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ABSTRACT

Simulated climates using numerical atmospheric general circulation models (GCMs) have been shown to be
highly sensitive to the fraction of GCM grid area assumed to be wetted during rain events. The model hydrologic
cycle and land-surface water and energy balance are influenced by the parameter k, which is the dimensionless
fractional wetted area for GCM grids. Hourly precipitation records for over 1700 precipitation stations within
the contiguous United States are used to obtain observation-based estimates of fractional wetting that exhibit
regional and seasonal variations. The spatial parameter x is estimated from the temporal raingauge data using
conditional probability relations. Monthly k values are estimated for rectangular grid areas over the contiguous
United States as defined by the Goddard Institute for Space Studies 4° X 5° GCM. A bias in the estimates is
evident due to the unavoidably sparse raingauge network density, which causes some storms to go undetected
by the network. This bias is corrected by deriving the probability of a storm escaping detection by the network.
A Monte Carlo simulation study is also conducted that consists of synthetically generated storm arrivals over
an artificial grid area. It is used to confirm the k estimation procedure and to test the nature of the bias and its
correction. These monthly fractional wetting estimates, based on the analysis of station precipitation data,
provide an observational basis for assigning the influential parameter k in GCM land-surface hydrology
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parameterizations.

1. Introduction

The representation of physical processes, such as
land-surface hydrology, is recognized as a major short-
coming in the reliability and validation of atmospheric
General Circulation Models (GCMs). The problem
lies in the unavoidably coarse resolution of GCM grids
over which the governing “primitive equations” are
solved, compared to the much smaller spatial scales at
which hydrologic processes occur. Climate models
must consider each grid area as a homogeneous hy-
drologic unit, which is clearly not the case in reality
since grid areas are typically on the order of 104-10°
km?. Since the physical processes involved cannot be
represented authentically in these models, they must
be parameterized; that is, simplified relations must be
developed in lieu of governing equations to approxi-
mate their behavior.

Preliminary land-surface hydrology parameteriza-
tions in GCMs were rather simple; runoff and evapo-
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transpiration dependence on surface conditions were
typically treated using linear functions that had no clear
physical basis and made no attempt to consider the
spatial variability of rainfall and other processes within
a grid area (Carson 1982). These schemes were de-
signed for computational simplicity and based on the
belief that the land surface plays a passive role in at-
mospheric circulation. The importance of hydrology
in global-scale atmospheric processes has been stressed
recently (Eagleson 1986), and attempts have been
made to include subgrid-scale variability in improved
parameterizations. Warrilow et al. (1986) introduced
subgrid-scale spatial variability in rainfall when deter-
mining the infiltration rate. Entekhabi and Eagleson
(1989) devised a statistical-dynamical approach that
incorporates physically based equations of soil physics
and uses probability distributions to account for the
subgrid variability of rainfall and soil moisture. Fa-
miglietti and Wood (1990) followed a similar approach
to parameterizing the land surface response. The Sim-
ple Biosphere Model (Sellers et al. 1986) and Biosphere
Atmosphere Transfer Scheme (Dickinson et al. 1986)
use resistance formulations to incorporate more real-
istic surface vegetation and soil moisture diffusion.
These sophisticated soil-vegetation-atmosphere
transfer (SVAT) models still consider the grid area as
a homogeneous hydrologic unit. The subdivision of
the GCM grid area into patches, each with a different
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set of SVAT parameters, has an advantage in that large-
scale variations in vegetation type may be represented
(Koster and Suarez 1992; Avissar and Pielke 1989).
However, spatial variability of rain intensities and soil
moisture conditions occur on a hydrologic scale that
is considerably smaller than these patches.

