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[1] Representing spatially varying precipitation for current grid length scales used in
General Circulation Models (GCMs) is a continuing challenge. Furthermore, to fully
capture the hydrologic effects of nonuniform precipitation, a representation of soil
moisture heterogeneity and distribution of spatially varying precipitation must exist
within the same framework. For this study, the explicit and sampling methods of Sell-
ers et al. (2007) are tested off-line using the Simple Biosphere Model (SiB3) in an arid,
semiarid, and wet site, and are numerically compared to the bulk method, which is
currently used in GCMs. To carry out the numerical experiments, an arbitrary grid
area was defined by (1) a single instance of SiB3 (bulk method), (2) 100 instances of
SiB3 (explicit method), and (3) less than 100 instances of SiB3 (sampling method). Pre-
cipitation was randomly distributed over fractions of the grid area for the explicit and
sampling methods, while the standard SiB3 exponential distribution relating precipita-
tion intensity to the grid area wet fraction was used in the bulk method. Comparing
the sampling and bulk method to the explicit method indicates that 10 instances of
SiB3 in the sampling method better captures the spatial variability in soil moisture and
grid area flux calculations produced by the explicit method, and deals realistically with
spatially varying precipitation at little additional computational cost to the bulk
method.
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1. Introduction

[2] It has been shown that the representation of soil
moisture heterogeneity in General Circulation Models
(GCMs) is very important for modeling earth’s climate
system [e.g., Ronda et al., 2002; Ryu and Famiglietti,
2006]. Aside from the oceans, soil moisture is another
slowly varying component that influences weather and
climate through its impact on evaporation and other
surface energy fluxes [Sch€ar et al., 1999; Koster et al.,
2004]. Furthermore, studies have shown that in conti-
nental midlatitude summers, oceanic impacts on precip-
itation are small relative to soil moisture [Koster et al.,
2000, 2002, 2003, 2004, 2006; Guo et al., 2006]. With
the lack of soil moisture heterogeneity in early climate

models, the use of a single soil moisture value for
the entire grid area (bulk approach) along with the
nonlinear relationship between soil moisture and eva-
potranspiration has caused inaccuracies in the calcula-
tion of the grid area evapotranspiration rate [Sellers
et al., 2007]. From equation (1), the grid average of the

f ðxÞ 6¼ f ðxÞ (1)

effects of the heterogeneous variable x on the nonlinear
function f is not equivalent to the grid average of the
heterogeneous variable x applied to the nonlinear func-
tion f [Giorgi and Avissar, 1997]. To illustrate this prob-
lem, when the value of the water stress factor relating
the area-averaged soil moisture to evapotranspiration
(e.g., Figure 1) lies on the most nonlinear part of the
curve, this can lead to inaccuracies in the calculation of
the grid area evapotranspiration rate during a precipita-
tion event (e.g., small-scale or convective storm) as a
result of a significant jump in the value of the water
stress factor. To mitigate this problem [see Avissar,
1992; Giorgi and Avissar, 1997; Essery et al., 2003; Sell-
ers et al., 2007], tiling (patches) and binning approaches
have been introduced to represent land surface hetero-
geneity by dividing the grid area into separate fractional
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areas (each area can be represented by a different vege-
tation type, soil moisture value, etc.), and since energy
fluxes are calculated separately for each fractional area
before calculating a grid average, this allows for an
increase in sampling along the nonlinear curve relating
soil moisture and evapotranspiration. Furthermore,
other approaches have been introduced and represent
subgrid-scale heterogeneity through the integration of
processes over analytical or empirical probability density
functions (PDFs). Regardless of the method used to rep-
resent land surface heterogeneity, it is important to note
that using a spatially varying land surface with evenly
distributed precipitation does not completely describe
the spatial variability (and vice versa), and for the case of
soil moisture heterogeneity, representing the distribution
of spatially varying precipitation is very important, but is
poorly characterized in GCMs.

[3] In a study done by Dickinson and Henderson-
Sellers [1988], the Biosphere-Atmosphere Transfer
Scheme (BATS) was used to evaluate the climatic
impacts of the deforestation of the Amazon Basin, where
simulated interception loss for the entire basin, when
compared to interception loss measured at a single basin
site, showed overestimations of about 150%. Dickinson
[1989] explained that the overestimation of surface net
radiation and a large canopy storage capacity were the
sources for the high interception loss. However, in
another study, Shuttleworth and Dickinson [1989] sug-
gested that a much more serious source of error was the
neglect of spatial variability in precipitation. Currently
in GCMs, large-scale (frontal or stratiform) and small-
scale (convective) precipitation is predicted as a grid
area average or a single grid area precipitation value for
every time step. The even distribution of the area-
averaged large-scale precipitation rate is sufficient, but
evenly distributing the area-averaged small-scale precipi-
tation rate is problematic and decreases the physical
realism of small-scale events that alter the balance

between evapotranspiration and runoff [Pitman et al.,
1990]. A number of studies have explored the disaggre-
gation of precipitation in climate models [Sato et al.,
1989b; Pitman et al., 1990; Gao and Sorooshian, 1994;
White et al., 1997; Onof et al., 1998; Arora et al., 2001;
Hahmann, 2003; Tang et al., 2007], and many have
reported improvements in simulated hydrology and
changes in the partitioning of energy fluxes.

[4] For the case of the Simple Biosphere Model (SiB3),
the precipitation disaggregation method of Sato et al.
[1989b] has been implemented for the distribution of
small-scale precipitation. The precipitation intensity
determines what fraction of the grid area receives precipi-
tation based on an exponential distribution. Unfortu-
nately, due to the lack of land surface heterogeneity,
precipitation reaching the land surface from a fraction of
the grid is evenly distributed within the entire soil col-
umn, and does not completely capture the hydrological
effects of nonuniform precipitation. To capture the full
effect of precipitation variability in SiB3, it is clear that a
representation of land surface heterogeneity and an
improved distribution of precipitation must exist within
the same framework. Therefore, in this study, we focus
on improving the representation of soil moisture hetero-
geneity and spatially varying precipitation at little addi-
tional computational cost to the bulk method (see
section 3.4) by applying the methods of Sellers et al.
[2007], to SiB3. Section 2 gives a brief description of
SiB3, methods are described in section 3, results are dis-
cussed in section 4, and section 5 has concluding remarks
as well as future work related to this research.

