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Abstract. Precipitation variability and complex topography water balance closure for the catchment was within 22 mm.
often create a mosaic of vegetation communities in moun+luxes of latent heat and carbon for all sites were minimal
tainous headwater catchments, creating a challenge for meaghrough the winter. Growing season fluxes of latent heat and
suring and interpreting energy and mass fluxes. Understandzarbon were consistently higher above the aspen canopy than
ing the role of these communities in modulating energy, wa-from the other sites. While growing season carbon fluxes
ter and carbon fluxes is critical to quantifying the variability were very similar for the sagebrush and aspen understory, la-
in energy, carbon, and water balances across landscapes. Ttent heat fluxes for the sagebrush were consistently higher,
focus of this paper was: (1) to demonstrate the utility of eddylikely because it is more exposed to the wind. Sensible heat
covariance (EC) systems in estimating the evapotranspiraflux from the aspen tended to be slightly less than the sage-
tion component of the water balance of complex headwatebrush site during the growing season when the leaves were
mountain catchments; and (2) to compare and contrast thactively transpiring, but exceeded that from the sagebrush in
seasonal surface energy and carbon fluxes across a headwakéay, September and October when the net radiation was not
catchment characterized by large variability in precipitation offset by evaporative cooling in the aspen. Results from this
and vegetation cover. Eddy covariance systems were used t&tudy demonstrate the utility of EC systems in closing the
measure surface fluxes over sagebrusitiefmesia arbuscula water balance of headwater mountain catchments and illus-
andArtemesia tridentada vaseyanaspen Populus tremu-  trate the influence of vegetation on the spatial variability of
loideg and the understory of grasses and forbs beneath theurface fluxes across mountainous rangeland landscapes.
aspen canopy. Peak leaf area index of the sagebrush, aspen
and aspen understory was 0.77, 1.35, and 1.20, respectively.
The sagebrush and aspen canopies were subject to similﬁr
meteorological forces, while the understory of the aspen was

sheltered from the wind. 'Mlssmg periods of mellasured dataf\/lountainous headwater catchments often display consider-
were common and made it necessary to extrapolate measuregh|o yarianility in soils, geology, vegetation and precipita-

fluxes to the missing periods using a combination of Meajo,  This variability translates to variability in surface en-
sured and simulated data. Estimated cumulative evapotrar oy anq mass fluxes across these catchments. Understand-
spiratation from the sagebrush, aspen trees, and aspen “”d?ﬁg the role of different vegetation communities in modulat-

story were 384 mm, 314mm and 185mm. A water balanceing energy, water and carbon fluxes is critical to quantify-

of the catchment indicated that of the 699 mm of areal aver—Ing the energy flux, carbon storage, and water balances of

age precipitation, 421 mm was lost to evapotranspiration, anghege headwater mountain catchments. Because the patch-

254mm of streamflow was measured from the catchmenty, . of vegetation communities within the catchment can

represent a range of water and carbon flux capacities, it is
difficult to estimate catchment-wide fluxes. If we know the

Correspondence tdS. N. Flerchinger spatial distribution of vegetation that make up this patch-
m (gerald.flerchinger@ars.usda.gov) work, then a comparison of measured surface fluxes from the
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dominant vegetation communities can provide a frameworkal., 1997; Constantin et al., 1999; Blanken et al., 2001; Wil-
for quantifying the balance and net energy and mass fluxeson et al., 2000; Scott et al.,, 2003; Jarosz et al., 2008).
within these catchments. Marks et al. (2008) presented an analysis of the snow cover
Eddy covariance (EC) systems have gained popularity agnergy and mass balance (including sublimation) showing
a means to measure the surface energy, water and carbdhat EC measurements below a pine canopy closely matched
fluxes. However, landscape variability and complex terrainsimulated values and the observed mass balance. Molotch
often necessitate deployment of EC systems at less than ideat al. (2007) used measurements above and below a sub-
sites in order to quantify fluxes in headwater catchmentsalpine forest canopy to partition sublimation of snow from
Complex terrain complicates EC measurements due to pothe snowpack and intercepted snow. Roupsard et al. (2006)
tential violations of stationarity and homogeneity assump-was able to validate understory measurements of evapora-
tions. In the past decade, application of EC to measurdion within a coconut plantation by differencing total evapo-
fluxes of heat, water, and carbon has been extended to motteanspiration (ET) measured above the canopy with sap flow
complex sites. Baldocchi et al. (2000a) evaluated correctiormeasurements of transpiration. Misson et al. (2007) used
terms for measuring CfOexchange above and below a for- 10 sites within the FLUXNET network to demonstrate that
est canopy in complex terrain and concluded thab@@s  while understory EC measurements are problematic at night
exiting the sides of the control volume beneath the forestdue strong inversion layers, measurements during the day-
canopy. Turnipseed et al. (2002, 2003) demonstrated thaime were generally reliable. Reba et al. (2009a,b) presented
closure of the energy balance over a sub-alpine forest in comdata quality parameters of measured sublimation from an as-
plex topography was dependent on friction velocity and thatpen understory that were of high quality in comparison to
the local canopy exerted a greater influence on the statistipublished criteria.
cal measures of turbulence (e.g. roughness lengths, spectral EC applications to understory vegetation are subject to
peaks, turbulent length scales) than did the local topographymuch caution because the underlying hypotheses are gener-
They observed drainage flows near the ground surface simally not valid in conditions typically present in forest under-
ilar to those by Baldocchi et al. (2000a) which biased mea-stories, i.e. low wind speed, strong heterogeneity, and inter-
surements of C@flux, particularly under stable, stratified mittent turbulence. Wilson and Meyers (2001) addressed the
conditions. Kosugi et al. (2007) used three years of EC meaissue of spatial heterogeneity in a forest understory by com-
surements to assess the seasonal and inter-annual variatioparing the variability of three EC systems beneath a decidu-
in sensible and latent heat fluxes of a cypress forest with comeus forest canopy; while a measure of variation in measured
plex topography. Hiller et al. (2008) assessed the quality offluxes was 0.14 for their collocated systems compared to 0.54
EC techniques on an alpine grassland in highly complex terfor systems separated by 30 m, variability between systems
rain using energy balance closure techniques and concludedecreased as the number of half-hour sampling periods used
that data quality was generally more consistent when windto obtain mean fluxes was increased. After 48 h, variation
direction was along the valley axis as opposed to when windslecreased to 0.07 and 0.09, respectively. Energy balance
were transitional. Pomeroy et al. (2003) evaluated surfacelosure represents a powerful test to determine whether the
energy fluxes associated with snow ablation in a mountaineddy flux measurements are representative, which Lamaud
ous subarctic tundra valley. et al. (2001) used to demonstrate the validity of EC measure-
Several studies have been conducted using EC systenmaents in the understory of a pine forest.
that contrast and compare the influence of vegetation type Few studies have used EC systems to quantify the vari-
on energy and carbon fluxes within different vegetation com-ability in surface fluxes within headwater mountain catch-
munities. Baldocchi et al. (2004), for example, contrastedments, nor demonstrated the use of EC systems to close the
the partitioning of the surface energy balance of an oak sawater balance in these mountainous catchments. While Scott
vanna and grassland in response to available soil moisturg2010) did demonstrate the use of EC systems to close the
They found that the grassland senesced and stopped transpirater balance of three semi-arid catchments, each site was
ing earlier than the oak trees due in part to the trees being ableomposed of a single vegetation communtiy and free of the
to tap deeper water sources. By deploying EC systems aboveomplications due to snowcover and the resulting high de-
and below woodland canopies, Scott et al. (2003) and Pacgree of spatial variability of water input across the catchment
et al. (2009) found similar results in the apparent decoupling(e.g., Marks and Winstral, 2001; Marks et al., 2002) The fo-
of the moisture source for the canopy understory versus theus of this paper is twofold: (1) to assess the use and ac-
overstory due also to the trees tapping deeper moisture.  curacy of EC systems in estimating the evapotranspiration
Despite the limitations of EC systems beneath a forest{ET) component of the water balance in a complex headwa-
canopy, several studies have found the method capable dér catchment; and (2) to compare and contrast the seasonal
accurately quantifying fluxes of the forest understory (Bal- surface energy and carbon fluxes across a headwater moun-
docchi et al., 2000b; Marks et al., 2008; Reba et al., 2009b}ain catchment characterized by large variability in precip-
and have partitioned fluxes within the canopy by having sep-tation and vegetation cover. The former uses a novel ap-
arate EC systems above and below the canopy (Blanken giroach to extend the EC measurements to missing periods
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Sagebrush Site (2094 m)
Aspen Site (2049 m)
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Fig. 1. Location map of Reynolds Mountain East Catchment.

