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ABSTRACT

The fraction of the grid-cell area covered by rainfall, g, is a very

important parameter in the descriptions of land-surface hydrology in

climate models. A simple procedure for estimating this fraction is

developed consistent with extensive observations of storm areas and

rainfall volumes. It is often observed that storm area and rainfall

volume are linearly related. This relation is utilized in rainfall

measurement to compute rainfall volume from the radar observation

of storm area. It is suggested to use the same relation to compute the

storm area from the volume of rainfall simulated by a climate model.

The new formula for computing g describes the dependence of the

fractional coverage of rainfall on the season of the year, the

geographical region, rainfall volume, and spatial and temporal

resolutions of the model.

The new procedure is included into a 3-D climate model which is

used in simulations of the regional climate of the Amazon basin. The

results of these simulations indicate reasonable success in modeling

land-surface hydrology in a rain-forest environment.

Thesis Supervisor : Rafael L. Bras
Title : Professor of Earth, Atmospheric and Planetary

Sciences/ William E. Leonhard Professor of Civil
and Environmental Engineering.
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CHAPTER 1

Introduction

1.1 Scope

The basic physics of some hydrologic processes, such as runoff

production and rainfall interception, are non-linear. Hence, the

spatially averaged response of the land-surface to a spatially

distributed rainfall field is very different from the response of the land-

surface to the spatial average of that same rainfall field. These basic

notions imply that the spatial variability of rainfall is a very important

factor in the description of these hydrologic processes over large

areas.

Recent parameterizations of hydrologic processes in climate

models, e.g., Warrilow et al. (1986), Shuttleworth(1988 b), Entekhabi

and Eagleson (1989), Famiglietti and Wood (1990) and Eltahir and

Bras(1991), include explicit representations of rainfall spatial

variability at the sub-grid scale. In all these schemes rainfall is

modeled as a random variable which varies in space covering a

prescribed fraction of the grid-cell area, g. It is not resolved how to

specify the value of this fraction for the different regions, in the

different seasons, and whether g should vary during the life cycle of

a single storm.

The problem addressed in this study is the estimation of the

fraction of the grid-cell area which receives rainfall amounts greater

than zero. This fraction is computed by a climate model and used as

input to the land-surface hydrology scheme. Many recent studies have

demonstrated that simulations of land-surface hydrology are sensitive

to the value of this fraction.



The solution developed for that problem is based on extensive

observations of convective storms. It utilizes the observed linear

relation between storm area and the rainfall volume produced by the

storm. The new procedure for computing the fractional coverage of

rainfall is simple; and the data needed for application consists of

rainfall records at a point. It is encouraging that this kind of data is

available for most of the regions around the world.

1.2 Outline

This thesis is organized in five chapters. Chapter 2 is a

literature review. Chapter 3 deals with the problem of estimation of

the fractional coverage of rainfall in climate models. Chapter 4

describes implementation of the new procedure using an off-line land-

surface hydrology scheme, and a 3-D climate model. Chapter 5

includes summary and conclusions of the study.
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CHAPTER 2

Literature Review

2.1 Introduction

This review covers two topics: the sensitivity of land-surface

hydrology to the fractional coverage of rainfall, and the observations of

rainfall fields in convective storms. The review of the first topic

motivates the problem addressed in this study, and the review of the

second topic motivates the solution to the problem, which is

presented in Chapter 3.

2.2 Surface Hydrology and the Fractional Coverage of Rainfall

The early versions of land-surface hydrology schemes assume

that runoff is related to rainfall and soil moisture by simple linear

relations. For example the Goddard Institute for Space Studies (GISS)

GCM assumes that runoff, r, is given by

r = Rf R (2.1)

and

Rf = 0.5 s (2.2)

where Rf is the runoff coefficient, R is rainfall, s is the level of

saturation of the top soil layer which is defined as the ratio of the

water in that layer to the soil field capacity. In the Geophysical Fluid

Dynamics Laboratory (GFDL) GCM, Manabe (1969), runoff is

represented using a "bucket" model, which is described by,

r = R- E s=1 (2.3)
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r=0

where E is evaporation from land surfaces; it is modeled by similar

linear relations. Further, it is usually assumed that all these

hydrologic variables are constant over the grid-cell area which

typically has a scale of about 100-1000 Kilometers. Observations

indicate that rainfall which is the main forcing of land-surface

hydrology exhibits large spatial variability over these scales.

