
2011], implying a rooting depth of 2.5 to 5 m. The impor-
tance of deep rooting is well known for California ecosys-
tems such as chaparral and oak woodland [Hellmers et al.,
1955; Griffin, 1973; Goulden, 1996], and it comes as no
surprise that montane forest relies on a similar strategy
[Arkley, 1981; Hubbert et al., 2001; Rose et al., 2003].
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4.3. Interannual Patterns of Kings River Basin P, ET,
P-ET, and Q

[44] Watershed ET was comparatively constant from year
to year; P drove interannual P-ET variability, with modest
hysteresis presumably caused by interannual soil storage
changes (Figure 7). The dominance of interannual P as a
driver of interannual Q, and the finding that interannual Q
variation is proportionally greater than interannual P varia-
tion, were previously recognized [Risbey and Entekhabi,
1996].

[45] The consistency of Upper Kings basin ET from year
to year is supported by three pieces of evidence: the tower-
based ET at 2015 m was similar across the three years of
observations (Figure 5); the NDVI-based calculations of ET
varied little from year to year (Figure 7), and the difference
between PRISM P and Pine Flat Q was relatively constant
from year to year (Figure 7) [see also Lundquist and
Loheide, 2011]. The Upper Kings water balance may be
summarized with a few simple hypotheses. ET varies little
from year to year despite large P variation. The interannual
ET constancy may be attributed in part to deep rooting,
which allows montane vegetation access to large soil water
reservoirs and buffers interannual P variability. Interannual
Q variation is closely related to P-ET variation, with modest
hysteresis associated with changes in soil water storage. The
constancy of ET amplifies the effect of P variation on Q,
such that the proportional change in P-ET between years is
greater than the proportional change in P alone.

4.4. Patterns of ET With Elevation

[46] Annual ET measured by eddy covariance and also
calculated from NDVI showed a peaked distribution, with a
maximum at mid-elevation and declines at high and low
elevation (Figures 5 and 8). The declining ET above 2015 m
is consistent with the decreasing P-Q reported at higher ele-
vations in the American [Armstrong and Stidd, 1967], Merced
[Lundquist and Loheide, 2011], and Kings [Hunsaker et al.,
2012] River basins in the Sierra Nevada. We are unaware of
comparable analyses of the altitudinal dependence of P-Q at
lower elevations with which to compare our observations.
The increase in ET from 405 to 1160 m elevation indicates
that Hypothesis #3 (annual ET remains roughly constant (or
decreases) with increasing elevation due to a constant (or
decreasing) growing season length) is an oversimplification.
The peaked shape of ET and GPP with elevation parallels
growing season length; growing season was longest at mid-
elevation (Figure 3). The divergence between our findings
(Figure 5) and the premise of a systematically decreasing ET
with elevation (Hypothesis #3) reflects previous expectation
that both cold and drought curtail mid-elevation gas exchange.

[47] The density and stature of the vegetation and the
maximum rates of CO, uptake and ET in summer were all
greatest at mid-elevation (Figure 5). We suspect these trends
reflect slow, biological feedbacks between GPP and canopy
structure that amplify the effect of growing season length on
gas exchange. The climatic conditions at mid-elevation
allow year-round photosynthesis, which results in increased
GPP and allocation to plant growth. Increased plant growth
results in a higher Leaf Area Index (LAI) and possibly
increased root density, which should enhance mid-summer
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CO, uptake. The limitations imposed by drought at lower
elevations and cold at higher elevations result in negative
feedbacks that decrease LAIL Hence, we expect many eco-
system properties will also show a peaked pattern with ele-
vation, in part due to feedbacks that amplify the physical
climatic constraints [Chapin et al., 2002].

[48] The sharp drop-offin ET above 2000 m was attributed
to the phenological transition to winter dormancy with
moderately colder winter temperatures, and associated feed-
backs that decrease plant density and LAI. This threshold
raises the possibility of a large increase in ET in the 2000 to
3000 m range with climate change. The climate in the
southern Sierra Nevada is projected to warm 3°C by 2070-99
[U.S. Bureau of Reclamation, 2011]. The atmospheric lapse
around the Kings was —5.3° km ™', and a 3°C warming could
move the steady state vegetation distribution upslope by 550
to 600 m, assuming the biogeography is controlled exclu-
sively by temperature. Climatic warming at 2700 m would be
expected to decrease the local limitation imposed by cold,
and expand the growing season length (Figures 3 and 4).
Species already at the site that are able to capitalize on
warmer winter temperatures may increase in importance, and
species that are currently restricted to lower elevations may
become established. With time, species composition would
be expected to shift toward plants that are capable of a year-
round growing season, and the density of the canopy (LAI)
would be expected to increase. The vegetation at 2700 m may
ultimately resemble that currently found at 2015 m, with a
corresponding local ET increase of up to 60% (Figure 5) and
a concomitant decrease in P-ET (Figure 8).
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