in this complex environment. The latter will elucidate the  Spatial variability in precipitation is a dominant feature
roles that the different vegetation types have in modifying of the hydrology within the Reynolds Creek Experimental
the timing and magnitude of the energy and carbon fluxesWatershed and has been documented by many investigators
To accomplish these objectives, EC systems were used t@Johnson and Hanson, 1995; Flerchinger and Cooley, 2000;
measure surface fluxes over sagebrush, aspen and the undétanson, 2001; Marks and Winstral, 2001; Marks et al., 2002;
story of grasses and forbs beneath the aspen canopy. The¥dinstral and Marks, 2002). The 40-year average annual
vegetation communities are ubiquitous throughout the forestsvind-corrected precipitation is 795 mm at the sagebrush site
and intermountain shrub steppe of the Western US (Barbouand 1010 mm measured in a clearing in the aspen stand ap-
and Billings, 2000; Clark et al., 2001). The intermingling proximately 100 m from the aspen EC tower. Dual-gauge
of these communities causes a complex mosaic of vegetatioprecipitation systems especially designed for the windy and
that is a common feature in these landscapes. show-dominated conditions prevalent in the area were used
to measure precipitation (Hanson, 1989; Hanson et al., 1999,
2004). Effective precipitation, modulated by snow drifting
during the winter months, is quite variable over the water-
shed. The exposed ridges and sagebrush areas tend to be
windswept and accumulate approximately a meter of snow

The study area is the Reynolds Mountain East (RME) catchduring the winter_. Conversely, the area immediately _upslope
ment located in the southwestern portion of the Reynold<Cf the aspen typically accumulates 6 m of snow, which sus-
Creek Experimental Watershed (RCEW) operated by thdains thg aspen and fir trees in this topographically-sheltered
USDA Agricultural Research Service, Northwest Watershed2€@ (Fig. 1).
Research Center. RCEW is located in the Owyhee Moun- Three eddy covariance sites were established to monitor
tains of Southwestern Idaho, USA. RME is a 39.0 ha headwafluxes across the RME catchment as part of a long-term study
ter catchment that ranges in elevation from 2024 to 2139 nio characterize the hydrology of this mountainous headwater
a.s.l. (Pierson et al., 2001) (Fig. 1). The catchment is domi-catchment. The wind-exposed sagebrush site was operated
nated by low and mountain big sagebrusitémesia arbus-  from October 2002 until January 2008. Measurements be-
cula and Artemesia tridentada vaseyanand rocky ground low the aspen were initiated in December 2004 and above
covering 69% of the catchment; patches of asgeop@lus  the aspen in February 2007. Analyses of this study focus
tremuloide$ and willow cover 26% and fir covers the re- primarily on 2007 when all three systems were operational,
maining 5% of the catchment area. data for above the aspen were extrapolated to complete the
2007 water year (October 2006 through September 2007).
The sites are representative of the two major landscape units
in the catchment.

