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Abstract. The soil-water balance and plant water use areoffset by the greater (lesser) amount of energy available at
investigated over a domain encompassing the central Unitethe soil surface. This contrasts with other modeling studies
States using the Statistical-Dynamical Ecohydrology Modelwhich show a strong dependence of evapotranspiration parti-
(SDEM). The seasonality in the model and its use of the two-tioning on climate.

component Shuttleworth-Wallace canopy model allow for
application of an ecological optimality hypothesis in which
vegetation density, in the form of peak green leaf area index
(LAI), is maximized, within upper and lower bounds, such 1

that, in a typical season, soil moisture in the latter half of the , . Lo .
growing season just reaches the point at which water stres@n€ Of the foci of the emerging discipline of ecohydrology is

is experienced. Via a comparison to large-scale estimates g 9ain a better understanding of the role of plant water use in
grassland productivity, modeled-determined peak green LAIthe soil-water balance (Rodriguez-lturbe, 2000). Many water
for these systems is seen to be at least as accurate as the (flance models lump plant water use, i.e., transpiration, with

altered satellite-based observations on which they are basefivaporation from canopy interception and from the soil sur-
A related feature of the SDEM is its partitioning of evapo- face under the rubric of evapotranspiration. Recently, New-

transpiration into transpiration, evaporation from canopy in-man €t al. (2006) identified the partitioning of evapotranspi-

terception, and evaporation from the soil surface. That par_ration as one of six challenges for ecohydrologic research.
That partitioning is important for physically based modeling

titioning is significant for the soil-water balance because the ! -
dynamics of the three processes are very different. SurprisinG' the soil water balance because the dynamics of the three

little dependence on climate and vegetation type is found folcOmPOnent processes are very different —and hence respond
the percentage of total evapotranspiration that is soil evapot© climate variability and change in different ways. Despite
ration, with most of the variation across the study region at-tNat fact, it is often lacking in many water balance models,
tributable to soil texture and the resultant differences in veg-Particularly those designed for use in rainfall-runoff models.

etation density. While empirical evidence suggests that soi®n the other hand, it is included in many soil-vegetation-

evaporation in the forested regions of the most humid partmosphere transfer schemes (SVATS), which are generally
of the study region is somewhat overestimated, model resultdesigned for use as the land surface component of climate
are in excellent agreement with observations from cropland€@dels. However, such models disagree widely as to the rel-

and grasslands. The implication of model results for water-2tlVeé magnitude of each component. For example, a com-
limited vegetation is that the higher (lower) soil moisture Parison study of 14 SVATS (Mahfouf et al., 1996) involved

content in wetter (drier) climates is more-or-less completely@PPlication of each model to a soybean crop in southwest-
ern France over the five months of the 1986 growing sea-

i son. For the 13 models that include it, soil evaporation as a
Correspondence tal. A. Ramrez percentage of total evapotranspiration ranged from 1.5% to
BY (ramirez@engr.colostate.edu) 44%. Furthermore, SVATS often show a strong dependence
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of evapotranspiration partitioning on climate as controlled byder to capture the impact of water availability on the interan-
differences in LAI (e.g., Choudhury et al., 1998; Lawrence nual variability in vegetation density and evapotranspiration,
et al., 2007). While this should clearly be the case with allwe implemented the coupled model in a time series mode
else being equal (e.g., Schulze et al., 1994) it may not be foover the period 1951-1980. In each year, a monthly mean
water-limited natural vegetation and rain-fed crops given thatphenology of green LAl (i.e, a seasonal curve with a peak of
soil moisture is the main control on peak green LAI; even one) was scaled by the same factor, up to a maximum of six,
though greater energy for soil evaporation is available undesuch that the critical soil matric potential (i.e., that at which
conditions of low LA, soil moisture is also generally low if the vegetation first experiences water stress) is just reached
the low LAl is due to aridity. It is quite possible then for both in the latter part of the growing season. To account for the
transpiration and soil evaporation to go to zero in near pro-interannual controls on plant growth, the peak in green LAl
portion to one another as the aridity of water-limited naturalin a given year is limited ta-50% of the 30-yr mean. That
systems increases. percentage is based on the mapping of the interannual vari-
In this paper, we examine the role of vegetation densityation of grassland productivity over the US Great Plains by
and the associated partitioning of evapotranspiration in theSala et al. (1988). Although the above methodology ignores
soil water balance over a domain encompassing the centrahterannual variations in phenology and reproduces the inter-
United States using the Statistical-Dynamical Ecohydrologyannual variability of peak green LAI to only a limited extent
Model (SDEM) as coupled to the Shuttleworth and Wal- (Kochendorfer, 2005), we demonstrate below that it produces
lace (SW, 1985) two-component canopy model (Kochendor-estimates of the long-term mean in peak green LAl at least as
fer and Ramirez, 2010). The SDEM is based on the seminahccurate as the NDVI-based estimates that provide the phe-
soil-vegetation-climate annual water balance model of Ea-hology. A fully dynamic vegetation model may produce even
gleson (Eagleson, 1978a—g). Enhancements to the origindletter estimates. However, our purpose here is to isolate the
Eagleson model include implementation at the monthly timeavailability of soil moisture as a control on vegetation density
scale, separate root and recharge zones, frozen soil and snamd thereby inform the representation of soil-water dynam-
accumulation and melt, and a more realistic representationcs in coupled hydrology and vegetation models. A more de-
of evapotranspiration partitioning. The latter is achieved bytailed discussion of the motivation for the ongoing top-down
using separate rates of potential transpiration, potential evapdevelopment of the SDEM can be found in Kochendorfer and
oration for the soil surface and evaporation from canopy in-Ramirez (2010).
terception. All three rates are estimated using the SW model,
which uses leaf area index (LAI) as the principal measure of
vegetation density and subsequent control on conductance & Overview of the statistical-dynamical ecohydrology
the land surface to energy and water fluxes. model and its coupling to the Shuttleworth-Wallace
Kochendorfer and Ramirez (2010) apply the coupled canopy model
SDEM and SW model to the estimation of the mean monthly
water balance at two grassland sites in the US Great Plain&ochendorfer and Ramirez (2010) present in detail the for-
They find that the coupled model is able to match well themulation of the SDEM and SW model. Here we provide
observed peak in green LAl by scaling a fixed phenology ofonly a brief overview of the SDEM and its coupling to the
LAl such that root-zone moisture, at its low point in August, SW model.
just reaches the point at which the dominant grass species The SDEM is a one-dimensional representation of vertical
experiences water stress. They hypothesize that this magoil-moisture dynamics as forced by the Poisson rectangular
represent an ecologically optimal use of water, i.e., one thapulse (PRP) stochastic precipitation model and deterministic
implies that the greatest reproduction is achieved through aates of potential evaporation from the soil surface, potential
balance of the likelihood of water stress and greater productranspiration and evaporation from canopy interception. In
tivity. In this paper, we take a look at the use of the criti- the PRP model, a single interstorm/storm event is completely
cal soil moisture level as a practical predictor of the peak indescribed by the time between stormsthe storm duration,
green LAI, rather than as a test of the ecological optimality#r, and the storm intensity, The storm depth} (= ity), is
hypothesis. also an important characteristig, #, andi are assumed to
The coupled SDEM-SW model is applied at a half-degreebe independent and well approximated by exponential distri-
resolution to the area of the United States bounded on the eabutions. 4 is taken to be gamma-distributed for the sake of
and west by 87.5W and 105 W, and on the south and north analytical tractability.
by 32.53 N and 43 N. That area encompasses most of the The potential rates of transpiration and evaporation and
semi-arid Great Plains, plus more humid regions to the eastevaporation from canopy interception are calculated using
As humidity increases, factors other than water — namelythe SW canopy model, which is a one-dimensional en-
light and nutrients — become more important in limiting plant ergy combination model, similar in form to the better-
growth. Nonetheless, in drier years water may be the mosknown Penman-Monteith (PM) model (Monteith, 1965).
important factor in determining the peak in green LA In or- Like the PM model, the SW model employs the concept of
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aerodynamic and surface resistances, but, unlike the singleecharge zones is governed by Darcy’s Law for unsaturated
vegetated surface of the PM model, the SW model divideslow and also assumed to be in steady-state at the monthly
the land surface into a coupled, two-component system comtimescale.