Recently, a new generation of land-surface schemes have been

developed, e.g. the Biosphere-Atmosphere Transfer Scheme (BATS)

which is described by Dickinson et al. (1986) and Simple Biosphere

(SiB) which is described by Sellers et al. (1986). These schemes are

characterized by their emphasis on the details of the vertical

structure of the canopy. They involve sophisticated treatment of the

energy fluxes at the surface but rather simple description of surface

runoff and other hydrologic processes. For example BATS assumes

that the runoff coefficient, Rf, is given by

Rf = s 4  (2.5)

This relation is not based on any physical grounds. The new

generation of schemes are also characterized by their neglect of the

sub-grid scale spatial variability.

Since hydrologic processes such as runoff and rainfall

interception are basically non-linear; aggregation of these processes

over large areas should be done carefully. Spatial variability in the

hydrologic variables and forcings are important factors when

~_141__ _ ̂_IIlil_/_~i__I__ICYII1 II1WPYIII YP
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considering these processes over large areas. Many recent schemes

attempt to represent the effects due to sub-grid scale spatial

variability by using a statistical approach, e.g., Warrilow et al. (1986),

Shuttleworth(1988 b), Entekhabi and Eagleson (1989), Famiglietti and

Wood (1990) and Eltahir and Bras(1991). It is often assumed that

rainfall, which is the main forcing of surface hydrology is

exponentially distributed in space covering a fraction of the grid-cell

area, i. For example the scheme of Shuttlewoth (1988 b) describes

runoff production and rainfall interception; it assumes that rainfall is

spatially variable but soil moisture and canopy storage are constant in

space. Based on these assumptions Shuttlewoth (1988 b) derives the

following relation,

Rf = exp R, (2.6)

where F is the maximum infiltration rate of the top soil layer. Similar

expressions, which are functions of i, are developed for other

hydrologic processes e.g. infiltration and throughfall. This treatment

of spatial variability is likely to result in realistic descriptions of

important processes such as runoff production and rainfall

interception.

Some important questions which follow from the developments

described above are : how to specify the value of g ?, should g. be kept

constant ? or, should it vary in space and time?. Entekhabi and

Eagleson (1989) suggest that g may be taken as 0.6 for convective

rainfall, Warrilow et al. (1986) indicate that g may be taken as 0.3 for

convective rainfall. Both of these studies suggest that g should be

_ ___L~IIIYIUC____r~__I---~~--~LY-YIPIII^ .



taken as a constant; in this study we will question the validity of this

assumption.

Several recent studies focus on the sensitivity of large-scale

surface hydrology to the value of g.. Pitman et al. (1990) study the

sensitivity of runoff and evaporation to the value of g. They use an off-

line model of BATS with the surface hydrology modeled according to

the scheme of Shuttleworth (1988 b). Figure 2.1 corresponds to

Figure 1 of Pitman et al. (1990); it shows the results of their sensitivity

experiments. It is evident that the specification of the value of gi has

significant effects on the simulation of runoff and evaporation.

Johnson et al. (1991) use a 3-D climate model to study the

sensitivity of land-surface hydrology to the value of pg; the scheme

used in this study is that of Entekhabi and Eagleson(1989). Some of

their results are shown in Table 2.1. They performed a control run to

simulate the climate of the Earth for three years and with g. equal to

0.6; then g. is reduced from 0.6 to 0.15 and the simulation is repeated

for another three years. As a result the runoff coefficient for South

America increased from 0.13 to 0.44 and runoff coefficient for Africa

increased from 0.10 to 0.45.

Similar significant sensitivity of land surface hydrology is

demonstrated by Thomas and Henderson-Sellers (1991). They

compared the results of two land-surface schemes and concluded that

the modeling of land surface hydrology is sensitive to the specified

value of the fraction g.

Based on the results of all these sensitivity studies we conclude

that the choice of p affects significantly the representation of
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Figure 2.1 Sensitivity of land-surface hydrology to the fractional

coverage of rainfall, from Pitman et al.(1990)
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variable South America Africa

I = 0.6

precipitation (mm/year) 1361 911

evaporation (mm/year) 1172 828

runoff (mm/year) 185 89

C = 0.15

precipitation (mm/year) 1178 831

evaporation (mm/year) 682 478

runoff (mm/year) 516 373

Table 2.1 : Sensitivity of land-surface hydrology to the fractional

coverage of rainfall,from Johnson et al. (1991)
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of land-surface hydrology in climate models. There is a need for a

new procedure for computing g; this new procedure should be

consistent with observations of rainfall fields. The next section

presents some of these observations.

2.2 Observations of Rainfall Fields in Convective Storms

This section reviews some recent observational studies of

rainfall areas and the corresponding volumes of rainfall produced by a

storm. These observations will form the basis for the new procedure

which will be developed in Chapter 3 for estimating the fractional

coverage of rainfall, g.