2 Materials and methods

2.1 Site description and field measurements
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Vegetation at the sagebrush site consists of about halfvard direction. Post-processing of the 30-min EC data fol-
sagebrush with the remainder consisting of equal amounts dbwed the protocols described by Reba et al. (2009b). They
native grasses and forbs. Vegetation is approximately 60 cntonsisted of sonic temperature correction (Schotanus et al.,
in height with a leaf area index (LAI) of 0.77 based on point 1983), density correction (Webb et al., 1980), and coordi-
frame measurements. The site is a gently rolling ridge topnate rotation (Kaimal and Finnigan, 1994). Soil heat flux
with slope varying from 1 to 3%. The aspen site consists ofmeasured at 0.08 m was corrected for heat storage above the
an aspen grove with an understory of grasses and forbs. Aheat flux plates. Heat stored within the canopy was computed
inventory of the trees in the immediate vicinity (0.20 ha) of from the empirical equation\Sc=C (AT /Ar)+D based on
the EC system indicated a density of 1280 trees/ha with arBlanken et al. (1997) and used in several studies (Arain et al.,
average diameter of 14.6 cm at a height of 1.3m. Average2003; Wu et al., 2007), wher&T is the change in tempera-
height was 9.5m and the maximum tree height was 15 mture over the observed time periad, andC and D account
Stem area index (SAl) of the trunks and limbs based on meafor heat storage characteristics of the trees, shrubs, and air
surements using a light interception instrument (LAI-2000, column within the canopy. Values d@f for the sagebrush,
Li-Cor, Inc., Lincoln, Nebraska) prior to the growing sea- aspen, aspen understory were 1.7, 9.5, and 2.4 J/C, respec-
son was 0.5. Maximum leaf area index (LAI) of the aspentively; D was assumed negligible. For comparison, Arain
measured during the growing season using an LAI-2000 wat al. (2003) used values of 13.5 J/C forand 1.66 W m?

1.35 in August. Understory vegetation measurements indifor D in a black spruce stand with 5900 trees/ha, and Wu et
cated an LAl of approximately 1.2 for the grasses and forbsal. (2007) used value of 16.2 J/C and 1.5 Wior a mixed
which were about 75cm in height. An inventory of the fir forest having a mean canopy height of 26 m. Quality of the
trees located to the south of the aspen grove was also coreC data assessed by energy balance closure was limited to
ducted; LAI of the fir trees measured using the LAI-2000 periods without snow cover because snow temperatures and
was 2.0. energy stored within the snowpack were not available to as-

EC systems used to measure turbulent fluxes consiste8eSSA Ssp.
of a three-dimensional sonic anemometer (Model CSAT3, Wind direction had very little effect on energy balance clo-
Campbell Scientific, Inc., Logan UT) and an open path in-sure for the aspen understory. The above aspen tower was lo-
frared gas analyzer (IRGA; Model LI-7500, LI-COR, Inc., cated near the northeast edge of the aspen grove to maximize
Lincoln, NE) sampled at 10 Hz. The EC systems were lo-fetch. Therefore periods when the wind did not originate
cated at 5m above the ground surface at the sagebrush sitspm the direction of the aspen (17@ 290 from north)
and 4.5m and 19.25 m at the aspen site. Short and long waveere removed from analysis for the above aspen site. The
radiation, air temperature and humidity were collected ev-sagebrush site, located on a gently rolling hilltop, slopes ap-
ery 30 min using a four-component net radiometer (CNR-1,proximately 2.4% to the north and west, 1.8% to the south,
Kipp & Zonen, Delft, The Netherlands), and a temperatureand is level to the east, so energy balance closure was as-
and humidity probe (HMP45C, Viasala, Helsinki, Finland). sessed for each of the cardinal wind directions.

Ground heat flux was measured with up to six heat flux sen- Flux data were filtered for spikes, instrument malfunc-
sors (HFPO1, Hukseflux, Netherlands) installed 0.08-m deegions, and out-of-range signals. Out-of-range water vapor
within the soil and three sets of self-averaging thermocouplesind CQ concentration accounted for approximately 90% of
installed at 0.02 and 0.06-m deep. A single set of soil heathe poor quality data. Data were screened for representative
flux sensors were shared by the understory and above aspgeriods during each month of 2007 when plotted turbulent
sites. Soil moisture used to compute volumetric heat capacitfluxes from the three sites looked reasonable. Composite
of the soil was measured hourly at 0.03 m using Hydra-probéhourly averages were computed for typically 10 to 20 day
Il soil moisture sensors. The understory site also includedperiods within each month. These periods were selected be-
sensors in the soil profile down to approximately 1 m; the cause they had generally complete EC and meteorological
soil moisture profile at the sagebrush site was measured pedtata. Even so, approximately 22% of the hourly values for

riodically to a depth of 1.2 m using a neutron probe. these periods were rejected for the sagebrush and aspen un-
derstory, and approximately 52% for the above aspen site due
2.2 Processing eddy covariance and energy to either data quality or unfavorable wind direction. Data
balance data were not available from the aspen understory site for some

of the months (September, October and December) due to
The surface energy balance can be described by the surfagower supply problems.
energy balance equatiolRn—G—ASsp— ASc=—(H+LE), A footprint analysis was conducted for the three sites sim-
where Ry, is net radiation,G is soil heat flux at the sur- ilar to that developed by Schuepp et al. (1990) and summa-
face, ASsp is the change in heat stored within the snowpackrized by Blanken et al. (2001). Numerous approaches ex-
if present,AS; is change in heat stored within the vegeta- ist for footprint analysis. The method described by Schuepp
tion canopy, andd and LE are turbulent sensible and latent (1990) was chosen for its simplicity and robustness. The up-
heat fluxes. All fluxes are assumed positive in the down-wind horizontal distance exerting the maximum influence on
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flux observation is given by 3 Results
Xmax=¢m(U/u™)[(z —d)/2k] (1) 3.1 Meteorological conditions
wheregn, is the stability correction for momentuma; is fric-  Average meteorological conditions for each month of 2007

tion velocity, z is measurement height, is the zero plane  are plotted for each site in Fig. 2. Total wind-corrected pre-
displacement, taken as 2/3 of vegetation heigfis,the von  cipitation measured during 2007 was 704 mm at the sage-
Karman constant ant is height-averaged wind speed given prysh site and 759 mm at the aspen site, which are 89% and
as 75% of normal. Typical of the mountainous western US,
conditions are characterized by cool wet winters and hot dry
*IN((z—d)zo—1 —d C : :
U [ ((Zk l)zo +Z;/(Z ))]. (2) summers as indicated by the separation between air temper-
(1—20/(z—d)) atures and dew point temperatures (Fig. 2c). Meteorological
Here,zo is the surface roughness, taken as 0.13 of the Vege(_:ondltlons are very similar for the sagebrush and above as-