prised of the soil surface and the vegetation canopy. The

coupling occurs principally through the division of available o .
energy between the two surfaces and the combination of thé APPlication of the coupled models to the study region
senS|b_Ie andllatenf heat fluxes from tt]e two surfaces at a hy'i'he predominant climatic feature of the Great Plains is a
pothetical point of “mean canopy flow.” The control that veg-

etation density exerts on the magnitude of the resistances ans&rong Iongﬂudma! gradlenF n a}nnual precipitation superim-
o : . ) posed on a latitudinal gradient in temperature. The study re-
the partitioning of incoming energy is captured through the

o S . ion also contains a wide range of soils and vegetation. The
parameterization of those quantities as functions of leaf are%atabase of the Vegetation/Ecosvstem Modelina and Analv-
index (LAI). The parameterizations are based on those in:; g y 9 Y

Sellers (1965); Shuttleworth and Wallace (1985); Woodward>" Project (VEMAP; Kittel et al., 1995), which covers the

(1987); Choudhury and Monteith (1988): Lafleur and Rouseentire United States at a resolution of one-half of one de-
(1990)f and Seller); et al. (1996) ' gree, meets many of the data needs of the model. Specifi-

In the SDEM, infiltration and surface runoff during storms cally, it contains monthly climate variables over the period

are modeled using a modified version of Phillip’s (1969) ap- 1895-1993, as well as information on soils and vegetation

. : . . ypes. Figure la depicts the average annual precipitation
proximate analytical solution of the concentration dependen%n the VEMAP database for the period 1951-1980 (as es-

diffusion equation (i.e., the Richards equation) that makestimated by the Parameter-elevation Regressions on Indepen-

use of the so-called time compression approximation (Eagle- i i . i
son, 1978e). The conceptual framework is as follows. Ini_dentSIopes Model; PRISM; Daly etal., 1994). Figure 1b de

tially the intensity of rainfall is below the infiltration capac- picts the average annual potential evapotranspiration (PET)

ity of the soil. The infiltration capacity decreases as the soiIas calculated with the SW' model using the LAl values de-

i . . . termined with the coupled models. We define PET as the
profile becomes increasingly saturated and, at some point (re-

ferred to as the ponding time), may drop below the raintall in- sum of potential soil evaporation, potential transpiration and

. L : evaporation from canopy interception. As such it is not in-
tensity, thereby producing infiltration-excess surface runoff. . .
. . o . dependent of either the type or the density (namely, LAI)
Evaporation from the soil surface during inter-storm peri- :
. . T of the vegetation. As compared to a reference-crop calcula-
ods is modeled in a way analogous to infiltration: it proceeds,. , - .
. : tion of PET (such as Penman’s (1948) original equation), the
at the constant potential rate as long as that rate is below L . .
o . . . amounts in Fig. 1b cover a wider range, being greater (larger)
the exfiltration capacity of the soil (typically referred to as . . 4
) : : in regions of small (large) LAI. The differences between an-
stage-one or climate-controlled evaporation). As the soil pro-

file dries, the exfiltration capacity decreases. At some pointnual average precipitation and PET (Fig. 1) divide the study

it may drop below the potential rate, thereby bringing the region longitudinally into dry and humid halves according to

evaporation rate under the control of the availability of soil Thornthwaite's (1948) classification of climate.

. . ; The VEMAP vegetation types are depicted in Fig. 2. A
moisture (typically referred to as stage-two or soil-controlled K of ari lls th . | h
evaporation), mask of grid cells that are predominantly crops has been ap-

In contrast to Eagleson’s (1978d) assumption of a uniformp"eOI over the n_atural vegetation types. We also changed the
sink, the SDEM incorporates root uptake of soil moisture natural vegetation class for a few cells to the dominant type

; : . . - . of the surrounding cells in order to isolate individual vegeta-
into the Richards equation as a sink distributed exponenuallytion classes to climatically similar regions. The drv half of
through the root zone. The strength of that sink is equal to y 9 X y

the potential transpiration rate as long as the matric potentia‘he study region is dominated by grasses, savanna and shrubs,

. .and the humid half by forests, savanna and crops.
in the root zone (as calculated from the monthly average soi . :

) . " The USDA soil texture classes based on grid-cell averages
moisture content) is above a critical valuk,.. Below that

. . . . of sand, silt and clay percentages in the VEMAP database
value it decreases linearly with moisture content to zero at R .

i : are shown in Fig. 3. The translation of those percentages
the permanent wilting pointyc.

Using a derived-distribution approach, the one- to values of the soil hydraulic parameters is discussed in the

. 7 . . . . ... Appendix. The Appendix also contains an overview of the
dimensional physical model is combined with the probability

NN ) e . development and use of a one-half-degree dataset of the pa-
distributions of the stochastic precipitation model to arrive at

expected values (i.e., means) of single storm and interstorn%ameters of the stochastic precipitation model from hourly

S . . observations, as well as a discussion of the source of the

fluxes of infiltration and evaporation from the soil surface . ) : . :
: ) monthly climate variables. The discussion below is focused
and from canopy interception. These values are then ag-

o on the determination of a monthly phenology of LAI, the
gregated to monthly values by multiplying by the expected . o o Lo
. ) vegetation-specific parameters and the limited calibration of
number of storms in the month. Percolation to groundwater,
. . ) two of those parameters.
is modeled as steady-state gravity drainage from the recharge

zone. The movement of soil moisture between the root and
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Fig. 2. The modified VEMAP version 2 vegetation classification.
b) average annual potential evapotranspiration
cm
B 56-70 . s
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[ 110 - 140 -silt:mn; |
] 140-170 [ prihnde
170 - 200 | siltydcla3|( loam
sandy cla\
I 200- 258 B iy ey
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¢) average annual precipitation surplus/deficit
N ] Fig. 3. USDA soil texture classes based on grid-cell averages of
om sand, silt and clay percentages in the VEMAP database.
[ -231--150
[ -150--100 : . : : .
| . |-100--50 diometer (AVHRR). In addition to being publicly available
| |-50-0 at the half-degree resolution of the VEMAP data, we found

it to be more representative of ground-based observations of
peak green LAl over the study region than other datasets,
most notably that of Los et al. (2000). From a version of the
dataset posted by the authorsttp://cybele.bu.edwve cal-
culated monthly averages of green LAl over the study region
for the period July 1981 to June 1991 (Fig. 4). The upper
bound in the dataset of six is the reason for using the same
upper bound in the scaling process discussed in Sect. 1.