The earliest observations of the relation between the volume of

rainfall produced by a convective storm and its size are reported by

Byres (1948). Doneaud et al. (1981) were the first to suggest that the

significant correlation between rainfall volume produced by a storm

and the time integral of the area covered by rainfall can be utilized in

rainfall measurement. They suggested to the use of radar observations

of storm area to infer rainfall volume.

Doneaud et al. (1984) discuss the new method for measuring of

rainfall over large areas; they verify the area-volume relation by

estimating the correlation from one set of data and then validating the

relation by using another independent set of data. They show that the

area-volume method for measuring of rainfall over large areas is a

fairly accurate technique. The time integral of the area covered by

rainfall is referred to as Area-Time Integral (ATI). Figure 2.2 shows

observations of ATI and rainfall volume; it shows significant

correlation between the two quantities. It is suggested that this
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E10 5  ttULU %LUI LKO % *0E .
E ?u, ... t "
,E CORR. COEFF 0.98 .,-

E S..

> v* *O *0**

o.*::. •

o .i .
.

0 -

10 1 _ '. 0

Doneaud et al. (1984)
Doneaud et al. (1984)

--~-L-e~ q --~^ _ 1_1( 11~ -- ----r-~I 1_11_.1 1-1~-.



correlation can be used for measuring rainfall volume from radar

observations of rain area.

Atlas et al. (1988) postulate that the existence of a well behaved

Probability Density Function (PDF) of rainfall rate may explain the

observed correlation between storm areas and the corresponding

rainfall volumes. They show theoretically that the correlation between

storm area and the corresponding rainfall volume depends on the

threshold chosen for defining storm area. This dependence is observed

in the data from previous studies e.g. Doneaud et al. (1984).

Lopez et al. (1989) study the correlation between storm area and

the corresponding rainfall volume produced by the storm. They use

data from a dense network of rain gages in Florida. Figure 2.3 shows

some of their data. This study provides verification of the area-volume

relation using measurements of surface rainfall which represent

ground truth. Similar rain gage observations are presented by Short et

al. (1989) using data from Darwin, Australia.

In a similar study, Kedem et al. (1990) analyzed rainfall data

from GATE experiments; they show similar correlation as those

reported by the previous studies; the data is shown in Figure 2.4. It is

clear from their plots that the area-volume correlation depends on the

threshold chosen for defining the raining area. The area-volume

correlation increases with the value of the threshold. Hence, for the

purposes of rainfall measurement the use of a large threshold value

results in higher accuracy of the volume estimates. But even when

the threshold chosen is zero the area-volume correlation is significant
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FRACTIONAL AREA WITH RAINRATE > Rc

Figure 2.4 Observations of storm area and area -average rainfall rate

from Kedem et al. (1990)
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and explains a large percentage of the total variance in the data. In

this study we are interested in the area-volume correlation when the

threshold is zero; since by definition the fractional coverage of rainfall

refers to the fraction of the area which receives rainfall greater than

the threshold of zero.

In the same study, Kedem et al. (1990) present theoretical

arguments, similar to those of Atlas et al. (1988), to explain these

empirical observations. They suggest that the existence of a mixed

PDF for the rainfall rate process may explain the correlation between

rainfall area and the corresponding rain volume. Based on this

assumption they develop the following relation,

E(R)= I(R>t ) [ (t) (2.7)

where E denotes the expected value ( or the spatial average); I ( R > r)

is the fraction of the area which receives rainfall greater than the

threshold r; [3 is a constant which depends on the value of C. In

Chapter 3 we will develop in some detail a similar relation for the case

of t = 0.

The observations of a significant correlation between storm area

and the corresponding volume of rainfall produced by a storm will

form the basis for the new procedure for computing g., which will be

introduced in the next chapter.
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CHAPTER 3

Estimation of the Fractional Coverage of Rainfall in Climate Models

3.1 Introduction

A simple and consistent procedure for computing the

fractional coverage of rainfall, g, in convective storms is introduced

in this chapter. It is based on extensive observations of convective

storms. These observations are reviewed in Chapter 2.

The theoretical basis which explains the empirical

observations is discussed in section 3.2. The new procedure for

computing g in convective storms is presented in section 3.3. This

procedure requires the estimation of the conditional mean rainfall

rate, p. The estimation of p is discussed in section 3.4. In Section

3.5, the new procedure is applied in estimation of g in the Amazon

region using a time series of area average rainfall rate, which is

simulated by a climate model. The issue of estimation of the

fractional coverage of rainfall in frontal storms is discussed in

section 3.6. Some conclusions are presented in Section 3.7.