tation height. The cumulative normalized contribution to the PN, While the solar radiation and wind speed are moderated
flux over a fetch of distance is given by considerably for the aspen understory. Solar radiation mea-

sured below the aspen reaches a maximum in May prior to
0(x)/Q =expl(=¢mU (z —d)/ (ku*x))]. (3)  the aspen trees leafing out. Typical wind speeds below the
aspen are 1 nTg while those above the aspen and sagebrush
As pointed out by Schmid (2002), the flux footprint rela- are around 4mst. Average understory temperatures tend
tionship developed by Schuepp (1990) is derived using crudéo be lower than the other sites, except for May; solar radia-
assumptions, but its overall characteristics are the same d#n penetration prior to aspen leaf-out resulted in high solar
those of more sophisticated modern footprint models. We ac¥adiation values beneath the aspen for this month and likely
knowledge the limitations of this approach for our situation, contributed to the higher temperatures.
but this quantitative tool is nonetheless helpful to estimate
the representativeness of our measurements. 3.2 Energy balance closure and footprint analysis

2.3 Model simulations EC systems are well known for their inability to close the
energy balance (Twine et al., 2000; Wilson et al., 2002). En-
EC data are rarely serially complete and invariably haveergy balance closure for the months free of snow was as-
gaps due to instrument malfunctions and unfavorable windsessed following the lead of Wilson and Baldocchi (2000)
direction. Thus, model simulations from the Simultaneousby regressingk,—G—S; on —(H+LE) during periods when
Heat and Water (SHAW) model (Flerchinger et al., 1996) snow was not present. Figure 3 gives a plotRaf-G —S¢
were used to: assess the representativeness of the measuredsus—(H+LE) for monthly average values of each hour
flux data within the 10 to 20 day periods used to comparefor May through October; the resulting regressions are given
fluxes from the three sites; and extrapolate the measuredh Table 1. Although the slope for the sagebrush (0.84) is
periods to monthly ET estimates. The SHAW model hasquite good and that for the above aspen site is acceptable
been tested and applied extensively over a range of vegetd0.74), the slope of 0.38 for the aspen understory site sug-
tion types in semi-arid and arid environments, particularly gests a general lack of energy closure. The lack of energy
in the surrounding RCEW (Flerchinger et al., 1996, 1998),balance closure for the aspen understory site can be attributed
and Link et al. (2004) previously validated the model for to unrepresentative net radiation measurements. Gaps in the
fir forest canopies. The model simulates the surface eneanopy exposed the net radiometer in the understory to direct
ergy balance, evapotranspiration and fluxes within a multi-radiation during the mid-afternoon hours (typically 1300 h to
species plant canopy using detailed physics of heat and water'700 h as well as 0900 h), as illustrated in Fig. 4a. Incom-
transfer through the soil-plant-atmosphere continuum, making solar radiation measured at the sensor was therefore not
ing it ideal for use in this study. The model was initialized representative of the average solar radiation flux received be-
with measured soil temperature and water profiles and drivemeath the aspen canopy, so closure cannot be expected dur-
with observed air temperature, wind speed, humidity, precip-ing these hours. Upon excluding these hours from the energy
itation and solar radiation at each of the sites where avail-balance closure analysis, the slope of the regression line im-
able. Meteorological data from the sagebrush site was usegroves to 0.70. Even so, spatial measurement of radiation
to drive the above aspen simulation for the period before thebeneath the canopy, similar to the approach used by Baldoc-
tower was installed. Solar radiation for the aspen understorchi et al. (2000b), would be preferred. Thus, net radiation
was estimated from above-aspen simulations because meaemparisons for the aspen understory, particularly during the
sured incoming solar radiation was not always representativafternoon hours, should be done with caution; however there
of the aspen understory due to gaps in the canopy, as dids nothing to suggest that the turbulent fluxes beneath the
cussed subsequently. canopy are not reliable.

www.hydrol-earth-syst-sci.net/14/965/2010/ Hydrol. Earth Syst. Sci., 14,9&2010
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Table 1. Characteristics of energy budget closure by regressiffg+LE) versus Rn—G—5S).

Site Slope Intercept (WmMP)  R?
Sagebrush 0.84 225 0.96
Above aspen 0.74 295 0.95
Aspen understory 0.38 19.2 0.76
Aspen understory (excluding mid-afternoon hours)  0.70 12.6 0.80

Using EC systems in the aspen understory is subject to
much caution because the underlying hypotheses are genel
ally not valid in the prevailing understory conditions. Reba
et al. (2009b), however, reported the data quality from the :
aspen understory site during the snow season to be of higt’
quality in comparison to published criteria. While variability
in the understory is an issue, the fluxes averaged over severe ~
days during each monthly observation period and the rea- &
sonable energy balance closure obtained after removing the T
unrepresentative net radiation data suggest that the EC mez g
surements are representative of average fluxes in the aspe
understory (Wilson and Meyers, 2001; Lamaud et al., 2001). ]

Analysis of the sagebrush energy balance closure for wind 0L,
coming from each of the four cardinal directions revealed 20 {(c)
that the slope of the energy balance closure ranged from 0.7¢
for east winds to 0.89 for north winds compared to 0.84 for
all directions. A dummy-variable regression analysis (Fox,
2008, Chapt. 7) found that the slope of the energy balance
closure for north winds was significantly different from the -
slopes for other wind directions. It is unclear why the slope -10 1
of the energy balance closure was greater for north winds as [@)

pitation (mm)

Preci

Solar radi

Air temperature

Temperature (°C)

Dew point temperature

T T T T T T T T T T

; . L 7
the topography faces slightly north in that direction and the 6 ] o ﬁigii’;’;&

net radiation measurements at the tower would presumably < 5 | A A— Above aspen f
overestimate the available energy from where the turbulent £ 4 n —$ N
fluxes originate. Nevertheless, data for the sagebrush site wa § 3 1 R &

not screened for wind direction, as energy balance closure is 21 W
reasonable for all directions. (1) 1