Fig. 1. (a) Average annual precipitation from the VEMAP/PRISM ) ) ] o
database(b) average annual potential evapotranspiration calculated Be€cause the estimation of the interannual variability of
using model-maximized LA, an¢t) the difference (1951-1980). LAl in the coupled model is predicated on water being the
main limitation to growth, we examine the extent to which
this is evident in observed LAI. Correlation coefficients be-
tween January-July total precipitation and July observed
LAI from 1980 to 1991 are depicted in Fig. 5a, along with the
To estimate the phenology of green LAI, we use the multi- coefficients of variation in observed LAI in Fig. 5b. With a
year LAl dataset of Buermann et al. (2002), which was sample size of only ten, the confidence limits are wide, and so
derived from the Normalized Difference Vegetation Index only values outside the range of — 0.4 to 0.4 are shown. Over
(NDVI) as measured by Advanced High Resolution Ra- most of the grasslands region the correlation coefficients are

3.1 Green leaf area index
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Fig. 4. Peak monthly average green LAl (July 1981-June 1991)
and the month in which it occurs. From the AVHRR NDVI-based
dataset of Buermann et al. (2002).

Fig. 5. (a)Correlation between January—July precipitation and July
LAI from the dataset of Buerman et al. (2002) from 1981 to 1990,
and(b) The coefficients of variation for July LAI.

greater than 0.5. Over most of the rest of the study area, valeonsin (Scurlock et al., 2001). Nonetheless, the correlation
ues are scattered both positive and negative. The exceptioresults over the humid half of the study region — along with
is over the region of high crop density centered on west centhe related fact that the coefficients of variation of observed
tral lowa (see Fig. 2), where the correlation is significantly LAl are generally low — suggest that it may be more appropri-
negative. In their discussion of the interannual variability ate to hold LAl at fixed values for crops and other vegetation
of crop production in lowa, Prince et al. (2001) note that for which water limitation is relatively unimportant on an in-
two of the lowest levels of NPP occurred during a year with terannual basis. However, the availability of water may still
a very wet spring and one with summer flooding. There-play a role in the long-term mean LAI of the vegetation in
fore, the negative correlation in that area may indeed be dhe humid half. The extent to which this is evident in model
real phenomenon. In general, the lack of significant posi-results is explored in Sect. 4.3.

tive correlation over cropped areas highlights the importance

of management factors, such as fertilization and irrigation,3.2 Parameter values specific to vegetation class

and climatic factors other than the availability of soil mois-

ture. The low correlation and interannual variability in most Parameters values specific to each of the 12 VEMAP vegeta-
of the humid half is likely due in part to the somewhat arbi- tion classes in the study region are listed in Table 1. Sources
trary upper bound of six in the observed LAI. For example, for parameter values are identified in the table and include
ground-based observations of LAl as high as 10 have beeother modeling studies, field studies and literature surveys.
made at the Coulee Experimental Forest in southwest WisThe precision applied to estimating a parameter value was

www.hydrol-earth-syst-sci.net/14/2121/2010/ Hydrol. Earth Syst. Sci., 14, 21382010
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Table 1. Parameter values of vegetation classes.
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Parameter Values Specific to Vegetation Class

Vegetation Class 2 Zq Iss I'smin he wj fa 1) Ne Wyc Ve

(cm) (cm) (sntl  (smi) (m)  (m) (1Gcm) (1Fcm)
temperate continental coniferous forest 120 200 150 600 10 0.001 0.2 0.50 4.0 3 15
cool temperate mixed forest 100 200 250 500 10 0.04 0.2 0.60 4.0 2 15
warm temperate/ subtropical mixed forest 100 200 225 500 10 0.04 0.2 0.60 4.0 2 15
temperate deciduous forest 90 200 200 400 10 0.08 0.2 0.60 4.0 2 15
temperate conifer xeromorphic woodland 90 200 150 600 7 0.001 0.2 0.50 4.0 5 20
temperate deciduous savanna 70 150 175 400 4  0.02 0.2 0.50 3.0 5 20
warm temperate/subtropical mixed savanna 70 150 75 425 3 0.02 0.2 0.45 25 8 20
C3 grasses 50 100 125 250 05 0.01 0.3 0.45 2.0 10 25
C4 grasses 50 100 100 400 0.5 0.01 0.3 0.45 2.0 10 25
subtropical arid shrubs 130 200 50 400 1 0.01 0.2 0.50 2.0 15 30
wetlands 70 150 75 350 1 0.02 0.2 0.60 3.0 5 15
crops 70 150 100 325 1 0.02 0.1 0.65 25 5 15
references 1 2,3,4 56,7 11,12 11 2,12,13 10,14 10,15 18,19, 20,21, 22,23

8,9,10 15,16 16,17 24,25, 26, 27, 28,29

parameter definitions:

zu =depth of root zone,

rsmin=Minimum (i.e., unstressed) stomatal resistance,
fd =ratio of persistent, non-transpiring LAl to peak green LA,
ne =eddy diffusion decay constant within a closed canopy,

references:

1. Jackson et al. (1996),

4. Bond and Willis (1969),

7. Running and Hunt (1993),

zg=depth of recharge zone,
h¢ =canopy height,

W,c = critical root-zone matric potential,

rss=soil surface resistance,

wy =leaf width,

U =Beer’s Law extinction coefficient,

anp; = critical leaf water potential.

2. Sellers et al. (1992),
5. Korner et al. (1979),

3. Camillo and Gurney (1986),
6. Woodward (1987),

8. Rutter (1975),

10.
13.
16.

19

Jarvis et al. (1976),
Hazlett (1992),
Ripley and Redmann (1976),

. Newman (1969),
22.
25.