3.2 Theoretical Basis

The rainfall rate process can be described statistically by the

following mixed distribution

gR= ( 1 - ) . 8(R-0) + . fR (3.1)

where 8 is the Dirac delta function and fR is the conditional

Probability Density Function (PDF) of the rainfall rate, R, given that

R is greater than zero. Since no assumptions are made about the

_I ~__~ i_ ~l__l~_~~ _ _~__~_ __II__LP_____ --L



conditional PDF, fR, the description in Equation 3.1 is general and

always valid.

For the rainfall rate process which has a unique conditional

PDF, fR, the total volume of rainfall is linearly related to the area of

the storm which receives rainfall rate above a certain threshold.

When the value of this threshold is zero the theory predicts the

observed linear relation between the rainfall volume and storm

area; this linear relation will be developed in the next section. A

unique PDF means that fR does not vary in time i.e. whenever it

rains, the distribution of rainfall rate within the raining area is a

realization from the same statistical distribution.

3.3 A New Procedure for Estimating g in Convective Storms

The observed relation between storm area and rainfall volume

is often used in estimating rainfall volume from the radar

measurement of storm area. It is suggested that the same relation

can be used to infer the storm area from the rainfall volume

simulated by a climate model.

It is assumed that the rainfall rate process is described by a

unique conditional PDF, fR. The mean of this conditional

distribution is denoted by p. It has a seasonal and geographical

variability. The expected value of the rainfall rate process over the

grid-cell area of a climate model is given by,

E(R) = R. gR. dR

= (1- ) .0+ .fR= 0 R. fR dR = p. p (3.2),

implying that

II ~L~__/i_ _ _XL~__U__ *LL____I/_~ LIF



E(R)E(R) (3.3)

According to Equation 3.3, the slope in the regression between

E(R) and . should be equal to p.

Figure 2.4 is a plot of E(R) versus g which are measured

during the GATE experiment. The slope of the regression line in

Figure 2.4 is about 4.4 mm per hour; this value is very close to the

observed conditional mean rainfall rate. Hence Equation 3.3 is

consistent with the observations of Figure 2.4.

A climate model computes E(R) from the following relation,

V
E(R) = (3.4)

((AX )2. AT)

where V is the volume of rainfall simulated by the climate model

within a grid cell area. AX and AT are the spatial and temporal

resolutions of the model respectively. Substituting for E(R) from

Equation 3.4 into Equation 3.3 results in,

V
=2 , : 1.0 (3.5)

((AX) . AT. p)

. is, by definition, restricted to the range of values between zero

and one.

Equation 3.5 is the formula for computing the fractional

coverage of rainfall. It incorporates most of the important factors



controlling p. The regional climate is represented by the

conditional mean of the rainfall rate process. The spatial and

temporal resolutions of the climate model appear explicitly in

Equation 3.5. The volume of rainfall simulated by the model during

a time period AT varies between the different storms and within

the life cycle of the same storm. According to the linear relation in

Equation 3.5 g should vary similarly. This variability is consistent

with the observations of convective storms; the raining area initially

increases during the early development of a convective storm and

then slowly decreases while the storm dissipates. The seasonal

variability of p is reflected in the estimate of g through Equation 3.5.

Figure 3.1 illustrates with a simple example the dependence of g on

the conditional mean of the rainfall rate process, the rainfall

volume, the model spatial resolution and the model temporal

resolution.

3.4 Estimation of the Mean Rainfall Rate p

The above procedure requires only one parameter which is

the conditional mean rainfall rate, p. It is assumed that the

conditional distribution of the rainfall rate process is ergodic.

Hence p can be estimated by the climatological mean rainfall rate at

a single location. This estimate is consistent with the assumption

of a unique conditional PDF, fR. According to this assumption every

snapshot in every storm is a realization of the same statistical

distribution. Invoking the ergodicity assumption, the mean of the

conditional distribution can be estimated by the mean of the rainfall

~XL ~1_ ___~~_*11~1~
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Figure 3.1 (a) Dependence of g on the conditional mean rainfall rate

0.4

0.3

= 0.2

0.1 I

_____I__Yr____r_ ~____1~___)14~_1 I_~LII~-I^I~FIII-LL



0.4
conditional mean rainfall rate = 6 mm/hour
temporal resolution = 30 min
spatial resolution = 300 km

0.3

.= 0.2

0.1

1 2 3 4 5 6 7 8 9 10

rainfall volume in 104 km2.mm

Figure 3.1 (b) Dependence of g on the rainfall volume
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Figure 3.1 (c) Dependence of g on the spatial resolution
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rate process at a point when computed from a sufficiently large

number of these realizations.

p is estimated from the rainfall records at a single location

and for each month, M. It is estimated by
N

r (I, M)
I=1

p (M) = N (3.6)

t (I, M)
I=1

where N is the total number of years with record of rainfall

amounts. r is the monthly total rainfall amount. t is the monthly

total duration of storms.