MagnitUde of the canopy storage terfg was a minor Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
component of the energy balance, ranging from 2Wm
during the winter months to 7 Wnf during the summer for  Fig. 2. Monthly meteorological averages for the three study sites
the above aspen site. This accounted for approximately 10%uithin Reynolds Mountain East.
of R, during the winter and 3% during the summer; the mag-
nitude of S¢ typically accounted for 1% or less &, at the
sagebrush site and 1 to 2% at the aspen understory. ditions, approximately 70% of the flux upwind of the towers
Based on footprint analysis, distance from the instrumentsriginated within this fetch, however this dropped to approxi-
exerting the maximum influence on measured fluxes undemately 60% under neutral conditions and commonly dropped
neutral conditions was 54 m for the sagebrush site, 46 m fobelow 50% for stable conditions within the understory. Al-
the aspen understory, and 36 m for the above aspen site. Uthough stable conditions of the aspen understory, which were
der typical unstable daytime conditions, these distances reeommon at night, may be biased by upwind vegetation, these
duced to 42m, 36 m, and 28 m, respectively. Fetch is notperiods were not removed from the analysis. It is expected
a concern for most wind directions at the sagebrush sitethat systematically removing these periods with strong down-
however the aspen sites are limited to approximately 160 nward sensible heat flux would bias the results more than the
of fetch for acceptable wind directions. For unstable con-influence of the upwind vegetation.
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Table 2. Regression coefficients and root mean square deviation (RMSD) between simulated and measured monthly averaged fluxes for eact
hour.

Site Flux Slope Intercept R2 ~ RMSD
Wm2) (Wm~2)
Sagebrush Net radiation 1.09 151 0.98 32.8
Latent heat 1.10 -6.9 0.86 22.0
Sensible heat 1.01 0.9 0.94 225
Above Aspen Net radiation 0.91 2.0 0.98 36.8
Latent heat 0.94 -14.2 0.88 28.9
Sensible heat 1.18 8.4 0.94 321
Aspen Understory  Net radiatiBn  0.93 21 0.83 36.3
Latent heat 1.09 -9.4 0.72 233
Sensible heat 0.77 5.2 0.67 22.6

2 Excludes mid-afternoon hours with direct solar radiation on the net radiometer.

700 -
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Fig. 3. Scatter plot of monthly averaged hourly values-@f +LE) 150
versus(Rn—G—3S5). 5501 Sagebrush (@)
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= 450 1 Above aspen i t
3.3 Representativeness and extrapolation of fluxes 350 | M WA
250 =4 s ah
Average monthly values for each hour for the sagebrush and Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

the aspen understory had approximately 22% missing values

and values for above the aspen had about 52% missing vaFig. 4. Average diurnal variation in incomingsiy) and reflected
ues due to instrument malfunction and unfavorable wind di-(Sup) solar radiation and incoming’{,) and emitted Lup) long-
rection. Thus, the SHAW model, after assessing its ability towave radiation fluxes for the three study locations. (Data are not
match observed fluxes, was used to assess the representati\?é(f’“""‘b'e for the aspen understory during September, October and
ness of fluxes after data filtering. Table 2 gives regressiorP€cemPper, nor for above the aspen during January.)

coefficients and root mean square deviations (RMSD) be-
tween smula_ded ar_ld measured_ monthly averaged fluxes f(%%hrublands. Simulated net radiation for the aspen understory
each hour. Simulations were quite good a_bove the sagebru as quite reasonable given that it excluded mid-afternoon
a_nd both above and below the aspen, with RMSD betweery, ' \when there was direct solar radiation on the net ra-
smulatgd_ and measured fluxes being around 35W for diometer, and relied on simulated radiation transfer within
net radiation and betwegn 22 and 3.2 Wrfor the turbu- the aspen canopy from the above aspen measurement.

lent fluxes. By comparison, Flerchinger et al. (1998) re-

ported RMSD values between 28 and 56 Warfor turbu-

lent fluxes simulated by SHAW for semi-arid grasslands and
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The reasonably higi®? for simulated latent heat flux for ET totaled 61 mm for the four missing months above the as-
the sagebrush and above aspen (0.86 and 0.88) suggests tipein and 10 mm for the September understory; these represent
the trends were captured reasonably well and the ratio be12% and 5% of the annual ET, respectively. By comparison,
tween simulated and measured values can be used to assessimple regression with measured ET at the sagebrush would
the representativeness of the observed fluxes and to extrapredict 13 mm less ET for the missing above aspen months
olate the latent fluxes for the water balance. The somewhaand 5 mm more for the September understory, or about 3%
lower R? value (0.72) for the aspen understory suggests thabf the annual ET in both cases.
extrapolated latent heat fluxes for the understory need to be
used with caution, however they are not critical to the catch-3.4 Seasonal comparison of fluxes
ment water balance.

The mean absolute differences in monthly averaged fluxef\verage monthly energy and carbon fluxes for each site are
simulated by the SHAW model using only the hours with plotted in Fig. 5e. Average net radiation was consistently
observed fluxes versus using all hours for each period wa®igher above the aspen throughout the year compared to the
approximately 5W m? at the above aspen site. By com- other sites, due to its higher leaf area index and complex
parison, differences in simulated values with and without thecanopy. Albedo above the aspen ranged from 0.12 during
missing periods were within 2 Wn# at the sagebrush and the growing season to 0.45 during the snow-covered period,
aspen understory sites. While the difference for other fluxegvhile that for the sagebrush was 0.17 to 0.77. Average net ra-
and other sites varied from positive to negative, simulateddiation above the sagebrush was negative during months with
average latent heat flux using only the hours with observedsnowcover and low sun angles (November through February)
fluxes above the aspen was consistently lower than that usinghen albedo reached its highest. Tree trunks and limbs of the
all the hours in the period. Thus, there may be less evaporaaspen contributed to the lower winter albedo and absorbed
tive demand when winds are from the north and east, whictsufficient solar radiation to prevent negative net radiation for
were removed from the analysis due to unfavorable wind di-any month. Data were not available from the understory site
rection, and latent heat flux above the aspen may be biased fgr much of the snow-covered period, but the data did in-
approximately 10% upon removing data when wind is from dicate negative net radiation in February and only slightly
this direction. Rather than trying to correct the data for thesepositive net radiation during November. More of the aspen
missing periods for the comparison of seasonal fluxes frormfrunks were buried by snow in February, resulting in the neg-
the three sites (which may be problematic particularly for ative net radiation.
the CQ flux data as the current version of the SHAW model Figure 4 presents the average diurnal trace in the radiation
does not simulate Cflux), we will note the discrepancy. fluxes for each month throughout the year. The dominant
However, extrapolation of the ET for the remainder of eachcomponent in net radiation is the incoming solar radiation
month and for the missing months for use in the catchmenbecause the long-wave radiation measurements tend to can-
water balance implicitly corrected for the bias, as describedcel each other. The problems presented by the gaps in the
below. canopy for measurement of the understory radiation is ap-