2. The Simple Biosphere Model (SiB3)

[5] The Simple Biosphere Model (SiB3) is based on a
land-surface parameterization scheme originally used to
compute biophysical exchanges of energy, water, and
momentum in climate models [Sellers et al., 1986], and
later adapted to include ecosystem metabolism [Sellers
et al., 1996a; Denning et al., 1996]. The parameteriza-
tion of photosynthetic carbon assimilation is based on
enzyme kinetics originally developed by Farquhar et al.
[1980], and is linked to stomatal conductance and
thence to the surface energy budget and atmospheric
climate [Collatz et al., 1991, 1992; Sellers et al., 1996a;
Randall et al., 1996]. The model has been updated to
include prognostic calculation of temperature, mois-
ture, and trace gases in the canopy air space [Vidale and
Stöckli, 2005], and the model has been evaluated
against eddy covariance measurements at a number of
sites [Baker et al., 2003; Hanan et al., 2004; Baker et al.,
2008]. Direct-beam and diffuse solar radiation are
treated separately for calculations of photosynthesis
and transpiration of sunlit and shaded canopy frac-
tions, using algorithms similar to those of De Pury and
Farquhar [1997]. Other recent improvements include
biogeochemical fractionation and recycling of stable
carbon isotopes [Suits et al., 2005], improved treatment
of soil hydrology and thermodynamics, and the intro-
duction of a multilayer snow model based on the Com-
munity Land Model [Dai et al., 2003; Stöckli et al.,

Figure 1. Water stress factor plotted as a function of
total plant available water (PawTot, see section 3.2) for
the semiarid site. This figure was made using PawTot
values ranging from wp to total saturation (see section
3.2, equations (13–16)), and soil parameters such as fc,
wp, etc. are derived from literature values and standard
SiB3 parameters for a short vegetation/C4 grassland
(see section 3.1).
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2008a], a prognostic phenology algorithm that assimi-
lates vegetation imagery [Stöckli et al., 2008b], the bio-
geochemical cycling of carbon among decomposing
organic pools [Schaefer et al., 2008], and the ecophysiol-
ogy of corn, soy, and wheat crops [Lokupitiya et al.,
2009]. The model is now referred to as SiB3.

3. Methods

3.1. Description of Sites

[6] Derived from an integration of satellite data (e.g.,
vegetation parameters), literature values and standard
SiB3 parameters (e.g., soil parameters) [Sellers et al.,
1996b], numerical simulations for an arid, semiarid, and
wet climate region (hereafter called sites) were used in
this study for a 2 month period. Each site was forced
with meteorology from a US city that best described the
site climatology (sites do not explicitly represent those
cities), and was compiled from a combination of obser-
vations and stochastically produced from a weather
generator. The arid site is a broadleaf shrub and bare
soil mix forced with meteorology from Phoenix, AZ
with a total of 50.8 mm of precipitation, the semiarid
site is a short vegetation/C4 grassland forced with mete-
orology from Oklahoma City, OK with a total of 177.9
mm of precipitation, and the wet site is a broadleaf and
needleleaf tree mix forced with meteorology from Baton
Rouge, LA with a total of 302.77 mm of precipitation.

[7] Since meteorological data used to force SiB3 (air
temperature (K), vapor pressure (Pa), atmospheric sur-
face pressure (Pa), wind speed (m/s), short wave radiation
(W/m2), long wave radiation (W/m2), and small-scale and
large-scale precipitation (mm/s)) were not readily avail-
able at the necessary temporal and spatial resolution (30
min temporal resolution and a spatial resolution of a
point or single weather station observation) for each loca-
tion, 30 min point observations (or single weather station
observations) from the Atmospheric Radiation Measure-
ments (ARM) Program flux tower site (data available
from Ameriflux Website: ameriflux.lbl.gov/), located in
north-central Oklahoma, were adjusted to create six
instances of July meteorology for each site (6 instances 3
3 sites 5 18 total July meteorological sets). This was done
for the purpose of simulating spatially varying meteorol-
ogy (i.e., at each site, all six sets of meteorology occurred
at the same time, but over different fractions of the grid
area), and to complete the 2 month (62 days) duration of
the study each set of meteorology was used to force both
months. Adjustments were made to ARM site observa-
tions from July 2003 (arbitrarily chosen), using the
Weather Generator (WGEN) program [Richardson,
1981; Richardson and Wright, 1984]. Therefore, from the
single ARM site observation set from July 2003, 18 sets
of meteorology were created where each site had six
meteorological sets derived from a combination of mete-
orology from the ARM site observation set and stochas-
tically produced for a US city that best described the site
climatology using the WGEN program.

[8] The WGEN program [Richardson, 1981; Richard-
son and Wright, 1984] is a stochastic weather generator
that calculates point (or weather station) values of daily

precipitation (inches), maximum temperature (�F), mini-
mum temperature (�F), and daily averaged short wave
radiation (ly) with two user options. With the first
option, daily values of the four variables are produced
for a specified number of years with program supplied
statistical data (statistical data are derived from actual
weather station data corresponding to the specified site),
and with option two, the program reads user supplied
values of precipitation and the three other variables are
calculated based on the user and program supplied data.
Using option one for this study, the model first generates
precipitation as an independent variable, while the other
three variables are calculated based on the wet or dry
status of the day. The wet or dry status of each day is
determined using a first-order Markov chain model and
the precipitation amount on a wet day is generated using
a two-parameter gamma distribution. The Markov
chain model only depends on the precipitation status of
the previous day (wet or dry), where a wet day is defined
as a day with a rainfall measurement greater than or
equal to 0.01 in. [Haan, 1977]. Finally, the procedure for
generating daily values of short wave radiation, maxi-
mum, and minimum temperatures is based on the
weakly stationary generating process [Matalas, 1967].
Generated variable values will be close to monthly
means obtained from actual data, however, due to tem-
poral and spatial smoothing from the model or topogra-
phy and other factors, a correction procedure is offered
for temperature and precipitation output.