Table 3.1 shows estimates of p from different regions and for

the different months of the year. The estimated values for p are

larger in the tropics compared to midlatitudes and at each location

those estimates are larger in summer compared to winter. These

observations are consistent with the differences in the rainfall

producing mechanisms. The information in Table 3.1 is sufficient

for modeling g at those locations.

3.5 Estimation of g over the Amazon basin

The procedure introduced in the previous section is used to

compute the fractional coverage of rainfall over the Amazon region.

A time series of rainfall, averaged over a grid-cell area, is simulated

by the climate model of the National Center for Atmospheric

Research (NCAR) (CCM1). The location of the grid-cell corresponds

to the Amazon region. The spatial resolution of the model is

(approximately) 4.4 degrees in latitude by 7.5 degrees in



month Wau Manaus Florence Boston Tucson

(7N,28E) (3S,60W) (44N, 11E) (42N,71W) (32N, 111W)

Jan 7.3 5.5 1.1 1.2 1.1

Feb 6.1 6.1 1.3 1.3 1.0

Mar 6.0 6.5 1.4 1.3 1.0

Apr 9.2 6.5 1.3 1.3 1.2

May 9.7 6.1 1.7 1.4 1.0

Jun 11.1 3.9 2.1 1.7 1.6

Jul 10.5 4.3 3.4 2.0 2.3

Aug 10.9 3.8 3.3 2.2 2.4

Sep 10.0 3.8 2.8 1.8 2.5

Oct 9.6 5.6 2.1 1.6 1.7

Nov 6.0 5.3 2.0 1.6 1.2

Dec 6.6 6.6 1.3 1.3 1.2

Table 3.1 : Climatological mean

different regions of the world and

rainfall rate (in mm/hour) from

for different months of the year.



longitude. The temporal resolution of the series is one half hour

and the period covered is the first 300 days of a typical year. The

same rainfall series is used in the study by O'Neill and Dickinson

(1991).

Figure 3.2 shows the time series of g which is obtained by

applying Equation 3.3 to the rainfall series from the Amazon region.

The conditional mean rainfall rate is estimated by the climatological

mean rainfall rate at Manaus ( see Table 3.1). The variability in g. is

quite significant; . is as variable as the areal average of rainfall.

Parametrizations of surface hydrology in climate models often

assume that . is a constant. The significant variability in Figure 3.2

raises many questions about the accuracy of the current

descriptions of land-surface hydrology in climate models. This issue

will be discussed further in Chapter 4.

3.6 Estimation of g for Frontal Storms

The observations described in the Chapter 2 are for

convective storms. Hence, the procedure introduced in this

Chapter is more accurate for modeling convective storms. Under

those conditions, it should be very rare that p approaches a value of

1. During the GATE experiment, which was conducted over the

tropical ocean, the maximum observed value for p. is about 0.5 ( see

Figure 2.4 ). The observed area has a diameter of 400 Km.

According to Equation 3.5 the value of p is not allowed to exceed 1.

For non-convective storms associated with warm frontal

systems the fractional coverage of rainfall approaches a value of 1
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more often than for convective storms( depending on the relative

size of the grid-cell compared to the typical area of the storm).

The use of Equation 3.5 for estimation of the fractional coverage of

rainfall in these storms may result in estimates of g. which exceed

1. That corresponds to the possibility of occurrence of a frontal

storm covering the total grid cell area and with an average rainfall

rate which exceeds the conditional mean rainfall rate. The

probability of occurence for such an event is very small. Under

those conditions g should be reset to a value of 1.

The formula for computing g is developed primarily for

convective storms. Hence, it is less accurate when used for

estimation of g in non-convective storms. The new formula provides

a better approximation than the assumption that g is 1 for these

kind of storms. This is particularly true when the model resolution

is large compared to the typical scale of a frontal storm( few

hundreds of kilometers). The assumption that g is 1 for frontal

storms is often made independent of the model spatial resolution

and the rainfall volume.

3.7 Conclusions

A new procedure is introduced in this Chapter for estimation

of the fractional coverage of rainfall in convective storms. The new

procedure is easy to apply and needs data on rainfall at only one

point.

In the next chapter the new procedure will be included into a

land-surface scheme. It will be tested by comparing the results of

simulations of land-surface hydrology with observations.