Gardner and Ehlig (1963),
Boyer (1971),

11. Sellers et al. (1996),
14. Ross (1975),
17. Rauner (1976),
20. Hellkvist et al. (1973),
23. Gardner (1960),

9. Nielson (1995),

12. Dickinson et al. (1993),
15. Denmead (1976),

18. Cowan and Milthorpe (1968),
21. Richter (1976),

24. Sala et al. (1981),

26. Denmead and Shaw (1962),

27. Gollan et al. (1986),

28. Federer (1979), 29. Havraneck and Benecke (1978).

a function of the availability, range and uncertainty of val- rsmin andrsswere kept well within their range of uncertainty,
ues in the literature, as well as of the sensitivity of model and their original rank by vegetation class was preserved. In
results to the given parameter. Many values, such as canopis way, the impact of uncertainties in the relative magni-
height and leaf width, are only order of magnitude estimatestude of the parameters on the partitioning of evapotranspira-
Careful consideration was given to the monthly timescale ation was kept to a minimum. Sensitivity analysis with vari-
which the model is implemented, especially with regard toous combinations ofsmin andrssthat reproduce similar peak
rsmin, the minimal stomatal resistance. In selecting parameLAl and total evapotranspiration showed the conclusions of
ter values, we also considered the degree to which vegetatiothis paper to be robust.

classes other than the designated one are present. For ex- ) )

ample, much of the area parameterized as wetland and tem- As the main determinant of the absolute amount of water

perate deciduous savanna is cultivated cropland. Calibratiofvailable for transpiration, the root zone depily,is one of
was performed for the values of only two parametetsin the more important parameters in SVAT models (Jackson et

andrss the soil-surface resistance. In initially estimating val- 2l 2000; Mahfouf et al., 1996). The distribution of roots
ues ofrss We took the view that they are mainly due to the P€/OW @ given stand of vegetation is a complex function of
litter layer. The calibration process consisted mainly of vi- Plant speciation and phenology, chemical and physical prop-
sually matching modeled mean annual runoff to contours oferties of the soil, and climate. Many of those factors con-
observed streamflow. Additional consideration was given to?€r9€ o produce similar root distributions within a given

reproducing the observed peaks in green LAI. The values oPioMme (Schenk and Jackson, 2002). Jackson et al. (1996)
compiled a database of 250 root studies, which they grouped
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into 11 biomes. They fit an exponential equation to plots of o

cumulative root fraction versus soil depth within each biome. | oy, Qs :

We used the resulting decay constants to calculate root zone e =

depth as the depth that contains 95% of the root biomass. Be o I 0105

cause temperate savanna and wetlands are not amongst tt [ |[ € Bz

biome classes used by Jackson et al. (1996), we selected va - . : B

ues intermediate between grasses and forests. Likewise, th - —

root zone depth of conifer woodland was taken as intermedi- . K k%

ary between that of savanna and forest. . ‘ o
Evapotranspiration estimates with the model are much - N obsred seamion

less sensitive to the depth of the recharge zagewhich ) o( i
mainly controls the phase and amplitude of the annual cy- #
cle in groundwater recharge. A recharge zone of about twice =/
the depth of the root zone gave seasonality in groundwater
recharge (and hence base flow) consistent with the observer @
seasonality in streamflow across the study region (e.g., Ger-

aghty and Miller, 1973). Accordingly, values feg of 100,  Fig 6 Comparison of modeled annual average total runoff with
150 and 200 cm were assigned to vegetation classes based ghserved streamflow (1951-1980). Streamflow contours are from
the closest match to twice the corresponding valug,of Gebert et al. (1987).

As the determinant of the moisture content at which tran-
spiration begins to decrease below the potential rate (and
consequently a determinant of the peak in green LAl), the4.1 Annual runoff
critical soil matric potential\y, is also a relatively impor-
tant parameter. That such a point exists is based on a reFhe contours of observed streamflow overlay modeled an-
sistance model of transpiration typically attributed to Cowannual runoff in Fig. 6. An excellent match to overall climatic
(1965), following the work of Gardner (1960) and van den trends was obtained. Remarkably, the model even does a
Honert (1948). The model indicates théit,c should be a  reasonable job of capturing the higher runoff over the topo-
function of the transpirative demand of the atmosphere, agraphically complex Black Hills and Ozark Mountains based
well as the density of the roots and of the transpiring leafon grid-cell average climate alone. Nonetheless, for a num-
area. Rather than try to estimate the resistances in the Cowdser of individual cells and small clusters of cells with runoff
model, we assume thab,. is relatively invariant within  greater than two inches, differences between the contours and
given climatic regions and associated vegetation classes ahodel results are as high as abet80%. In addition, on a
the time of the year when water stress is most likely to oc-relative basis, the model overestimates streamflow over most
cur. Assuming fixed values of, is fairly common in the  of the driest part of the study region (i.e., New Mexico and
modeling of transpiration (Guswa et al., 2002). the Texas and Oklahoma panhandles.) This is likely due to
an overestimate in surface runoff in the region (Kochendor-
fer, 2005). Many other reasons could be cited for the dif-
ferences between observed stream flow and modeled runoff.

As noted above, we calibrated the soil surface resistances an%iOme of the most significant not associated with measure-

minimum stomatal resistances of the SW model by vegeta—tmhgnvtvztnedr IS;?;E)\?;LM:T?Q deerlror';;r\]/éhtic doongv);:rr]ségglrev‘;;h dirr:grfg]ct
tion class via a visual fit of modeled mean annual runoff to '

hat runoff calcul from streamflow may not n ril
contours of observed streamflow. Because the streamflo at runoff calculated from streamflo ay not necessarily

. e representative of actual watershed runoff. In general, the
contours were developed as an average for the period 1951— . . . .
P 9 P one-dimensional form of the SDEM and its lack of interac-

1980 (Gebert et al,, 1987), we used that 30-yr period. NO ion with groundwater is a significant limitation to predicting

separate validation period is examined. Rather, the vaIidityﬁunO]cf and streamflow at basin scales. However. our main in-
of the model is established through the realism with which ) ’

it reproduces not only runoff but also all other components.terESt in comparing modeled runoff and observed streamflow

of the water balance, including soil moisture, green LA, soil ::Sa?j ?a\r/f:j“g;:w tﬁifnrzc;iﬁle?i;\gﬁoﬁ;a?ﬁg?;ﬁg;?rv\?etzg:;
evaporation and transpiration. P 9 ' '

assess the model as performing very well.

4 Results and discussion

4.2 Soil moisture

We identified four sets of long-term records of observed
soil moisture encompassing a range of climatic conditions
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a) March located in the silt loam and silty clay loam soils that domi-
nate the state. The soil textures and vegetation at the other
locations were also similar to the soil textures and vegetation
classes assigned to the corresponding grid cells. Although
comparison of site-specific soil moisture data with grid cell
calculations can be problematic, such a comparison may pro-
vide an indication whether large-scale variations in soil mois-
ture are reproduced by the model.