[9] For the meteorological adjustments to ARM site
observations for July 2003, the observed minimum and
maximum daily temperatures were adjusted to WGEN
output, and the remainder of the temperatures for that
day, were adjusted to fit between the new minimum and
maximum temperature. Short wave radiation was
adjusted by multiplying the observed short wave radia-
tion values by the ratio of the WGEN daily averaged
short wave radiation to the observed daily averaged
short wave radiation. Precipitation had three possible
adjustments, the first was for the case of observed precip-
itation and precipitation generated by WGEN, the sec-
ond was for the case of observed precipitation and no
precipitation generated by WGEN, and the third was for
the case of no observed precipitation and precipitation
generated by WGEN. For the first case, adjustments
were made by multiplying the observed precipitation val-
ues by the ratio of daily WGEN precipitation to the
daily sum of observed precipitation, case two required
setting the values of observed precipitation to zero, and
the third case divided daily WGEN precipitation by
four, creating a 2 h precipitation event that occurred at a
randomly chosen time of the day. Despite the different
precipitation rates and times of occurrence, all six 1
month meteorological sets received the same amount of
monthly precipitation. Fractions of the grid area
received the same meteorology (i.e., at each site, all six
sets of meteorology occurred at the same time, but over
different fractions of the grid area), and to avoid
subgrid-scale variability within subgrid-scale variability
within SiB3, only the large-scale precipitation distribu-
tion option was used for the explicit (see section 3.3) and
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sampling (see section 3.5) methods, while in the bulk
method (see section 3.4) the standard exponential distri-
bution (see sections 1 and 3.2), where rainfall intensity
determines the wet fraction of the grid area, was used.

3.2. Diagnostic Variable

[10] The diagnostic variable used for applying the
methods of Sellers et al. [2007] is now presented. Total
plant available water (PawTot, kg/m2) is a SiB3 variable
that is dependent on the saturation of the soil column
and is used to diagnose the water stress factor for the
vegetation canopy. As the soil column saturation
changes over time, this is reflected in PawTot, thus, it is
the diagnostic variable used in this study. For the calcu-
lation of PawTot in SiB3, we begin with the surface
hydrology. To account for the hydrologic effects of
small-scale and large-scale precipitation, two precipita-
tion distributions are used in SiB3. Rainfall is distrib-
uted according to equation (2), where Ic,p(X) is the
relative amount of small-scale (c) or large-scale (p)

Ic;pðX Þ5ac;pe2bc;pX 1cc;p (2)

precipitation as a function of the fractional area (x) and
the small-scale or large-scale constants ac, bc, cc, ap, bp,
and cp [Sato et al., 1989b]. Since both types of pre-
cipitation can occur together, the total amount of pre-
cipitation is given in equation (3), where P is the total

PIðX Þ5ðPcac1PpapÞe2bX 1ðPccc1PpcpÞ (3)

precipitation during a time step and Pc and Pp are
small-scale and large-scale precipitation rates (mm).
Therefore, with this distribution scheme, the large-scale
precipitation rate is distributed evenly across the grid
area, but the intensity of the small-scale precipitation
rate determines what fraction of the grid area receives
precipitation (area gets smaller as the rainfall rate
intensity increases). As mentioned in section 1, once pre-
cipitation reaches the land surface, it is evenly distrib-
uted within the entire soil column, making this scheme
unrealistic for the average small-scale precipitation
rate, but satisfactory for the average large-scale precipi-
tation rate. The dynamics of precipitation intercepted
by the vegetation canopy is described in equation (4),

@Mc

@t
5PIðxÞ2D (4)

where Mc is the amount of canopy interception, PI(x) is
the precipitation and D is the canopy drainage rate
[Sato et al., 1989b; Sellers et al., 1996a]. Defining evap-
orative fluxes [see Sellers et al., 1996a], equation (5)
describes the evaporation (kEci) rate from the wet

kEci5
ðe�ðTcÞ2eaÞ

rb

ðqH2OÞcp

c
(5)

portion of the vegetation canopy, where e�(Tc) is the
saturation vapor pressure at the canopy temperature, ea

is the canopy air space (CAS) vapor pressure, rb is the
bulk canopy boundary layer resistance, qH2O is the
density of water, cp is the specific heat of air, and c is
the psychrometric constant. The surface interception
storage is calculated as the sum of the inputs (D) and
the outputs (runoff, infiltration, evaporation). Evapora-
tion from surface interception (kEgi) is calculated using
equation (6), where Tg is the ground temperature, rd is

kEgi5
e�ðTgÞ2ea

rb

ðqH2OÞcp

c
wg (6)

the aerodynamic resistance between the ground and
CAS, and wg is the ground wetness fraction. Overland
flow is generated for the fraction of the grid where the
residual rainfall rate exceeds the locally derived soil
hydraulic conductivity. Evaporation from the topsoil
layer (kEgs) is calculated using equation (7), where hsoil

is the relative humidity of the soil pore space and rsoil is
the soil surface resistance.

kEgs5
hsoile

�ðTgÞ2ea

rsoil1rd

ðqH2OÞcp

c
ð12wgÞ (7)

[11] Moving into the subsurface, plant available water
(Paw, volumetric) is calculated for soil layers (i 5 1, I).