In order to close the water balance, ET was extrapolategparent in Fig. 4a, as incoming solar radiation for many of the
from the observed periods within each month and estimatednid-afternoon hours are very close to the above canopy mea-
for periods with missing data. For all months where mea-surements. Although incoming solar radiation is lower dur-
sured fluxes were available during the 2007 water year, ETing the winter months, reflected radiation is actually higher
was extrapolated from the observed hours within each monttalue to the high albedo of the snow.
to the entire month based on the ratio of simulated ET for the Incoming and emitted long-wave radiation fluxes plotted
measured hours to that for the entire month. Adjusting ob-in Fig. 4 present some interesting contrasts between the three
served ET by the ratio in simulated fluxes decreased annuaites. As expected, downward long-wave radiation is nearly
estimated ET by 16 mm at the sagebrush site, 20 mm for thédentical above the sagebrush and aspen, however the shelter-
aspen understory and 38 mm for the above aspen comparedg provided by the aspen canopy is evident from the much
to using simply the observed monthly averaged fluxes. In-higher downward long-wave radiation for the aspen under-
strument malfunctions tend to occur during stormy weatherstory. Upward long-wave radiation is nearly identical for
so it is consistent that the unadjusted flux values would overthe sagebrush and aspen understory early in the year until
estimate annual ET. the snowcover becomes discontinuous at the sagebrush site

For the aspen understory during September 2007 and foin March or April. During this period, solar radiation ab-
above aspen from October 2006 through January 2007 whesorbed by the aspen caused upward long-wave radiation from
measured latent heat fluxes were not available, ET was eghe aspen to be slightly higher (approximately 2%). Vege-
timated based on the relation between measured and simuation cover at the sagebrush site is sparse, allowing more
lated ET for the remainder of the year. Fortunately thesesoil to be exposed after snowmelt; this combined with the
months are some of the lowest for ET, thereby minimizing lower latent heat flux from the drier sagebrush site (Fig. 5b)
the overall error introduced by the estimation. Estimatedcaused upward long-wave fluxes from the sagebrush to be
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Fig. 5. Average surface energy and carbon fluxes measured for eachig. 6. Average diurnal variation in measured surface energy and
month of the study period fluxes for the three study locations. (Datacarbon fluxes for the three study locations. (Data are not available
are not available for the aspen understory during September, Octdfor the aspen understory during September, October and December,
ber and December, nor for above the aspen during January; the twaor for above the aspen during January; the two aspen sites share
aspen sites share common soil heat flux sensors; the two aspen sitesmmon soil heat flux sensors.)

share common soil heat flux sensors.)

substantially higher than the other sites throughout the grow- Turbulent fluxes of sensible and latent heat are relatively
ing season (Fig. 4d). The evaporative cooling effect of thesmall during the snow-covered period and tend to offset each
combined tree/grass system substantially lowers the surfacether, so that the net turbulent flg¥ +L, E) is quite small,
temperature and upward long-wave radiation flux viewed byas noted by other investigators (Garen and Marks, 2005; Link
the above aspen net radiometer compared to the other siteand Marks, 1999; Marks et al., 2002). ET and latent heat
The reduced upward long-wave radiation persists through théluxes get an early start at the sagebrush site compared to the
growing season and even until December when snowcovepther locations as a result of early snowmelt and the peren-
resumes. nial leaves on the sagebrush. By May, latent flux is very
Figure 6 presents the average diurnal trace in the energgimilar at all three sites, and the above aspen flux quickly
and carbon fluxes for each month throughout the year. Assurpasses the sagebrush site by June. The fact that latent
mentioned previously, net radiation measured in the underheat fluxes for the aspen understory and above aspen sites
story is likely not representative of the understory; due toare similar in May suggest that the aspen trees had not yet
gaps in the canopy, direct radiation penetrated the canopsgtarted to transpire, and the entire latent heat flux measured
during the afternoon hours throughout the growing seasorabove the canopy originates from the understory. Latent heat
(March through August), skewing the net radiation measure-flux clearly peaked in June at the sagebrush and above aspen
ments. Morning measurements tended to be lower than theanopies, while May and June fluxes are similar for the as-
other two sites while afternoon measurements approached gren understory (Figs. 5b and 6b). Leveling off of latent heat
exceeded net radiation above the canopy. flux in June under the aspen canopy coincides with a drop
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in net radiation at this site (Fig. 5a); by June, leaf cover of midday soil heat flux under the sagebrush falls below that for
the aspen shades the understory vegetation sufficiently to rehe aspen understory (Fig. 6d), which coincides with net ra-
duce evaporative demand. Latent heat flux above the aspen @ation becoming negative at the sagebrush sites (Fig. 5a).
consistently higher through the growing season, but is veryThe diurnal trace for carbon flux is rather noisy early in the
nearly similar to the sagebrush site in September when thgear, but displays some interesting trends beginning in May.
leaves fall from the aspen and much of the latent heat fluxAs with the latent heat flux, carbon flux from the aspen un-
likely originates from the understory. Latent heat flux is actu- derstory and above aspen sites are very similar in May, sug-
ally higher from the sagebrush site during April and Octobergesting that nearly all of the latent heat and carbon flux orig-
compared to the other sites, due to the perennial leaf cover ahates below the aspen canopy. During this time, the aspen
the sagebrush. trees have not leafed out yet, but the grasses and forbs are
Average daily sensible heat fluxes tend to be lower over thelourishing. Carbon storage of the understory vegetation sur-
aspen compared to the sagebrush during the months when tipassed that of the sagebrush while the aspen understory veg-
aspen leaves are actively transpiring (Fig. 5); average dailyetation was actively growing. Beginning in June, carbon flux
fluxes ranged from 73 to 88% less than that over the sageto the sagebrush and aspen understory is very similar for the
brush during the months from June to August. Interestingly,remainder of the growing season, even though ET is higher
the diurnal trend in sensible heat flux above the aspen anffom the sagebrush canopy. Being more sheltered from the
sagebrush sites are quite similar during the non-snow perioavind, the understory vegetation can use the available wa-
(April through November, Fig. 6¢). This might be expected, ter more efficiently than the more exposed sagebrush site.
given that the two sites are subject to nearly identical me-Once the aspen begins to leaf out, carbon storage in the as-
teorological forces. Average daily fluxes were more nega-pen canopy is substantial until the leaves drop. Net carbon
tive above the aspen than the sagebrush during May, Septenflux becomes essentially zero during October and November
ber and October. Absorption of solar radiation during thesefor the aspen sites.
months was not offset by transpiration of the aspen, result-
ing in a higher proportion of the energy being dissipated by3.5 Water budget for 2007 water year
sensible heat flux. However the Bowen ratio, defined as the
ratio of sensible to latent heat fluxes, are identical for the” Water balance was computed to further demonstrate the