The observations of mean root-zone (as defined by the
values ofzy in Table 1) volumetric soil moisture over the
given periods of record are plotted on top of model results
in Fig. 7 for March (with the exception of the lowa site, for
which April is plotted due to the lack of March measure-
ments) and August. Those months are the respective months
in which modeled soil moisture most frequently reaches its
annual maximum and minimum. Based on the plots, large-
scale variations in the magnitude and seasonality of mois-
ture content appear to be captured by the model. The in-
fluence of soil texture is seen throughout the study region,
mostly noticeable in the differences in moisture content be-
tween the Sand Hills of north-central Nebraska and the Pierre
Shale Plains of south-central South Dakota. In the CPER ob-
servations, the significance of subgrid variability in soil tex-
ture is seen in the higher moisture retention of the clay-loam
soil in comparison to the sandy-loam soil (where the latter
has been plotted above the former). Over lllinois, there is
no clear spatial structure to either observed or modeled soil
moisture. Apparently, the slight north-to-south increase in
annual precipitation over lllinois is more-or-less completely
offset by the north-to-south increase in potential evapotran-
spiration. For both March and August, using the t-test for
unequal variances, there is no significant difference at the
95% confidence level between the mean of the 15 observed

values and the mean of modeled values for the grid cells in

Fig. 7. Comparison of modeled (1951-1980) and observed (variougyhich the observations fall. Finally, we note that in contrast

record lengths) average volumetric soil moisture in the root ZONey that for the two grassland sites, modeled mean August soil
(a) March and(b) August. Observations are the red dots. '

moisture values for the lowa and lllinois sites are somewhat
above the critical value, indicating that in many years the
model reaches the maximum peak green LAl of six.

across the study region. The first two datasets come from

two grassland sites in the Great Plains: the Central Plaing.3 Model-determined leaf area index and

Experimental Range (CPER) in north-central Colorado and above-ground net primary productivity

the USDA-ARS R-5 experimental watershed near Chick-

asha, Oklahoma. Those two sites are used by Kochendorfdfigure 8 depicts the 30-yr averages of model-determined
and Ramirez (2010) to test the LAl-optimization hypothe- peak green LAl and compares them to the unaltered NDVI-
sis with the coupled models. The third set of soil moisture based observations. The model-determined LAl preserve the
data comes from another USDA-ARS experimental water-general climatic trend of increasing LAl with increasing hu-
shed: an 83-acre cropped watershed near Treynor, lowa, demidity, while largely missing more regional-scale variations.
ignated as W-2. The collection of soil moisture data from The model-determined LAI tend to be higher than the unal-
W-2 lasted from 1972 until 1994. Those data, as well as thetered observations in the drier regions and lower in the wet-
fourth dataset, were downloaded from the Global Soil Mois-ter regions. As a whole, the model-determined LAI, with
ture Data Bank (Robock et al., 2000). The fourth and finala mean of 2.79 and standard deviation of 1.61, tends to be
set of soil moisture data is from the Illinois Climate Network slightly larger and slightly less variable than the unaltered
(Hollinger and Isard, 1994). We used the data from 1983 toobservations, which possess a mean of 2.66 and a standard
2001 for 15 soil-moisture stations that are grass covered andeviation of 1.78. Given the uncertainties in the NDVI-based

percent
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K.

a) maximized peak green LAl is reached. In contrast, the unaltered NDVI-derived peak in
green LAl is only 2.1. The second site is located in the adja-
cent grid cell to the east at 368N 96.68 W. The vegetation

there is reported as grass, with two undated LAI measure-
ments of 5.4 and 5.8. For the grid cell, the model-determined

[102-04 LAlis 2.1, and the unaltered NDVI-derived peak is 1.9. We
L0407 suspect that the field measurements are biased towards the
el ?72 1.0 high side, but nonetheless, they suggest a region of higher
B 2-3 productivity. Also indicative of the potential for higher pro-
-4 ductivity is the fact that a group of seven cells just to the west
45 of the field measurements are mostly in crops (see Fig. 2).
lsS-6 Located at the southern end of the area of higher model-

determined LAI, at 35.15N 97.75 W, is the R-5 experimen-

tal watershed. For this grassland catchment, two hydrologic
modeling studies were found that use field-based estimates
of peak green LAl of 2.5 (Ritchie et al., 1976) and 3.2 (Lux-

) . moore and Sharma, 1980). For the corresponding grid cell,
b) ratio to unaltered observations the model-determined LAl is 2.1, and the unaltered NDVI-
derived observation is 1.1 — further evidence that the latter
underestimates peak green LAl in this area of the grasslands.

I 0.35-05 Given the paucity of field-measured LAI, we turn to an-
I 05-07 other measure of vegetation density, aboveground net pri-
| 07-09 mary production (ANPP). Specifically we rely on ANPP esti-
_09-11 mates for the grassland region made by Tieszen et al. (1997),

L] 1; i ;g who correlated potential rangeland production estimates with

B 20-33 NDVI data from 1989 to 1993. In Fig. 9a, the model-
determined peak in green LAl values for those cells desig-
nated as grassland in the model parameterization are plotted
against the corresponding Tieszen et al. (1997) estimates of
ANPP (as resampled to the half-degree grid by Zheng et al.,
2003). The unaltered observations of peak-green LAl are
plotted against the ANPP estimates in Fig. 9b. Based on a
power curve fit, the ANPP data is substantially more corre-

Fig. 8. (a) Average peak in model-determined green LAI (1951- |ated to the model-determined LARE = 0.59) than to the

1980), andb) its ratio to the average NDVI-based estimates (1981-,ngltered observationsRE =0.42). We note that both the

1991) of Buerman et al. (2002). LAl observations and the ANPP estimates are derived from

the NDVI data — albeit in very different ways. For this rea-

son, the higher correlation between LAl and ANPP brought
observations discussed in Sect. 3.4, we cannot assume thahout by the model is a particularly strong endorsement of
the unaltered observations are a more accurate representge LAl optimization process for water-limited grasslands.
tion of actual LAI. Using ground-based observations and pro- - The most distinct exceptions to the trend in the grasslands
ductivity data, we examine below the likely accuracy of the region of a model-determined LAl larger than the unaltered
model-determined LAl as compared to the unaltered obserghservations are the high-clay-content regions of the Pierre
vations, mainly focusing on the grassland region and thenshale Plains and east-central Texas (see Fig. 3). In contrast
briefly on the more humid half of the study region. to the Pierre Shale Plains, where the grid cells contain the

As seen in Fig. 8b, the model-determined LAI are greaterhighest percentages of clay within the larger study region,

than the unaltered observations over most of the grasslanthe Sand Hills region is the locus of the highest percent-
region. The area of greatest disagreement is centered midrges of sand. Over the entire Sand Hills region the model-
way along the border between Nebraska and Oklahoma. Thdetermined LAI are larger than the observations, with the
dataset of Scurlock et al. (2001) contains ground-based LAFatio greater than two for a few of the cells. The contrast
measurements at two sites within this area. The first is arin model-determined LAI between the two regions is re-