One of the most important variables required by
some of the improved formulations is the fractional
wetting parameter k, which is the average fraction of
a grid area that actually experiences precipitation dur-
ing events. For virtually all current GCMs, model pre-
cipitation is assumed to fall uniformly over the entire
model grid area for land-surface calculations. This is
unrealistic for moist convective-type storms that occur
at scales much smaller than a typical grid area. Modeled
rainfall, therefore, incorrectly gets distributed over the
entire grid area, resulting in very low rainfall intensities.
Low intensities are more susceptible to complete in-
filtration and interception, which consequently leads
to exceedingly low surface runoff. By restricting rainfall
to only a fraction of the grid area using x, the model
precipitation is concentrated into smaller areas of
higher intensity, which is more likely to produce infil-
tration—excess runoff. Thus, fractional wetting serves
as an important link between true rainfall character-
istics and their homogeneous representation in climate
models. Pitman et al. (1990) and Thomas and Hen-
derson-Sellers (1991) studied various land-surface hy-
drology schemes and recognize their sensitivity to vari-
ations in fractional wetting. Johnson et al. (1993) used
the Goddard Institute of Space Studies (GISS) GCM
and the parameterization of Entekhabi and Eagleson
(1989) to show that k has a significant influence on
simulated climates, in terms of both water and heat
balance.

Currently, most parameterization schemes that use
fractional wetting representations simply prescribe for
all grid areas one value of k, or two values if precipi-
tation mechanisms are distinguished. However, k is
intuitively expected to have geographic and seasonal
variations. Many factors, such as local and seasonal
climate, influence the local fractional wetting. For ex-
ample, localized summertime moist convective storms
should produce a different k value than large baroclinic
disturbances. The intuitive variability of k and its im-
portance to GCM land-surface hydrology suggests that
the current practice of prescribing uniform values is
an unwarranted approximation. An actual determi-
nation of fractional wetting values, including geo-
graphic and seasonal variability, is clearly needed.

Unfortunately, relatively little attention has been
given to this issue thus far. Braud et al. (1993) and
Lopez et al. (1989) used fractional wetting as a means
of obtaining information, such as mean areal rainfall
and rainfall volume, on individual storms; k is obtained
by either setting up a dense experimental raingauge
network over a small area and simply determining the
number of gauges that record precipitation during
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storms or by collecting weather radar data over a short
period of time corresponding to the storm. Eagleson
and Qinliang (1985) theoretically derived moments of
catchment storm coverage by generating storms over
a catchment to determine the probability of storm cov-
erage. Eagleson (1984 ) used a Poisson arrival process
to model rainfall over a catchment and derive expres-
sions for fractional wetting statistics based on raingauge
data within the catchment. However, most of these
studies are performed at the catchment scale and at-
tempt to resolve individual storm events. GCM grid
areas are orders of magnitude larger than catchments,
and model precipitation cannot resolve specific events
within the grid area.

Some recent efforts, however, have been made to
obtain fractional wetting values explicitly for use in
GCM land-surface hydrology parameterizations. El-
tahir and Bras (1993 ) used the apparent linear relation
between storm volume and storm area (effectively as-
suming constant rainfall intensity for all events) to ob-
tain x as a function of the grid rainfall volume generated
by the model. Here, fractional wetting is dependent on
the model-generated incident precipitation forcing and
is not a characteristic of the regional climate. Gupta
and Waymire (1993) suggest a procedure for obtaining
k for a grid area using Global Atmospheric Research
Program Atlantic Tropical Experiment rainfall data
and the theory of random cascades for modeling rain-
fall. However, this procedure makes use of radar data
that has limited availability and measures atmospheric
droplet spectra as opposed to surface precipitation
conditions.

Collier (1993) uses similar ideas to obtain values of
k corresponding to various rainfall types and model-
generated precipitation volumes. An expression for the
fraction of grid area with precipitation greater than a
specified intensity was derived using either an expo-
nential or lognormal distribution for rainfall. These
theoretical expressions were compared to hourly radar
observations of individual storms over northwestern
Europe, collected by the Commission of the European
Communities COST-73 Weather Radar Networking
Project. A 100 km X 100 km area was moved over
particular precipitation fields to follow each observed
storm. The radar observations were found to match
best with the lognormally derived expression. A fit of
this expression to the observations yielded significantly
different x values for a variety of storm types (showers,
frontal, and thunderstorms and line convection) with
hourly rainfall depths ranging from 0.2 to 1.2 mm.
The range of x values obtained for this study over
northwestern Europe was 0.2-0.8.