Pawi5
Wi

ðdziÞðqH2OÞ

� �
2wp (8)

containing roots using equation wp is the wilting point
(volumetric), Wi is the soil water mass per unit area (kg/
m2) for the ith soil layer, and dzi is the thickness of the
ith soil layer (m). Water is removed from each soil layer
based on the root fraction in that layer and vegetation
stress increases rapidly as soil moisture drops to the wp.
This response is realistic in plants, and with this
approach in SiB3, we see a gradual reaction in soil
moisture stress as the soil moisture decreases [Baker
et al., 2008; Harper et al., 2010]. Equation (9) is used to
govern the evolution of soil water mass per unit area

@Wi

@t
52

@q

@z
2ðfrootkEctÞ1Mil (9)

[Sellers et al., 1996a; Dai et al., 2003]. For the ith
soil layer, Wi is the soil water mass (kg/m2), froot is the
root fraction, Mil is the mass rate of melting (1) or
freezing (2) of soil ice, and q is the water flow. Transpira-
tion (kEct) is calculated using equation (10)

kEct5
e�ðTcÞ2ea

ð1=gcÞ12rb

ðqH2OÞcp

c
ð12wcÞ (10)

where e�(Tc) is the saturation vapor pressure at the can-
opy temperature, ea is the canopy air space (CAS) vapor
pressure, cp is the specific heat of air, wc is the canopy wet
fraction, gc is the canopy conductance, rb is the bulk
canopy boundary layer resistance, and c is the
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psychrometric constant. Darcy’s law expresses the vertical
flow within soil layers (equation (11)). K is the hydraulic

q52K
@w
@z

21

� �
(11)

conductivity, w is the soil negative potential, and the
11 term accounts for gravitational drainage of water
out of the bottom of the soil column to create base flow
is simply the hydraulic conductivity of layer 10 (equa-
tion (12)), and any excess water from saturated soil

q105K10 (12)

layers is also added to base flow. There is no horizontal
exchange of hydrologic fluxes between grid cells in SiB3,
and once a grid cell soil column has saturated, it is
assumed that runoff flows directly into the ocean. Paw-
Tot is calculated using equation (13). The fraction of
PawTot (PawFrac, unitless) that is available to plants

PawTot5
XI

i51

ðPawiÞðdziÞðqH2OÞ½ � (13)

is calculated as the ratio of PawTot to the maximum
amount of PawTot (PawMax, kg/m2) using equations
(14) and (15), where fc is the field capacity (volumetric).

PawMax5
XI

i51

ðfc2wpÞðdziÞðqH2OÞ½ � (14)

PawFrac5
PawTot

PawMax
(15)

Finally, soil moisture deficit below fc for each layer is
aggregated and total column water stress or the water
stress factor is calculated using equation (16), where S
is the shape parameter, which currently has a value of

Water_Stress_Factor5
ð11SÞðPawFracÞ
ðS1PawFracÞ

� �
(16)

0.2 [Baker et al., 2008]. For a completely dry soil col-
umn up to wp, the water stress factor has a value of 0.1,
and from fc to a completely saturated soil column, the
value is 1.0. Water stress is maximized when the value
approaches 0.1 and there is no stress at and beyond fc.
The idea for this study is to increase the sampling along
the highly nonlinear curve of the water stress factor
plotted as a function of PawTot (see Figure 1) when cal-
culating grid area evapotranspiration rates and soil wet-
ness to avoid unrealistic jumps during precipitation
events at little additional computational cost to the
bulk method (see section 3.4).

3.3. Explicit Method

[12] Following the methods of Sellers et al. [2007], an
arbitrary grid area normalized to an area of unity (1.0)
was divided into 100 cells of equal area and randomly

initialized with a Gaussian PawTot distribution
(Figure 2). In the initial distribution, with all values
lying on the most nonlinear part of the curve represent-
ing the water stress factor as a function of PawTot (see
Figure 1), each cell was represented by an instance of
SiB3 and soil column saturation representative of the
PawTot value assigned to that cell (it is important to
note that soil parameters such as fc, wp, etc. were differ-
ent at each site, see section 3.1). At each location, each
of the six sets of July meteorology (see section 3.1) was
randomly assigned a fractional area. Daily precipitation
events from all six sets were forced to occur on ran-
domly selected cells following Hahmann [2003], until the
preassigned fractional area for every set was met (recall,
the conventional exponential distribution relating the
precipitation rate to the grid area wet fraction was not
used with this method to avoid subgrid-scale variability
within subgrid-scale variability). Every fractional area
had its own ‘‘atmosphere’’ following the approach of
White et al. [1997], but in this study, all meteorological
forcings (not just precipitation as in White et al. [1997])
were different. To illustrate this, let us say that on day
two, precipitation occurred with three of the six sets of
meteorology. The three wet instances would first be dis-
tributed randomly across the grid area until the preas-
signed fractional areas for each set were met, and then
the remaining three instances of meteorology (dry)
would be randomly assigned among the unoccupied
cells until those preassigned fractional areas were met.

[13] Every instance of SiB3 was forced with its
assigned meteorology until the next daily precipitation
event was observed and the random distribution was
repeated. To complete the 2 month (62 days) duration
of the study each set of meteorology was used to force 2
months (preassigned fractional areas remained the same
for the second month, but each set was still randomly
distributed across the grid area) and for every time step
(10 min time step with hourly output) 100 instances of
SiB3 took place. Grid averages were calculated by the
integration of fluxes across all instances of SiB3, and
individual cell fluxes and runoff did not interact with
neighboring cells and were assumed to go directly into
the atmosphere and ocean, respectively. As in Sellers

Figure 2. Initial Gaussian distribution of PawTot cen-
tered on a mean value of 129.57 kg/m2 for the semiarid
site.
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et al. [2007], the explicit method was used as the stand-
ard for judging the other methods as it explicitly
resolved subgrid-scale variability. Clearly, this method
is computationally expensive and is not practical for
global GCM simulations.