LAI of 7.5 for a 1997-1998 harvest of a wheat crop locatedflected in the Tieszen-et-al. ANPP data; in the Pierre Shale

at 36.75 N 97.08 W. For the corresponding grid cell, which Plains, ANPP generally falls in the range of 60 to 110 g/cm

is parameterized ass@rasses, the model-determined LAl while in the Sand Hills, it generally falls in the range of

is 5.9, indicating that for most years the upper bound of 6.0120 to 170 g/crf (see Fig. 12b for a plot of the total NPP
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300

in comparison of the R-5 catchment, which was moderately
grazed, with the adjacent R-7 catchment, which has similar
soils but was intensely grazed. As a result of the overgraz-
ing and subsequent erosion, the vegetation cover was signif-
icantly smaller over the R-7 catchment; Ritchie et al. (1976)
indicate a peak green LAl value of 0.5 for the R-7 catchment,
x and Luxmoore and Sharma (1980) report a value of 0.75. The
model-determined LAl may thus be more representative of a
“potential” LAI, which would be achieved in the absence of
overgrazing, fire, infestation, disease or other significant dis-
turbances (e.g., Nemani and Running, 1995). At least some
of the difference between the model-determined LAl and the
unaltered observations over the grasslands is then attributable
to one or more of those disturbances, grazing being the most
likely culprit on a long-term basis.

Second in importance in the grasslands to grazing is crop
production. While only a handful of cells within the grass-
land region are designated as crops in the model parameter-
ization, crops are raised throughout. For example, the April
and May peak in green LAI over much of the central and
southern grasslands (see Fig. 2) is an indication of the preva-
lence of winter wheat there. Because it occurs when transpi-
rational demand is still relatively low, the early peak in fact
allows for the relatively high model-determined LAl in this
region. The model-determined LAl may thus be more rep-
resentative of wheat than the more predominant grasslands.
On the other hand, management factors, such as fertilizer
application and irrigation, likely play a role in the model-
determined LAlunderestimatinghe observed grid-cell av-

& erages. In fact, many of the cells in the grassland region
where the model-determined LAl is less than the unaltered
observations correspond to areas of high levels of irrigation
0 1 9 3 4 5 6 (USGS, 1993).
Over the humid half of the study area, the differences be-
Fig. 9. Comparison of the estimates of grassland ANPP from Zhengtween the model-determined peak in green LAl and the un-
et al. (2003) based on Tieszen et al. (1997) wita) modeled-  altered observations show some spatial structure (Fig. 8b).
determined peak green LAI, arfll) unaltered NDVI-based obser- The greatest association with vegetation type or soil texture
vations of peak green LAl (Buerman et al., 2002). is a low bias in the model-determined values in lower Missis-
sippi River valley, which is dominated by crops and wetlands
over silty clay loam soils (see Figs. 2 and 3). We were un-
data, which are derived from the ANPP data.) The model-able to find ground based observations of LAl in this region.
determined LAl in the corresponding grid cells range from Both raw NDVI data and the unaltered NDVI-based LAl ob-
0.7t0 0.9 and 1.3 to0 1.9, respectively — the same approximateervations in Fig. 4, show it to be a region of lower produc-
one-to-two ratio as ANPP. In contrast, the unaltered observativity. However, actual mean peak LAl may not be as low
tions of peak green LAl (see Fig. 8) are actually higher overas the 1-2 range predicted by the model, indicating that the
the Pierre Shale Plains than over the Sand Hills. That thesoil hydraulic parameters or the critical matric potential for
model reproduces the higher productivity of the Sand Hills crops and wetlands, or both, may produce a higher than ac-
suggests that it is able to capture the inverse texture effediual value of the critical soil moisture content. Additionally,
(Noy-Meir, 1973). Kochendorfer and Ramirez (2010) eval- as for the grassland region, crop management factors may
uate that ability more rigorously using model results for the play a role in the actual LAl being greater than the modeled.
CPER site and the R-5 watershed. The difference between modeled and observed peak LAl

We cannot compare the model-determined LAl against than the humid half of the study region is relatively unbiased
unaltered observations without addressing the impact of landh the mean. Rather than being an endorsement of the eco-
use. Grazing is the predominant land use in the grasslandegical optimization hypothesis, this is most likely due to the
region. The significance of grazing intensity can be seenupper bound being 6 in both the model and the NDVI-based
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Fig. 10. Average potential soil evaporation, actual soil evaporation and actual as a percentage of potential for March, August and the entire
year (1951-1980).

observations. Therefore, we cannot conclude that the use gilace predominantly in the growing season, a similar pat-
the critical matric potential to estimate peak green LAI dur- tern is seen for the annual totals. Actual soil evaporation
ing years in which water may be limiting improves the unal- is depicted in Fig. 10d—f as depths, and in Fig. 10g-i as a
tered NDVI-based observations in the humid half of the studypercentage of the potential. In the humid half of the study re-
region. On the other hand, evidence presented above for thgion in March, soil evaporation is virtually always under cli-

grassland regions strongly suggests that the ecological optimate control (i.e., stage-two evaporation is seldom reached)
mality hypothesis is a practical means for estimating the pealas a result of the seasonally high moisture content and low
in green LAI for these systems in the absence of significanfpotential soil evaporation. As one moves to the southwest-

disturbance to their natural productivity. ern corner, the degree of soil control rapidly increases to the
point of being almost entirely limited by the availability of
4.4 Potential and actual soil evaporation soil moisture (i.e., stage-two evaporation is reached soon af-

ter the end of storms.) In August, when potential rates are at
or near their highest and soil moisture values at their lowest,
most of the dry half of the study region undergoes strongly
soil-moisture-limited evaporation.

Results from application of the SW model to the calculation
of potential rates of soil evaporation with model-determined
LAI are depicted in Fig. 10a—c for March, August and for
the sum of all months. The results for March, when green Figure 11 depicts total evapotranspiration and the percent-
LAl is low or nonexistent, are primarily controlled by the age that is soil evaporation for July and for the entire year.

latitudinal temperature gradient. The results for August, be-The remaining percentages are dominated by transpiration,
ing higher in areas of lower LAI, are indicative of the grow- with canopy interception accounting for no more than about

ing season (see Fig. 8a). Because evapotranspiration takd€% on both a seasonal and annual basis. In July, when green
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soil evaporation as a percentage
of total evapotranspiration
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Fig. 11. Average total evapotranspiration and soil evaporation as a percentage of total evapotranspiration for July and the entire year
(1951-1980).