CHAPTER 4

Applications of the New Procedure for Estimation of the
Fractional Coverage of Rainfall

4.1 Introduction

This chapter describes the application of the new procedure for

estimation of the fractional coverage of rainfall. The new procedure is

implemented as part of a modified version of the Biosphere-

Atmosphere Transfer Scheme (BATS) , Dickinson et al. (1986). An off-

line model of BATS is used in studying the sensitivity of land-surface

hydrology to the value of g. The model is used in simulating typical

rainforest conditions. The new procedure is compared to the

assumption of a constant g, which is usually made in current climate

models.

The modified version of BATS is included into a 3-D climate

model which is used for simulating climate over the Amazon basin.

These simulations represent a more rigorous test of the new

procedure. It is found that the modified version of BATS, which

utilizes the new procedure for estimation of g, is capable of simulating

rainfall interception and surface runoff with reasonable accuracy.

In the next section BATS is described briefly. Section 4.3

describes the off-line implementation of the new procedure for

estimation of g.. Section 4.4 presents the application of the new

procedure using a 3-D climate model. Some concluding discussion is

presented in section 4.5.



4.2 The Biosphere-Atmosphere Transfer Scheme (BATS)

This section describes the original version of BATS and the

modifications which are introduced to improve the surface hydrology.

These modifications focus on surface runoff and rainfall interception.

4.2.1 The original BATS

BATS describes a land-surface which consists of a vegetation

layer, a surface soil layer and a deep soil layer (root zone). A

seasonally dependent fraction of the grid-cell area is covered by

vegetation; the remaining fraction is assumed covered by bare soil.

Soil temperature is predicted using a prognostic equation which

describes the force-restore method of Deardorff (1972). The

temperatures of the canopy and that of the air within the canopy are

determined using diagnostic equations which describe conservation of

energy and conservation of water mass at the land-surface. The

energy balance equation includes radiative, latent and sensible heat

fluxes.

The land-surface hydrology scheme consists of prognostic water

balance equations which predict the water content of the surface layer

and of the root zone. The components of this water balance are

rainfall, throughfall, infiltration, evapotranspiration, surface runoff,

groundwater runoff, infiltration below root zone and diffusive

exchange of water between the two layers. The soil water movement

formulation is parameterized to fit the results of detailed simulations

using a high resolution soil model. It is assumed that the coefficient of

surface runoff is equivalent to the fourth power of saturation in the

surface soil layer. Soil saturation, s, is defined as the ratio of the



water depth in the soil layer to the maximum capacity of the layer.

The treatment of interception in BATS is very simple; whenever

canopy storage exceeds canopy capacity the storage is restored back

to the value of canopy capacity.

The fluxes of latent heat, sensible heat and momentum are

calculated using the similarity theory approach. The drag coefficients

are calculated based on surface roughness and atmospheric stability

of the surface layer. For neutral and stable conditions turbulent

vertical transport is modeled using an eddy diffusion formulation, for

unstable conditions transport is modeled by a dry convective

adjustment scheme. BATS is described in detail by Dickinson et al.

(1986).

4.2.2 Modifications of BATS

BATS includes a detailed description of the vertical structure of

the surface layer; in contrast the scheme assumes constant surface

properties and uniform forcing in the horizontal. Sub-grid scale

spatial variability in rainfall, canopy storage and soil moisture play a

significant role in some important processes taking place in a

rainforest environment. The partition of rainfall into throughfall and

interception loss, and the subsequent partition of throughfall into

infiltration and surface runoff are examples of these processes which

are sensitive to the effects of sub-grid scale spatial variability. This

sensitivity is basically due to the non-linearity involved in the

interception and runoff processes. The BATS treatment of interception

and runoff are modified in this study to account for the effects of the

sub-grid scale spatial variability. These modifications are important
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because they balance the emphasis on vertical details by accounting

for some of the important effects resulting from spatial variability in

the horizontal. In the following the new descriptions of surface runoff

and rainfall interception are presented.

Surface Runoff

A runoff scheme similar to that of Entekhabi and Eagleson

(1989) is developed for modeling surface runoff. A slightly different

form of the infiltration function is used; it is given by

f* = a ( 1 - s) (4.1)

where f* is infiltration capacity of the soil; a is infiltration capacity of

the soil when completely dry; and s is saturation level of the surface

layer(taken as the top 10 centimeters of the soil) . This infiltration

function is a simplified form of the infiltration function used by

Entekhabi and Eagleson (1989).

The spatial variability in rainfall and soil moisture are modeled

using a statistical approach. It is assumed that rainfall is

exponentially distributed in space according to

2 gR
fR = (1- 4 ) ( R - 0) + E(Re E (R) (4.2)E(R)

Soil saturation of the top soil layer is assumed distributed in space

according to

1 s
f = E(s) eE (s) (4.3)

E(s) is the spatial average of soil saturation.