two sites during May (1.1) and September (2.2). Although quality of the flux measurements and their utility in closing
the aspen had higher net radiation, the two sites partitione&he water balance. The catchment water balance for the 2007

the available energy between the turbulent fluxes similarly.Water year (October 2006 through September 2007) is pre-

In October, the Bowen ratio of the aspen rose further to 3.g5€Nted in Table 3 and seasonal timing of the water balance
while that for the sagebrush dropped to 1.7; the decrease iffPmPonents are illustrated in Fig. 7. Typical of the West-
October for the sagebrush was likely due to the sagebrusf™ US, the sites started the water year with a very dry soil

utilizing the precipitation that fell in September and October. Profile, and soil storage increased with autumn precipitation.
\20il moisture at the sagebrush site peaked in December and

Bowen ratios suggest increased water stress as the gro ! a
ing season progressed. A typical value for well-watered Veg_decreased during January due to the abnormally low precipi-

etation is 0.2 (Campbell, 1977). Average daily Bowen ra- ta_ltion_. Soil moisture storage bege.m a gradual decline begip-
tios reached a minimum in June with values of 0.63, 0.26 NG in March at the sagebrush site and at the end of April

and 0.55 for the sagebrush, aspen, and aspen understory &t the aspen site, which coincided with the end of snowmelt

spectively. By August, soil moisture storage within the top at _the respective sites and t_he on_set of active plant _transpi-
1m had dropped to nearly its minimum; Bowen ratios roseration. Streamflow peaked in April and dropped rapidly as

to 1.71, 0.93, and 2.26, respectively, for August. The highthe soil profile began to dry. Based on areal coverage of the

Bowen ratio for the understory in August is in response toVegetation, an areal average ET of 425 mm was computed for
the soil profile drying down to at least 1m, causing the un-the catchment. Latent heat flux from the sagebrush was very

derstory to senesce. The relatively low Bowen ratio above!'€rly the same as that above the aspen for most of the year
ig. 5b), so the areal average ET mimics that from the sage-

the aspen suggests that the aspen trees were able to accég - ’ ) AL
deeper water sources. brush until June. Due in part to its larger coverage within

As expected, soil heat flux is small and slightly negative the catchment, sagebrush accounts for approximately 63%

throughout the snow-covered period. Soil heat flux become® the total ET from the catchment, while the aspen trees ac-
positive and displays a diurnal trend when snowcover pecount for 19% and the aspen understory accounts for 11%.

comes discontinuous. which occurs in March at the sage-ET from the fir trees estimated from model simulation ac-

brush site and late April beneath the aspen. The sagebrugfPunts for only 6% of the total catchment ET, so any error in
site, having more bare soil exposed, displays larger ampli-its estimation has a very minor influence on the overall water

tude in the diurnal trace in soil heat flux. Net soil heat flux for P&lance.
both sites (the aspen sites shared a single set of soil heat flux
instrumentation) becomes negative in October. In November,
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Table 3. Catchment water balance (in mm) for water year 2007. (ET estimate for fir trees is based solely on model simulation.)

Site ET or precip % of area  Areal contribution ~ Catchment totals

Precipitation

Sagebrush 690 69 476
Aspen and Fir 718 31 223
Total 699
Evapotranspiration
Sagebrush 384 69 265
Aspen trees 314 26 82
Understory 185 26 48
Fir 518 5 26
Total 421
Steamflow 254
Soil water change 2
Error 22
g oo together, yielding an areal average precipitation of 699 mm.
E 10 A e izgzgrssg i Flerchinger and Cooley (2000) demonstrated that distribut-
e —=— Streamflow ing precipitation based on vegetation coverage worked ade-
E 122 | , @ guately for a catchment with similar variability in vegetation
£ ol and precipitation within the Reynolds Creek Experimental
S 40 0 Watershed.
g 204 4 ' Measured streamflow for the 2007 water year was
352 — =3 254 mm. Wate.r storeq in the soil profile decrea;ed by 19 mm
— 004 o Sagebrush —h at the aspen site, while that at the sagebrush site actually in-
E 250 - ASpenA o, ot - creased by 12 mm due to September precipitation. The net
g 2001 A ®) result is an estimated 2mm increase in areal average soil
g 122 2 water storage for the catchment, assuming water storage in
3 5 / the aspen and fir are similar. The simple water balance in
oL & ﬂﬂ Table 3 indicates an excess of 22.mm input into the basin
B than accounted for in the outflows; this translates to an er-
g 120 1 —e— sagebrush ror of about 3% of the annual precipitation. By comparison,
T w079 ﬁngz :‘rg‘;‘;rs“”y Flerchinger and Cooley (2000) reported an average 10% er-
S 80 o Fir'irees ror in the water balance for a 10-year study of a separate
E 60 | —O— Areal average © intensively measured catchment within the Reynolds Creek
%‘ 40 1 Watershed. The tighter water balance closure in the present
g 20 study may be attributed to direct measurement as opposed to
- simulation of the ET component and to a much greater per-

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep centage of the precipitation contributing to streamflow (36%
compared to 8%). ET in the present study accounted for ap-
Fig. 7. Monthly variation in water balance components, including proximately 60% of the precipitation, which is much lower
precipitation, streamflow, change in soil water storage from the bethan the 88% reported by Flerchinger and Cooley (2000).
ginning of the water year, and evapotranspiration from each majorHowever, cumulative ET from the sites is very comparable
plant type. to that of Flerchinger and Cooley (2000), who reported an
average of 376 mm from a low sagebrush site, and 504 mm
from an aspen site.