LAl is at or near its peak, soil evaporation falls in the range oration (see Fig. 10b, c) that results from the regionally lower
of 10% to 30% of total evapotranspiration for the majority of LAI (see Fig. 8a). If we look at soil evaporation as a percent-
the cells, with the percentages being more variable in the drnage of potential soil evaporation (see Fig. 10g—i), we see that
half of the study region. On an annual basis, soil evaporatiorthe percentages are slightly higher than the surrounding cells
comprises between 30% and 60% of total evapotranspiratiomm the high clay areas of the humid half, while slightly lower
for nearly all the cells. The distribution of percentages showsin the Pierre Shale Plains. This suggests that the lower diffu-
surprisingly little correlation to vegetation class or climate. sivity of the high-clay soils has a greater offsetting effect to
This suggests that the generally lower vegetation cover andhe higher moisture content in the Pierre Shale Plains than in
lower soil-surface resistances in the dry half of the study re-the humid regions. The difference has mainly to do with the
gion are more-or-less completely offset by the drier soil. degree to which soil evaporation is controlled by moisture
In contrast to vegetation class and climate, the influencegontent; in the humid half of the study region, at least 60%
of soil texture are clear in the percentages in Fig. 11. The dif-0f the potential demand is met for nearly all the cells on an
ferences in LAl resulting from the differences in soil texture annual basis.
between the Pierre Shale Plains and the Sand Hills manifest Although relatively new isotopic, sap-flow and eddy-
themselves as, respectively, regionally higher and lower pereovariance methods are increasingly being applied (e.g.,
centages of soil evaporation. In the humid half of the studySmith and Allen, 1996), separate observation of soil evap-
region, the highest percentages of soil evaporation (i.e., thoseration and transpiration has historically been difficult, and
in excess of 60%) are associated with the high-clay soils ofcontinues to be, particularly at the stand and larger scales,
the lower Mississippi River valley and Northeast Texas (seeand over time periods representative of average climatic con-
Fig. 3). The proximate cause of the higher percentages irditions. Therefore, there are not many data that can be
regions of high clay content is the greater potential soil evap-used to validate the partitioning of evapotranspiration in the
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model results. Nonetheless, a few studies were identified
at sites in or near the study region. Of particular interest
are the stable isotope study of Ferretti et al. (2003) and the
energy-balance measurement and modeling study of Mass-
man (1992) conducted at the CPER. Those studies were re-
viewed by Kochendorfer and Ramirez (2010) and found to
be in good agreement with model results for the CPER. Their
SDEM-SW results show that, over the growing season, soil
evaporation is the dominant component of evapotransiration
in April and May and a neglible component in August and
September, with the June and July percentages approximat-
ing the average over the whole growing season. Even in the
sparse canopy of the shortgrass steppe — measured peak LAl
at the CPER ranges from 0.4-0.6 (Hazlett, 1992; Knight,
1973), growing-season soil evaporation appears to average
one third or less of total evapotranspiration. Measurement-
based studies from more arid environments in the southwest
USA (Dugas et al., 1996; Stannard and Weltz, 2006) indicate
that transpiration dominates there as well.

In comparison, to natural vegetation, more evapotranspi-
ration partitioning studies have been conducted of crops,
with a tendency to focus on irrigated systems. The cumu-
lative impression from several such studies (Ashktorab et
al., 1994; Klocke, 2003; Leuning et al., 1994; Massman
and Ham, 1994; Peters and Russell, 1959; Villabalobos and
Fereres, 1990), as well as from a review paper (Burt et al.,
2005), is that cumulative growing-season soil evaporation
ranges from 20% to 50% of total evapotranspiration for well-
watered crops — both irrigated and rain-fed. Thus crop per-
centages in the literature are similar to those for semi-arid
grasslands and also in good agreement with the model re-
sults in Fig. 10 (which were produced under the assumption
of rain-fed crops.) Variations in the literature values appear
to be more dependent on irrigation and tilling schemes than
on climate or crop type.

Finally, we consider the empirical data on evapotranspi-
ration partitioning in forests in the humid half of the study
region. Eddy covariance measurements in deciduous forests
just east of our study region (Grimmond et al., 2000; Wil-
son et al., 2001) show evaporation from the forest floor to be
about 10% of total evapotranspiration at peak LAIl. Because
model results in Fig. 13 show a contribution in July from
soil evaporation of 10-30%, we can conclude that the model
tends to overestimate soil evaporation in humid forests. This
may be the result of the upper bound on LAI being limited to
six. Another possible source of model error is the values of
surface soil resistance for forests in Table 1 underestimating

Fig. 12. (a)Modeled average annual grassland transpiration (1951-the mulching effect of the litter layer. In general, greater con-
1980) for cells in which the natural vegetation is grassland or sa-Sideration needs to be given to the limitations of applying the
vanna, (b) estimates of average annual TNPP (1989-1993) fromtwo-component SW model (which was originally developed
Tieszen et al. (1997) as contained in the database of Zheng dor sparse crop canopies) to the taller and generally hetero-
al. (2003b), andc) water use efficency calculated with (a) and (b). geneous, multi-leveled canopies of forests, woodlands and
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Fig. 13. Root-zone estimates @&) residual moisture contentb) pore size distribution indexc) bubbling pressure, an@) saturated
hydraulic conductivity.

5 Summary and conclusions tor. Grid-cell specific curves were determined from NDVI-
based estimates of green LAI. For the water-limited grass-
The SDEM as coupled to the SW canopy model has beehand region, comparison of the means of model-determined
applied to the central United States over a half-degree gridpeak green LAl and those of the unaltered NDVI-based ob-
using vegetation, soil and climate data from the Vegeta-Servations with ground-based observations of LAl and with
tion/Ecosystem Modeling and Analysis Project (VEMAP), a gridded datasets of above-ground net primary production
among other sources. A very good match of modeled mearndicated that the model-determined values are at least as ac-
annual runoff to contours of streamflow was achieved withcurate as the unaltered observations. The lack of positive
only minimal calibration of two evapotranspiration param- correlation between accumulated precipitation and the peak
eters, indicating that mean annual evapotranspiration is apin observed green LAl for vegetation in the humid half of
proximated well by the coupled models. the study region suggest that the optimization hypothesis is
The interannual variation in peak green LAl is modeled of limited use in this r_eg_ion. However, the somewhat arbi-
through application of the hypothesis that, in any year intrary upper bounc! of six in both opserveq and modeled green
which water is significantly limiting, vegetation will draw LAl may be masking greater spatial and interannual variabil-
soil moisture down in the latter half of the growing season ity @nd, consequently, the role of water in determining the
approximately to the point at which the vegetation just begins/Ong-term mean peak, particularly in the forested areas.
to experience water stress. The hypothesis is applied to max- The partitioning of evapotranspiration in model results
imize the annual peak in green LAI, within upper and lower showed little dependence on climate and vegetation type,
bounds, by scaling the seasonal LAI curve by a single fac-with most of the variation across the study region attributable
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Fig. 14. Estimates of two of the statistics of the Poisson rectangular-pulse stochastic precipitation model for January and July.

to soil texture and the resultant differences in vegetation denAppendix A

sity. The implication is that the higher (lower) soil mois-

ture content in wetter (drier) climates is more-or-less offsetParameter estimation

by the greater (lesser) amount of energy available at the soil

surface. At the low end, with approximately 25-35% of an- Al  Soil hydraulic parameters

nual average evapotranspiration being soil evaporation, are ) ) .
mostly soils with high sand content. At the high end, with 1€ Soil hydraulic parameters in the SDEM are those of