3.4. Bulk Method

[14] The initial PawTot distribution used in the
explicit method was area averaged to give a single Paw-
Tot value for the entire grid area (equation (17)).

hPawToti5
ð
A

ðPawTotÞda (17)

The grid area was defined by a single instance of SiB3
with a soil column saturation representative of the area-
averaged PawTot value, and was forced with a single
meteorological data set compiled from the area-
averaged meteorology from the six meteorological data
sets used in the explicit method. The conventional expo-
nential distribution relating the precipitation rate to the
wet fraction of the grid area was used with this method.
As mentioned in section 1, once precipitation reaches
the land surface, it is evenly distributed within the entire
soil column, making this scheme unrealistic for the
average small-scale precipitation rate, but satisfactory

for the average large-scale precipitation rate. This
method only required a single model run for every time
step and is computationally inexpensive.

3.5. Sampling Method

[15] The alternative binned method of Sellers et al.
[2007] or sampling method is a modified version of the
explicit method. The initial PawTot distribution was
sorted and averaged based on the number of bins (j)
that were used. Using 10 bins, every 10 values of the
sorted (ascending order) PawTot distribution were aver-
aged giving 10 PawTot values representative of the dri-
est bin up to the wettest bin. The grid area was then
divided into 10 equal fractional areas (aj) and each frac-
tional area was represented by an instance of SiB3 and
soil column saturation representative of its assigned
PawTot value. Daily meteorological forcings were dis-
tributed based on the percentage of the grid area that
received precipitation in the explicit method, where the
number of bins being used multiplied that percentage
and that value rounded to the nearest integer equaled
the number of bins that were randomly chosen to
receive precipitation. Precipitation rates were based on
the total fractional area occupied by the wet bins and
the area average precipitation, and all other meteoro-
logical forcings were an average of the wet

Figure 3. (a) A time series of column integrated soil water mass for the explicit (solid black line), bulk (solid gray
line), and sampling (10 bins; dashed black line) methods. Peaks correspond to precipitation events and meandering
peaks and troughs represent the diurnal cycle. (b) A time series of absolute errors for the grid area LH flux for the
bulk (dashed gray line) and sampling (10 bins; solid black line) methods.
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meteorological sets used for the wet areas in the explicit
method. The remaining bins received meteorological
forcings that were an average of the dry meteorological
sets used for the dry areas in the explicit method. Grid
values were calculated using equation (18).

Grid_Value5
XJ

j51

ðSiBÞjaj

h i
(18)

4. Results

4.1. Column Integrated Soil Water and Stress

[16] In this study, PawTot was the diagnostic variable
used for applying the different methods (see section
3.2), and was chosen because it is a good representation
of the saturation of the entire soil column. Therefore,
here, we present time series of the grid-averaged column
integrated soil water mass to show that applying these
methods to PawTot is appropriate. Furthermore, time
series of the grid-averaged PawTot are similar to the
column integrated soil water mass. Plot a of Figures 3–
5 is time series of grid-averaged column integrated soil
water mass for the arid, semiarid, and wet site, respec-
tively. The sampling method performed the best at all

sites, and with an increasing bin count (10, 20, and 50),
time series converged to the explicit method. It was con-
cluded that with the use of 10 bins, the spatial heteroge-
neity similar to the one simulated with the explicit
method was sufficiently represented. For all sites, the
bulk method showed a drier time series relative to the
explicit method as a result of area-averaged meteorol-
ogy. Even though water was evenly distributed over the
grid area soil column in this method (the other methods
were comprised of multiple columns), very light rainfall
rates and very high canopy interception rates domi-
nated and resulted in a drier time series. For the calcula-
tion of grid area water stress factor (time series not
shown here because the plots are too erratic) the single
PawTot value in the bulk method calculation at every
time step caused erratic behavior in the calculation of
the water stress factor as changing PawTot values
moved up and down the highly nonlinear curve in Fig-
ure 1. For the other methods, increased sampling along
the nonlinear curve with multiple instances of SiB3
eliminated that behavior, and it was concluded that the
dry bins contributed more to the grid average water
stress factor than the wet bins. From further analysis,
the change to the initial Gaussian soil moisture distribu-
tion as documented in Sellers et al. [2007], was also
documented here. During dry periods, the initial

Figure 4. (a) A time series of column integrated soil water mass for the explicit (solid black line), bulk (solid gray
line), and sampling (10 bins; dashed black line) methods. Peaks correspond to precipitation events and meandering
peaks and troughs represent the diurnal cycle. (b) A time series of absolute errors for the grid area LH flux for the
bulk (dashed gray line) and sampling (10 bins; solid black line) methods.
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PawTot distribution for the explicit method dried down
uniformly (distribution moved from right to left, see
Figure 2) and during precipitation events, the distribu-
tion developed wet peaks (wet fractions of the grid
area) to the right of the remainder of the distribution
that stayed dry, and as the wet peaks dried down, they
moved to the left and eventually converged with the rest
of the distribution. Relative to the bulk method, the
sampling method better captured this progression.

4.2. Latent Heat (LH) and Sensible Heat (SH) Fluxes

[17] The bulk method grid-averaged LH flux was
always the highest relative to all methods, with the
greatest contributions coming from the canopy inter-

cepted LH flux as more precipitation was intercepted
with this method, and the ground LH flux, where water
that did reach the surface contributed more to the total
LH flux as water was evenly distributed over the entire
grid rather than in a fraction of the grid as in the other
methods. The grid-averaged LH flux for the sampling
method was very close to the explicit method for all bin
counts, and this was not surprising because during pre-
cipitation events the total area that received precipita-
tion was much closer to the explicit method. Absolute
errors (defined as the absolute value of the difference
between an explicit method grid value and the equiva-
lent grid value from the other methods [Sellers et al.,
2007]) for the bulk and sampling methods for the grid-

Figure 5. (a) A time series of column integrated soil water mass for the explicit (solid black line), bulk (solid gray
line), and sampling (10 bins; dashed black line) methods. Peaks correspond to precipitation events and meandering
peaks and troughs represent the diurnal cycle. (b) A time series of absolute errors for the grid area LH flux for the
bulk (dashed gray line) and sampling (10 bins; solid black line) methods.