This paper develops a different method for obtaining
estimates of the fractional wetting parameter that ex-
hibit geographic and seasonal variability. The data used
for the estimates are long-term hourly raingauge ob-
servations. Section 2 describes the basic estimation
procedure, including the removal of an unavoidable
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bias in the estimates caused by the sparsity of the rain-
gauge network in such a broad dataset. Monthly esti-
mates of fractional wetting obtained for fixed 4° X 5°
rectangular grid areas over the contiguous United States
are presented in section 3. Finally, a set of Monte Carlo
simulations is performed in section 4 in order to verify
the estimation procedure and nature of the detected
bias.

2. Distributed fractional wetting estimates using
station precipitation observations

a. Precipitation data

A procedure is developed here that uses hourly data
from long-term precipitation station records to obtain
reliable observation-based monthly estimates of frac-
tional wetting for individual GCM grid areas. Using
standard point precipitation data as the source for
estimates has significant advantages over previously
mentioned methods. The data are usually reliable and
is readily accessible, particularly over North America.
The procedure for estimating x uses rain-no-rain in-
formation only; any gauge bias in depth measurements
is not directly relevant. Raingauge networks producing
this data are very broad in space and time, unlike ex-
perimental networks that usually focus on specific re-
gions and sample over limited time periods. However,
the sparsity of these long-term records prohibits the
direct assessment of fractional wetting that is possible
with denser experimental networks.

The use of this type of raingauge data is particularly
beneficial in that x can be obtained for many different
grid areas to assess its geographic variability. Also, the
information that is obtained reflects actual conditions
at the land surface, as opposed to atmospheric droplet
distribution conditions measured by radar scans. Since
the land-surface hydrology parameterization serves to
partition precipitation incident on the surface, it is im-
perative that the precipitation at the surface be accu-
rately portrayed.

b. A conditional probability approach for &

The fractional wetting parameter « represents the
fractional area with precipitation for a GCM grid area,
averaged over all times in which precipitation occurs
there. Using Fig. 1, fractional wetting can be expressed
for a time period T as

J‘I+Tp/2A 1
=7 1,2 A Tp

t+Tp/2

kdt, (1)

(~Tp/2

where A4, is the area that experiences precipitation at
time ¢, 4 is the area of the GCM grid, and T, represents
the total amount of time in which precipitation occurs
within the grid area; 4,/ A represents the instantaneous

fractional wetting for time ¢, x. Note that 7, is less than
the total period T, since there are times when no part
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FIG. 1. Schematic representation of instantaneous rainfall
coverage over a GCM grid area.

of the grid area receives precipitation. Figure 1 depicts
a rainfall event occurring over the grid area as a group
of smaller individual storm areas (Waymire and Gupta
1981). The sum of these areas within the grid bound-
aries comprises A,.

In this paper, a robust estimation scheme is intro-
duced to estimate x from a probabilistic perspective of
storm arrivals and distributions. The procedure makes
minimal assumptions regarding the original precipi-
tation process and is designed for application to stan-
dard surface precipitation gauge network records. The
assumptions that are introduced due to the probabilistic
approach are that the precipitation is a homogeneous
random field within a finite grid area and that the
gauges are distributed randomly within the grid
boundaries. If the grid resolution is small, the assump-
tion that the climate and, thus, the precipitation mech-
anism within the grid area are homogeneous is appro-
priate. In this application, we use areas of 4° latitude
by 5° longitude; the scale of such an area is smaller
than the major gradients in climate. Sharp orographic
features and coastal effects are present in some locations
on very small scales (tens of kilometers ) ; these features
are lost to both this estimation scheme as well as the
atmospheric models that use the parameters estimated
here. In time, the application of the estimation pro-
cedure to precipitation records for each month of the
year reduces the effects of the seasonal cycle; within a
one-month period, the climate and the precipitation
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mechanisms associated with it may be safely assumed
to be statistically homogeneous.