60-70% as soil evaporation, are soils with high clay con-Brooks and Corey (1966), who formulate the dependency of
tent. The results for grasslands and crops are well supporteli!® Sil matric potential on soil moisture content as

by empirical observations in the literature. However, eddy- W (s) = Wgs /" (A1)
covariance studies from two deciduous forests near the StUd%here\IJ (s) is the soil matric potential at a relative soil satu-

region suggest that the model overestimates soil evaporatiof .. . . . L
. . ) ration ofs, Wgis th ling matri ntial (i.e., the val
in humid forests by a factor of as much as two. This calls ation ofs, Ws is the bubbling matric potential (i.e., the value

into question both the upper bound of six for the LAl and at which air entry begins), and is the pore size distribution

the accuracy of the Shuttleworth-Wallace model (as coupledndex's 's defined by
to the SDEM) for the heterogeneous, multi-level canopies ofg _ O —6r
forests, woodlands and savannas. In general, our results and 7t — 6
their validation help to clarify the wide-ranging results in the whereé; is the total volumetric soil water conter, is the

partitioning of evapotranspiration that have been producedesidual volumetric soil water content, andtotal porosity.

(A2)

by other SVATS. Brooks and Corey formulate the dependency of the unsatu-
rated hydraulic conductivity onas
K(s)=Kss®© (A3)
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wherec is the pore disconnectedness index, which the au-January and July are presented in Fig. 14 for two of the more
thors show to be related to the pore size distribution indeximportant statisticsiny, the mean time between storms, and
by mp, the mean depth of storms. The former primarily con-
243m trols the frequency with which stage-two soil evaporation is
= (A4)  reached, while the latter primarily controls the partitioning

Grid m” bulk densi q ; 4. sil é)etween infiltration and surface runoff.
rid-cell mean bulk density and percentages of sand, silttand |, 4, equilibrium calculation of the monthly water bal-

clay from the VEMAP database were used to estimate value?’;mce, the PRP statistics are all that are needed (see Kochen-

of the Brooks-Corey soil hydraulic parameters. Those datadorfer and Ramirez, 2010). In Eagleson’s application of his

are given for two soll layers: 0-50 cm and 50150 cm, Whereoriginal model to estimating the interannual variability of

the data for the former are used for root zone and the data fof, | | & he perturbs the model with variations in annual pre-

the latter are used for the recharge zone, regardless of thg a&'pitation as sampled from its PDF (as predicted by the PRP
tual values used for the depth of the soil layers. Bulk dens'tymodel), while leaving the values of the PRP statistics alone

was cqnverted to t_otal porosity with the standard assumptioQEagleson, 1978g). However, a given value of precipitation
O.f a.”?'”era' d_ens_@y of 2.65 glc_'fn In orde_r to gapture the over some period that is larger (smaller) than long-term mean
signigicant variability of hydraulic properties within textural increases the likelihood of greater (fewer) number of storms
classes due differences in grain-size distribution, Kochendor . it time period, as well the likelihood for deeper (shal-

fer (2005) modeled the dependencejof¥s andm on sand lower) storms than the mean depth. By applying Bayes’ The-

and clay percentages _b_y multivari_ate linear regression. Th%rem to the PRP model, Salvucci and Song (2000) derive
values of texture-specific hydraulic parameters reported b robability distributions for the number of storms and the

Rawls et al. (1982) were assigned to the midpoint values o ean storm depth over a given period conditioned on the ac-

sand and clay percentages for the corresponding texture clagga precipitation for that period. We use their methodology
on the USDA triangle. The results of application of the re- to condition the monthly mean values of the PRP statistics

gression equations to the VEMAP sand and clay percentageg, o, month on the observed VEMAP/PRISM total for the
for the 0-50 cm layer are presented in Fig. 13a—c. Followinggen month and grid cell. Details can be found in Kochen-
Rawls et al. (1982), Kochendorfer (2005) related the Brooks-Olorfer (2005)

Corey parameters t&5 using an equation derived by Brut-

saert (1967) based on a permeability model developed byA3 Monthly climate variables

Childs and Collis-George (1950). The equation was scaled

to fit the textural-class geometric means reported by Cosbyn addition to being the source of monthly precipitation, the
et al. (1984) and Rawls et al. (1982). Shown in Fig. 13d areVEMAP database provided monthly mean temperatures, as
the results for the root zone after a lower limit of 5.0 cm/d Well as two other variables necessary for implementation of

was placed orK. the SW model: incoming solar radiation and water vapor
o pressure. Four variables necessary for implementation of the
A2 Storm statistics SW model not included in the VEMAP database are net long-

. ... _wave radiation, surface albedo, air pressure and monthly
Kochendorfer (ZQQS) Fierlved monthly values for the St.at'sucswindspeed (the last being provided only as a seasonal clima-
of the PRP precipitation model from hourly observations of

s . . . . tology). Net long-wave radiation was estimated from cloudi-
precipitation as compiled by the National Climatic Data Cen- 9y) g

d ness, surface temperature and humidity using a methodol-
ter (NCDC) and made available on CD-ROM by Earthinfo, ogy outlined by Sellers (1965). Cloudiness was estimated

Inc. (Earthinfo, 1999). Those observations were taken byas a linear function of the ratio of solar radiation incident

recording rain gauges located at National Weather Service

Federal Aviation Administrati 4C tive Ob at the surface to that incident at the top of the atmosphere,
ederal Aviation Administration, and LoOperative JRSEIVEr, iy, e slope and intercept visually calibrated to maps of a

s_tatio_ns. Thousands of these station_s began making Observgﬁmatology of observed percent sunshine (Baldwin, 1973).
tions in and soon after 1948 and continue through the presenbue to a lack of remotely sensed surface albedo over the en-

'I_'he 50—year period from 1949 to 1998 was §§Ie9ted for ©Stire modeling period, a gridded, monthly climatology created
timation of the parameter values of the precipitation model.

. . . . by Hobbins et al. (2001) based on Gutman (1988) was used.
Stt_';\tu_)ns in the NCDC database were included in the anal, urface air pressure and surface windspeed were interpolated
ysis if they have records for at least 40 of the 50 years an rom monthly values produced by the NOAA-CIRES Cen-
have no more than 20% missing data for the available Yearsy, for the Diagnosis of Climatenftp:/www.cdc.noaa.gov/

Within an area extending 2".5at|_tude and Ior_lgltude beyond cdc/reanalysi3/from results of the NCEP/NCAR reanalysis
the boundaries of the study region, 706 stations met those cri-

. . - . o ) project (Kalnay et al., 1996). The remaining, water-vapor-
teria. Ordinary kriging (dgtallg d descriptions of which can t.’e related variables were calculated from vapor pressure, air
found elsewhere; e.qg., Kitanidis, 1993) was selected a prior|

. X : - temperature and air pressure using standard formulas pre-
as the preferred method for interpolating the station Stat'St'CSsented by Shuttleworth (1993)

to the half-degree grid of the study region. The results for
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