Table 1. Time Integrated Hydrologic Flux Percentage Errorsa

Arid Site Bulk
Method (%)

Arid Site Sampling
Method (%)

Semiarid Site Bulk
Method (%)

Semiarid Site Sam-
pling Method (%)

Wet Site Bulk
Method (%)

Wet Site Sampling
Method (%)

Total LH flux 15 - 12 23 28 22
Canopy intercepted LH flux 179 10 215 22 273 5
Ground LH flux 6 - 45 23 4 24
Transpiration 2 - 28 23 27 –
Runoff - - 299 23 298 24

aTime integrated hydrologic flux percentage errors for all methods compared to the explicit method. Errors below 1% are indicated by a dash,
and negative and positive values represent an underestimation and overestimation, respectively.
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averaged LH flux for all sites are presented in plot b of
Figures 3–5. Table 1 shows time integrated percentage
errors for all hydrologic fluxes, where all methods are
compared to the explicit method. Errors below 1% are
indicated by a dash, and negative and positive values
represent an underestimation and overestimation, respec-
tively. For the SH flux, the bulk method always had the
lowest values relative to all methods, while the grid-
averaged SH flux for the sampling method was very close
to the explicit method for all bin counts.

4.3. Runoff, Canopy Air Space (CAS) Temperature,
and Relative Humidity (RH)

[18] In the bulk method, time integrated total runoff
was lower than the explicit method with the exception
of the arid site, where runoff was about the same for the
bulk, explicit, and sampling method due to very light
rainfall rates in the experiment, which resulted in very
little total runoff. Relative to the other methods, the
bulk method had the lowest CAS temperature as well as
the highest CAS relative humidity as a result of having
the largest LH flux. During precipitation events, in the
bulk method all components that contributed to the
grid area total LH flux came from the entire grid area
rather than a fraction of the grid as in the other meth-
ods, where the total LH flux was a grid average of the
wet and dry fractions. Additionally, in the sampling
method the CAS temperature and CAS relative humid-
ity were not too different when compared to the explicit
method, as a result of similar meteorological and soil
moisture distributions.

5. Concluding Remarks and Future Work

5.1. Concluding Remarks

[19] To improve the representation of soil moisture
heterogeneity and spatially varying precipitation, the
methods of Sellers et al. [2007] were applied to the land
surface model, SiB3. By applying the methods to Paw-
Tot, a SiB3 variable representative of the soil column
saturation and used to diagnose the water stress factor
for the vegetation canopy, the representation of the spa-
tially varying soil column saturation as well as surface
fluxes for the bulk and sampling methods were com-
pared to the explicit method for a 2 month period. Pre-
cipitation was randomly distributed over the grid area
for the explicit and sampling method, while the expo-
nential distribution currently used in SiB3 was used for
the bulk method.

[20] When compared to the explicit method, the bulk
method was dominated by canopy interception due to
lighter rainfall rates and had a much higher LH flux.
The greatest contributions to the LH flux came from
the canopy interception as well as the ground. Even
though the time series for the column integrated soil
water and PawTot were drier than in the explicit
method, the water that did reach the soil surface during
precipitation events allowed for a higher ground LH
flux since the flux came from the entire grid area rather
than a fraction of the grid as in the explicit method.
Additionally, as a result of the high LH flux, the CAS

temperature was lower and the CAS relative humidity
was higher than in the explicit method.

[21] For the duration of the study in the sampling
method, the total fractional area occupied by the wet
bins was very close to the area occupied in the explicit
method. This resulted in similar rainfall rates, total run-
off, canopy interception, and surface fluxes, and suggests
that the sampling method better captures the spatial het-
erogeneity in the distribution of PawTot and the total
column saturation produced by the explicit method.
Choosing the sampling method over the bulk method,
the grid area transitions from being dominated by can-
opy interception, and having a cool and humid CAS to a
grid area dominated by a warmer and less humid CAS.
Of course, using a large bin count will produce results
that are in closer agreement with the explicit method,
but it was concluded that using a bin count of 10 is an
improvement from the bulk method and better captures
subgrid-scale heterogeneity at little additional computa-
tional cost. To illustrate this, the wall clock time for each
method was averaged across all sites and was normalized
to the bulk method giving values of 1, 6, and 51. This
means that on average, the explicit method was about 50
times more expensive computationally while the sam-
pling method (using 10 bins) was only about 5. It is
important to note that simulations were performed using
an iMac system with a single processor and values may
vary across different computing systems.

5.2. Future Work

[22] We plan on applying the methods from this
research to other sites to evaluate the performance there,
and use a number of different distributions of PawTot
for initialization. Other experiments have been suggested
and involve saturating certain soil layers and perhaps
mixing biomes within the grid area. Finally, we plan on
performing online runs using a single column model
(SCM) as well as running these methods within a GCM.

[23] Acknowledgments. This work is supported by the Integrated
Water Atmosphere Ecosystems Education and Research (IWATER)
NSF IGERT Program, managed by Colorado State University grant
0966346. AmeriFlux observations in Oklahoma (US-ARM) are sup-
ported by the Office of Biological and Environmental Research of the
US Department of Energy under contract DE-AC02–05CH11231 as
part of the Atmospheric Radiation Measurement Program and the
Atmospheric System Research Program. We are also very grateful to
the contributions made by anonymous reviewers that assisted in mak-
ing this paper clearer.

References
Arora, V. K., F. H. Chiew, and R. B. Grayson (2001), Effect of sub-

grid-scale variability of soil moisture and precipitation intensity on
surface runoff and streamflow, J. Geophys. Res., 106(D15), 17,073–
17,091, doi:10.1029/2001JD900037.