From a probabilistic perspective, fractional wetting
may be quantified using a basic conditional probability
relation. It can be expressed as the probability that
rainfall occurs at a particular point within a grid area,
provided that rain falls somewhere in the grid area. If
it is known that rainfall occurs somewhere in the grid
area, then the probability that a particular point ex-
periences this rainfall is simply the area with rain over
the total grid area, that is, the fractional wetting pa-
rameter. Define events P; and G such that P; represents
rainfall occurring at location i in the grid area at any
time ¢, and G represents rainfall occurring anywhere
in the grid area at the same arbitrary time ¢. Thus,
from elementary conditional probability laws

% = Prob[P;|G]

_ Prob[P; N G]
Prob[G]

Since rainfall at a particular point in the grid area ne-
cessitates rainfall occurring somewhere within the grid
boundaries, the event P; is a subset of the larger event
G. Using probabilistic sample space and the algebra of
events as illustrated in Fig. 2, the event P; is said to be
included in event G. Also, since all points / lie in the
grid area, the event G is equal to the union of all events
P;. Therefore,

Prob[G] = Prob[P, UP,U +-- UP, U - - -]. (3)

Under this condition the axioms of the algebra of events
leads to (Drake 1967)

Prob[P; N G]
=Prob[P,N(P,UP,U - UPU -+ )]
= Prob[ P;].

(2)

(4)

This relation is also directly observable in Fig. 2, where
the overlapping area between events P; and G is simply
P;. Substituting into (2),

PI'Ob[P,']

Prob[G] ° ()

%=
This conditional probability model makes the as-
sumption that any point / within the grid area has an
equal chance of experiencing precipitation, so that
Prob[ P;] will be the same for all points in the grid area.

¢. Estimation of k using point precipitation

Prob[P;] and Prob[G] can be estimated for a grid
area using hourly point precipitation data records from
the network of all available stations in the grid area. If
a rainfall station has a sufficiently long continuous data
record, Prob[ P;] for that station is the temporal frac-
tion of hours in its data record in which precipitation
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FIG. 2. Sample space diagram describing the relationship between
events P;, D, and G, where U represents the universal set.

greater than the hundredth-of-inch threshold was re-
corded. A single value of Prob[P;] for the grid area
can be obtained by simply averaging the values for ev-
ery station in the grid area, as long as each station is
subject to the same period of record, and assuming
that the stations are independent (i.e., randomly lo-
cated) and within a stationary random precipitation
field. This estimation of Prob[P;] can be expressed
mathematically as

M=
M~

Prob[P;] =~ Zi, (6)

1
T

X |

11t

)

i

where 7 is the number of stations in the network, 7 is
the number of hours in the data record, and Z;, takes
on a value of 1 when rain occurs at station i in hour
t, and is O otherwise.

The estimation of Prob[ G] uses the same principles
behind the approximation of Prob[P;]; here the esti-
mate is the fraction of hours in which precipitation
was recorded in any of the » stations in the grid area’s
station network. However, this expression only serves
as an adequate approximation of Prob[G] when the
grid area has enough stations in its network to detect
every storm that occurs in the relatively large area. For
example, if a grid area has only five raingauges, it is
very likely that some events may fall in between the
gauges and thus never be detected. Introduce the event
D, which represents rainfall, that is detected by the
network of # stations. The fraction of hours with pre-
cipitation at any station is actually an estimate of
Prob[ D], which can be expressed mathematically as

n

. 1 T
Prob[D]z?Z -1 -2zl (7)
=1 1

=

As indicated in Fig. 2, the event D is also included but
not coincident with event G, since all stations in the
network are by definition located within the grid
boundaries. Note that if # is high, Prob[ D] ~ Prob{G]
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and the raingauge-based approximations serve as a
good estimate of k. In general, networks of long-term
hourly raingauges are not dense enough to detect all
storms. Thus, D and G represent significantly different
events, and the expression

1lss52

Prob[P;] nTicii=s " 8)
T n

ProbID] ~ 1L 2 11—z

Tt 3 i=1

results in a biased estimate of x.