Precipitation measured at the sagebrush site was 690 mm The influence of the lack of energy balance closure for the
for the 2007 water year and 718 mm at the aspen site. TOEC measurements on the water balance was assessed. Turbu-
tal precipitation for the catchment was estimated based ortent fluxes during the snow-free months (May through Octo-

a weighted average of precipitation measured within the reber) at the sagebrush and above aspen sites were adjusted to
spective vegetation zones by lumping the aspen and fir ared®rce energy balance closure while maintaining the Bowen
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ratio (Twine et al., 2000). This was problematic when the Total estimated ET was 384, 185, and 314 mm from the
Bowen ratio approached1l.0; therefore, whenever the mag- sagebrush, aspen understory and aspen trees, respectively,
nitude of turbulent fluxes was greater than the error in the enfor the 2007 water year. The higher ET from the sagebrush
ergy balance, the error was divided equally between the twaan be attributed to its perennial leaves and the general wind-
components. Although, energy closure for the aspen underexposed nature of the site. Though ET from the aspen com-
story was not attempted because the net radiation measureunity was higher (499 mm) than that for the sagebrush, be-
ments were not representative, ET estimates at this site wereause the sagebrush community occupies nearly 70% of the
not necessary to close the water balance. Forcing the turbwzatchment area, it accounts for about 63% of total catchment
lent fluxes to close the energy balance increased estimateliT. The sagebrush community clearly dominates water usage
ET above the aspen by 14 mm, but decreased it by 15 mmwvithin the catchment.
for the sagebrush site. The opposite trend at the two sites Bowen ratio and soil moisture observations suggest a de-
is consistent with the slope and intercepts presented in Tacoupling of the moisture source for the understory and aspen
ble 1; lack of closure would tend to overestimate the smallertrees by mid-summer. The aspen trees apparently had ac-
turbulent fluxes and underestimate larger ones. The net efeess to a deeper water source than the roots of the understory.
fect of closing the energy balance decreased estimated E$cott et al. (2003) and Paco et al. (2009) found similar results
by 6 mm but increased the water balance error from 22 tan the apparent decoupling of the moisture source for the un-
28 mm. Scott (2010) also found that closing the energy bal-derstory versus the overstory of open woodland canopies due
ance did not always improve water balance closure. also to the trees tapping deeper moisture.
This study highlights the influence of these vegetation
communities on surface energy and carbon fluxes across
4 Summary and conclusions these landscapes. Differences in the surface energy and
carbon fluxes between a sagebrush site, aspen canopy, and
Intermingling of sagebrush and aspen communities is a comaspen understory were modulated by the characteristics of
mon feature throughout the forests and intermountain shrulthe three vegetation types. Perennial leaves of the sagebrush
steppe of the Western US (Barbour and Billings, 2000; Clarkenabled higher rates of ET and latent heat flux during the
et al., 2001). The resulting mosaic of vegetation communi-early and late portions of the growing season compared
ties creates a challenge for measuring or modeling the ent® the aspen sites. Conversely, the aspen understory ex-
ergy and mass fluxes in these complex mountainous headw&€rienced the highest net radiation, carbon, ET, and latent
ter catchments, as adequate fetch requirements and complgyat fluxes in May, prior to the aspen trees leafing out.
topography make interpretation of EC results difficult. EC atent hgqt and carbon flu>§ at the aspen site during this
) period originated almost entirely from the understory. The
measurements of fluxes of water and carbon over the dompesence of the aspen also modulated the partitioning of the
inant vegetation communities within this study provide in- yyrpulent fluxes at the site; sensible heat flux from the aspen
formation on the carbon and water flux dynamics of thesetended to be slightly less than the sagebrush site during the
very different vegetation types. This information allows us growing season when the leaves were actively transpiring,
to use a model to extend these values over the spatial exteifiut exceeded that from the sagebrush in May, September and
of these vegetation communities to close the catchment wate@ctober when net radiation was not offset by evaporative
balance. cooling of the aspen leaves. Carbon flux to the sagebrush and

A water balance of the catchment based on areal vegets@SPen understory was very similar for much of the growing

tion cover was closed to within 22 mm, or about 3% of an- S€as0on, even though ET was higher from the sagebrush

nual precipitation. Missing periods of measured data, due i anopy. Being more sheltered from the wind, the understory

art to screening for wind direction in this patchy vegetation vegetation used the available water more efficiently than
P 9 patchy veg .'the more wind-exposed. Carbon flux to the aspen trees

made it necessary to extrapolate measured fluxes to the misg;, surpassed that used by either the aspen understory or

ing periods. An approach using the ratio of simulated to measagebrush. Results from this study demonstrate the utility of
sured ET fluxes was used to assess the representativeness systems in providing information required to close the

measured periods and to extrapolate to missing periods. Ojvater balance of headwater catchments. It also illustrates
the 699 mm of areal average precipitation, 421 mm was losthe influence of vegetation on the spatial complexity and
to ET, and 254 mm of streamflow was measured from thevariability of surface fluxes across mountainous headwater
catchment. Forcing closure of the energy balance actuallyandscapes.

increased the error in the catchment water balance, which _

confirms reports of Scott (2010) that energy balance closuré&dited by: W. Quinton

does not necessarily improve water balance closure. The

tight closure of the catchment water balance demonstrates

the quality of the measurements in this complex headwater

catchment and justifies the approach used for extrapolating

missing periods.
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