Runoff occurs at a point where rainfall intensity exceeds the

infiltration capacity of the soil (Hortonian runoff) or where rainfall

occurs on a saturated soil (Dunne runoff). The areally averaged runoff

is then given by

r= 0  (R-f) fRdRfs ds+J RfRdRfs ds
fs=J R=f =1O

=rH + rD (4.4)

where rH is Hortonian runoff and rD is Dunne runoff. Evaluating the

above integrals results in

E(R) a 1
r = e E(R) (e -1 ) + E(R) e E(s) (4.5)

C E(s)

where C is given by

C= a  1
E(R) E(s)

The new formula for computing the fractional coverage of

rainfall implies that the runoff coefficient, Rf, is given by

r e4p (e -1)
Rf =-- E(s) C + e E(s) (4.6)

E(R) E(s) C

where C is given by

a 1
p E(s)

The runoff coefficient is computed based on this new formula instead

of the empirical formula in the original BATS.



Rainfall Interception

A new interception scheme, Eltahir (1993), which accounts for

the effects of spatial variability in rainfall and canopy storage is

included into the BATS. The scheme is based on the Rutter model of

interception, Rutter et al. (1971), and statistical description of the

sub-grid scale spatial variability of canopy storage and rainfall. The

details of this scheme are described in Appendix 4.1.

4.3 Off-line Application of the New Procedure

The off-line model of BATS is driven by the following forcings:

solar radiation, above canopy temperature, above canopy humidity

and a time series of surface rainfall. The forcings are designed to

simulate a typical rainforest environment. The forcings are described

in Table 4.1.

The rainfall series is generated using the stochastic model of

Rodriguez-Iturbe and Eagleson (1987). The model simulates the

rainfall rate process in space and time for each storm. The storm

arrival process is described by a non-homogeneous Poisson process

which favors occurrence of storms in the afternoons. This is

consistent with the recent observations of Lloyd(1990) in the Amazon

basin. The parameters of the model are selected to simulate convective

storms which are characteristic of the rainforest environment. The

rainfall simulated by the model is averaged in space over an area of

ten thousands squared kilometers. The total duration of the

simulation is two months.

The parameters of vegetation and soil are specified according to
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maximum solar radiation at the surface

average above canopy temperature

daily range of above canopy temperature

relative humidity above the canopy

mean of the rainfall series

890 W/m 2

300 K

6K

80%.

220 mm per month

Table 4.1 : Description of the model forcings
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those of rainforest conditions from tables 2 and 3 of Dickinson, et al.

(1986). The Rutter model parameters are specified according to those

calibrated for an Amazonian rainforest and described in Shuttleworth

(1988 a).

In the following the results of the simulations are presented.

The new procedure for computing . is compared to the alternative of

taking g as a constant. The results are presented for two hydrologic

processes : surface runoff and rainfall interception. In these

simulations the mean rain rate is taken as 5.5 mm/hour which is

typical for Manaus in summer, see Table 3.1.

Figure 4.1 shows the average runoff coefficient computed for the

two months of simulations. It is estimated that the runoff coefficient is

about 0.53 . This ratio is close to the climatological runoff coefficient

for the basin of about 0.44. The same figure shows the runoff

coefficient resulting from assuming that the fractional coverage is

constant. Figure 4.2 shows a similar comparison for the Hortonian

runoff coefficient, which is explicitly related to the fractional coverage

of rainfall . Figure 4.3 shows the sensitivity of Dunne runoff coefficient

to the fractional coverage of rainfall. A smaller fractional coverage

results in more total runoff and dryer soil conditions. The latter effect

results in less Dunne runoff.

The results for rainfall interception are summarized in Figure

4.4.; it shows the dependence of interception loss on wind speed and

the fractional coverage of rainfall. Wind speed is a surrogate for

potential evaporation. Interception loss which is simulated using the

new procedure for estimation of g is compared to those obtained by
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assuming that the fractional coverage is a constant. In both cases the

new interception scheme is used.

4.4 Implementation of the New Procedure in a 3-D Climate Model

This section describes the implementation of the modified

version of BATS , which is described in section 4.2, in a 3-D climate

model. The climate model is described in the section 4.4.1. The design

of the experiments is described in section 4.4.2. The results are

presented in section 4.4.3.

4.4.1 Description of the Climate Model

The original version of the model is known as the Pennsylvania

State University/ National Center for Atmospheric Research

(PSU/NCAR) model. It is also referred to as the Meso-scale Model

version 4 (MM4); it was originally developed for meso-scale

meteorological studies. The climate model which is used in this study

is an augmented version of MM4; it has been modified to suit climate

studies.