Avissar, R. (1992), Conceptual aspects of a statistical-dynamical
approach to represent landscape subgrid-scale heterogeneities in
atmospheric models, J. Geophys. Res., 97(D3), 2729–2742, doi:
10.1029/91JD01751.

Baker, I. T., A. S. Denning, N. Hanan, L. Prihodko, P.-L. Vidale, K.
Davis, and P. Bakwin (2003), Simulated and observed fluxes of sen-
sible and latent heat and CO2 at the WLEF TV tower using SiB2.5,
Global Change Biol., 9, 1262–1277, doi:10.1046/j.13652486.2003.
00671.x.

Baker, I. T., L. Prihodko, A. S. Denning, M. Goulden, S. Miller, and
H. R. da Rocha (2008), Seasonal drought stress in the Amazon:

MEDINA ET AL.: RAINFALL AND SOIL MOISTURE VARIABILITY

9

info:doi/10.1029/2001JD900037
info:doi/10.1029/91JD01751
info:doi/10.1046/j.13652486.2003.00671.x
info:doi/10.1046/j.13652486.2003.00671.x


Reconciling models and observations, J. Geophys. Res., 113,
G00B01, doi:10.1029/2007JG000644.

Collatz, G. J., J. T. Ball, C. Grivet, and J. A. Berry (1991), Physiologi-
cal and environmental regulation of stomatal conductance, photo-
synthesis, and transpiration: A model that includes a laminar
boundary layer, Agric. For. Meteorol., 54, 107–136, doi:10.1016/
0168-1923(91)90002-8.

Collatz, G. J., M. Ribas-Carbo, and J. A. Berry (1992), Coupled
photosynthesis-stomatal conductance model for leaves of C4 plants,
Aust. J. Plant Physiol., 19, 519–538, doi:10.1071/PP9920519.

Dai, Y., et al. (2003), The common land model, Bull. Am. Meteorol.
Soc., 84, 1013–1023, doi:10.1175/BAMS-84-8-1013.

De Pury, D. G. G., and G. D. Farquhar (1997), Simple scaling of pho-
tosynthesis from leaves to canopies without the errors of big-leaf
models, Plant Cell Environ., 20, 537–557, doi:10.1111/j.1365–
3040.1997.00094.x.

Denning, A. S., J. G. Collatz, C. Zhang, D. A. Randall, J. A. Berry, P.
J. Sellers, G. D. Colello, and D. A. Dazlich (1996), Simulations of
terrestrial carbon metabolism and atmospheric CO2 in a general cir-
culation model. Part 1: Surface carbon fluxes, Tellus, Ser. B, 48,
521–542, doi:10.1034/j.1600-0889.1996.t01-1-00010.x.

Dickinson, R. E. (1989), Implications of tropical deforestation for cli-
mate: A comparison of model and observational descriptions of sur-
face energy and hydrological balance, Philos. Trans. R. Soc. London
B, 324, 423–430, doi:10.1098/rstb.1989.0056.

Dickinson, R. E., and A. Henderson-Sellers (1988), Modeling tropi-
cal deforestation: A study of GCM land surface parameteriza-
tions, Q. J. R. Meteorol. Soc., 144, 439–462, doi:10.1002/
qj.49711448009.

Essery, R. L. H., M. J. Best, R. A. Betts, P. M. Cox, and C. M. Taylor
(2003), Explicit representation of sub-grid heterogeneity in a GCM
land-surface scheme, J. Hydrometeorol., 4, 530–543, doi:10.1175/
1525-7541(2003)004<0530:EROSHI>2.0.CO;2.

Farquhar, G. D., S. V. Caemmerer, and J. A. Berry (1980), A biochem-
ical model of photosynthetic CO2 assimilation in leaves of C3 spe-
cies, Planta, 149, 78–90, doi:10.1007/BF00386231.

Gao, X., and S. Sorooshian (1994), A stochastic precipitation disaggre-
gation scheme for GCM Applications, J. Clim., 7, 238–247, doi:
10.1175/1520-442(1994)007<0238:ASPDSF>2.0.CO;2.

Giorgi, F., and R. Avissar (1997), Representation of heterogeneity
effects in Earth system modeling: Experience from land surface mod-
eling, Rev. Geophys., 35(4), 413–437, doi:10.1029/97RG01754.

Guo, Z., et al. (2006), GLACE: The global land-atmosphere coupling
experiment. Part II: Analysis, J. Hydrometeorol., 7, 611–625, doi:
10.1175/JHM511.1.

Haan, C. T. (1977), Statistical Methods in Hydrology, Iowa State
Univ. Press, Ames, Iowa.

Hahmann, A. N. (2003), Representing spatial subgrid-scale precipita-
tion variability in a GCM, J. Hydrometeorol., 4, 891–900, doi:
10.1175/1525–7541(2003)004<0891:RSSPVI>2.0.CO;2.

Hanan, N. P., J. A. Berry, S. B. Verma, E. A. Walter-Shea, A. E.
Suyker, G. G. Burba, and A. S. Denning (2004), Model analyses of
biosphere-atmosphere exchanges of CO2, water and energy in Great
Plains tall grass prairie and wheat ecosystems, Agric. For. Meteorol.,
131, 162–179.

Harper, A. B., A. S. Denning, I. T. Baker, M. D. Branson, L.
Prihodko, and D. A. Randall (2010), Role of deep soil moisture in
modulating climate in the Amazon rainforest, Geophys. Res. Lett.,
37, L05802, doi:10.1029/2009GL042302.

Koster, R. D., M. J. Suarez, and M. Heiser (2000), Variance and pre-
dictability of precipitation at seasonal-to-interannual timescales, J.
Hydrometeorol., 1, 26–46, doi:10.1175/1525–7541(2000)001<0026:
VAPOPA>2.0.CO;2.

Koster, R. D., P. A. Dirmeyer, A. N. Hahmann, R. Ijpelaar, L.
Tyahla, P. Cox, and M. J. Suarez (2002), Comparing the degree of
land-atmosphere interaction in four atmospheric general circulation
models, J. Hydrometeorol., 3, 363–375, doi:10.1175/1525–7541
(2002)003<0363:CTDOLA>2.0.CO;2.