This bias can be corrected by incorporating Prob[ D]
into the original probabilistic expression for k in (5)
in the form

— Prob[P;] Prob[D] 9)

K = .

Prob[D] Prob[G]

The term Prob[P;]/Prob[D] can be obtained from
precipitation data using (8) and is symbolized by x*,
where the asterisk denotes that it is a biased estimate
of fractional wetting. Since both P; and D are included
in G, the conditional probability relation applied to P;
and G can also be applied to D and G. The resulting
expression for « is

k = k* Prob[D|G]. (10)

The term Prob[D|G] expresses the probability that
the network detects a storm given that a storm occurs
over the grid area. It represents a correction factor that
acts upon the biased estimate k* and is a function of
n. By definition, this probabilistic expression is less
than 1, which means that k* is an overestimate of .
Note that both «* and Prob[D|G] are dependent on
the number of stations » in the network.

This correction factor is obtained using the basic
probabilistic definition of fractional wetting in (2).
Consider again Fig. 1 that depicts a storm occurring
somewhere in a grid area at a particular time ¢. The
point [ can represent one of the stations in the grid
area’s network since the stations are randomly located.
For station i at rainy time ¢, the probability that pre-
cipitation is recorded has been defined as «. Similarly,
for any other station in the grid area, the probability
of recording precipitation at time ¢ is «. This can be
thought of as a simple Bernoulli process. Introducing
the binomial random variable y that represents the
number of stations that record rain at time ¢, the prob-
ability mass function of y, out of » stations detecting
precipitation, given that there is precipitation over the
grid area, is

n
Py(yo) = ( )Ky"(l — k)" (11)
Yo
The probability that this storm is detected by the net-
work at time ¢ is simply the probability that at least
one station records rain:
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i

Ply=11=1— P,0)

1 - (1—x)".

(12)

The overall probability of rain at a point, given rain
in the grid area Prob[P;|G], has been defined as k,
where « represents instantaneous probability at time ¢
within the averaging period. Analogously, the overall
probability of rain in the network, given rain in the
grid area, is

Prob[D|G] =1 - (1 — x)". (13)

Derivation of the probability that the finite gauge
network detects the storm, given that the storm has
occurred, has been developed based on the assumption
that the precipitation gauges are located randomly
within the grid area. The true (unknown but to be
estimated) value of fractional wetting in (13) is in-
cluded in this probabilistically derived correction fac-
tor. The smaller the storm scale, the smaller the prob-
ability that the network may detect it successfully; that
is, storms may fall entirely in between gauges and avoid
detection. Equation (13) also suggests that no matter
what the storm scale, if a large number of stations are
present (large »n), then the network is unlikely to be
biased.

To derive this simple bias correction, a major as-
sumption on the spatial geometry of storms has been
made. Precipitating areas A4, are considered to be in-
termittent in space and the decorrelation distance is
smaller than the mean intergauge distance. It will be
shown later, via a Monte Carlo study in section 4, that
the estimates of fractional wetting are fairly insensitive
to this assumption. In a pair of the Monte Carlo sim-
ulations, the two extreme situations defining the outer
envelope of spatial storm structure conditions are con-
sidered. In the first, it is assumed that the precipitating
area is intermittent; at each time step, the grid area
with rain is randomly dispersed throughout the grid
area. This corresponds to the Bernoulli process used
in (11). The estimation of x using the simulated rain-
gauge records is verified. At the other extreme of pos-
sible spatial storm structure, it is assumed that the storm
area A, is spatially intact and that precipitating regions
are contiguous; this corresponds to the largest spatial
correlation lengths for isotropic fields. These simula-
tions will be discussed in detail in section 4. Since frac-
tional wetting is small (i.e., large grid areas relative to
storm size), these two extremes define a rather narrow
range of conditions. Any additional bias introduced by
this intermittency assumption will grow if k is large,
and care must be exercised in this respect. As it will
be shown by both the application to observations in
section 3 and the Monte Carlo study in section 4, the
range of conditions over which the bias correction is
applied is within the acceptable limits of the applica-
bility for this remarkably simple approach to estimating
fractional wetting.