Koster, R. D., M. J. Suarez, R. W. Higgins, and H. M. Van den Dool
(2003), Observational evidence that soil moisture variations affect pre-
cipitation, Geophys. Res. Lett., 30(5), 1241, doi:10.1029/2002GL016571.

Koster, R. D., et al. (2004), Regions of strong coupling between soil
moisture and precipitation, Science, 305, 1138–1140, doi:10.1126/
science.1100217.

Koster, R. D., et al. (2006), GLACE: The global land-atmosphere cou-
pling experiment. Part I: Overview, J. Hydrometeorol., 7, 590–610,
doi:10.1175/JHM510.1.

Lokupitiya, E., A. S. Denning, K. Paustian, I. T. Baker, K. Schaefer,
S. Verma, T. Meyers, C. Bernacchi, A. Suyker, and M. Fischer
(2009), Incorporation of crop phenology in Simple Biosphere Model
(SiBcrop) to improve land-atmosphere carbon exchanges from crop-
lands, Biogeosciences, 6, 969–986, doi:10.5194/bg-6-969-2009.

Matalas, N. C. (1967), Mathematical assessment of synthetic hydrology,
Water Resour. Res., 3(4), 937–945, doi:10.1029/WR003i004p00937.

Onof, C., N. G. Mackay, L. Oh, and H. S. Wheater (1998), An
improved rainfall disaggregation technique for GCMs, J. Geophys.
Res., 103(D16), 19,577–19,586, doi:10.1029/98JD01147.

Pitman, A., A. Henderson-Sellers, and Z. L. Yang (1990), Sensitivity
of regional climates to localized precipitation in global models,
Nature, 346, 734–737, doi:10.1038/346734a0.

Randall, D. A., et al. (1996), A revised land surface parameterization
(SiB2) for GCMs. Part III: The greening of the Colorado State Uni-
versity general circulation model, J. Clim., 9, 738–763, doi:10.1175/
1520-0442(1996)009<0738:ARLSPF>2.0.CO;2.

Richardson, C. W. (1981), Stochastic simulation of daily precipitation,
temperature and solar radiation, Water Resour. Res., 17(1), 182–
190, doi:10.1029/WR017i001p00182.

Richardson, C. W., and D. A. Wright (1984), WGEN: A Model for
Generating Daily Weather Variables (ARS-8), U.S. Dep. of Agric,
copies of this publication are available from the National Technical
Information Service (NTIS), 5285 Port Royal Road, Springfield,
VA 22161.

Ronda, R. J., B. J. J. M. van den Hurk, and A. A. M. Holtslag (2002),
Spatial heterogeneity of the soil moisture content and its impact on sur-
face flux densities and near-surface meteorology, J. Hydrometeor, 3,
556–570, doi:10.1175/1525-7541(2002)003<0556:SHOTSM>2.0.CO;2.

Ryu, D., and J. S. Famiglietti (2006), Multi-scale spatial correlation
and scaling behavior of surface soil moisture, Geophys. Res. Lett.,
33, L08404, doi:10.1029/2006GL025831.

Sato, N., P. J. Sellers, D. A. Randall, E. K. Schneider, J. Shukla, J. L.
Kinter III, Y.-T. Hou, and E. Albertazzi (1989b), Implementing the
Simple Biosphere Model (SiB) in a general circulation model: Meth-
odologies and results, NASA Contractor Report 185509, 70 pp.,
NASA HQ, Washington, D. C.

Schaefer, K., P. Tans, A. S. Denning, I. Baker, J. Berry, L. Prihodko,
N. Suits, and A. Philpott, (2008), The combined Simple Biosphere/
Carnegie-Ames-Stanford Approach (SiBCASA) model, J. Geophys.
Res., 113, G03034, doi:10.1029/2007JG000603.

Sch€ar, C., D. L€uthi, U. Beyerle, and E. Heise (1999), The soil-
precipitation feedback: A process study with a regional climate
model, J. Clim., 12, 722–741, doi:10.1175/1520-0442(1999)012<
0722:TSPFAP>2.0.CO;2.

Sellers, P. J., Y. Mintz, Y. C. Sud, and A. Dalcher (1986), A Simple
Biosphere Model (SiB) for use within general circulation models, J.
Atmos. Sci., 43, 505–531, doi:10.1175/1520-0469(1986)043<0505:
ASBMFU>2.0.CO;2.

Sellers, P. J., D. A. Randall, G. J. Collatz, J. A. Berry, C. B, Field, D.
A. Dazlich, C. Zhang, G. D. Collelo, and L. Bounoua (1996a), A
revised land surface parameterization (SiB2) for atmospheric
GCMs. Part I: Model formulation, J. Clim., 9, 676–705, doi:10.1175/
1520-0442(1996)009<0676:ARLSPF>2.0.CO;2.

Sellers, P. J., S. O. Los, C. J. Tucker, C. O. Justice, D. A. Dazlich, G. J.
Collatz, and D. A. Randall (1996b), A revised land surface parameteriza-
tion (SiB2) for atmospheric GCMs. Part II: The generation of global
fields of terrestrial biophysical parameters from satellite data, J. Clim., 9,
706–737, doi:10.1175/1520-0442(1996)009<0706:ARLSPF>2.0.CO;2.

Sellers, P. J., M. J. Fennessy, and R. E. Dickinson (2007), A numerical
approach to calculating soil wetness and evapotranspiration over
large grid areas, J. Geophys. Res., 112, D18106, doi:10.1029/
2007JD008781.

Shuttleworth, W. J., and R. E. Dickinson (1989), Comments on modeling
tropical deforestation: A study of GCM land-surface parameterizations,
Q. J. R. Meteorol. Soc., 115, 1117–1179, doi:10.1002/qj.49711548910.
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