The original MM4 is a compressible and hydrostatic model

which solves the primitive equations in a terrain varying vertical

coordinate. The model is driven by boundary conditions and solar

radiation. It includes the bulk boundary layer parameterization of

Deardorff (1972) and the cumulus parametrization of Anthes (1977).

MM4 includes a simple long-wave radiative cooling scheme. The basic

structure of the MM4 model is described by Anthes et al. (1987). The
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MM4 model has been used successfully in a large number of

meteorological studies.

For climate studies it is necessary to include into the model

accurate descriptions of radiative transfer in the atmosphere and near

the surface. The augmented version of MM4 model has the same

structure as the original MM4 except that it includes a sophisticated

surface physics and soil hydrology package, an explicit boundary

layer formulation, and a more detailed treatment of radiative transfer.

The surface physics and soil hydrology package is the

Biosphere-Atmosphere Transfer Scheme (BATS), Dickinson et al.

(1986). The radiation parameterization is the same scheme as the one

used in NCAR General Circulation Model (GCM); it performs separate

calculations of atmospheric heating rates and surface fluxes for solar

and infrared radiation for clear and cloudy skies. The solar clear sky

scheme follows the parameterization of Lacis and Hansen (1974). The

solar cloudy sky scheme accounts for reflection at the top of the

clouds, multiple reflections between the clouds, and between the

ground and clouds. Infrared radiative transfer scheme includes the

contribution of atmospheric gases and clouds.

Two recent studies, Anthes et al. (1989) and Giorgi and Bates

(1989), focus on the climatological skill of the MM4 model. They test

the skill of the model in simulating observed climatology when driven

by the corresponding observed boundary and initial conditions. The

model performed reasonably good in these experiments.

The MM4 model has been used recently in many studies to

simulate details of regional climates, Giorgi(1990). The model is

driven with output from a General Circulation Model (GCM); the high
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resolution of the MM4 is utilized in resolving some physical effects

which are not resolved by the G.C.M. , e.g., effects of topography. This

one-way nesting procedure can be very useful in making predictions

about changes in the regional climate. These predictions are not

usually possible to make using G.C.M.s due to their coarse resolution.

Implicit in this nesting procedure is the assumption that the

improvements in description of the physical processes inside the

model domain will not have any effect on the surrounding

atmosphere.

4.4.2 Design of the Simulations

The sub-region of the Amazon rainforest considered in these

simulations is centered at 6.5 ° S and 67.5 W, Figure 4.5. The scale of

this region is 1600 kilometers each side. The simulations are

performed for the months of January and July to represent typical

summer and winter conditions respectively. For each of the two

months the model is run to simulate the climate of the region.

The spatial resolution which is used in this study is 50

kilometers in the horizontal. 14 pressure levels are distributed

between the surface and the tropopause in the vertical. The temporal

resolution is 90 seconds.

The climate model is driven by solar radiation and boundary

conditions from the European Center for Medium-range Weather

Forecast (ECMWF) global data set. Temperature and pressure are

specified at the boundaries according to the ECMWF data. Wind
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Figure 4.5 Location of the region considered in the climate simulation.
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and specific humidity are specified at the inflow boundaries from the

ECMWF analysis but the same two variables are predicted by the

model solution at the outflow boundaries. This last condition is

necessary for a smooth solution with insignificant boundary effects.

The upper boundary condition is a no flow boundary.

For each month initial conditions are specified using the

corresponding conditions from the ECMWF data. The initial soil

moisture conditions are specified according to the standard values

recommended by the original MM4 modeling system, Anthes et al.

(1987). These values describe typical conditions for each season and

land cover type.

The January and July climates are simulated by driving the

model with the ECMWF data for January and July of the years

1985,1986 and 1989. Since the years 1987 and 1988 include El Nifio

events, they are not included in these simulations. The average

climate is estimated from the averages for January and July of the

three years.

4.4.3 Results of the Simulations

The results of modeling surface runoff and rainfall interception

in the Amazon basin using a 3-D climate model are shown Table 4.2.

The results of the simulations indicate that the runoff coefficient and

the interception loss ratio are simulated with reasonable accuracy

compared with observations. This accuracy suggests that the modified

version of BATS which utilizes the new procedure is reasonably

successful in simulating land-surface hydrology in a rainforest

environment.
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Variable Model Observations References

January

evaporation 140 107 (1)

precipitation 184 270 (1)

runoff 86

interception loss 22

runoff ratio 47% 44%* (2)

interception ratio 12% 10% (1)

July

evaporation 115 119 (1)

precipitation 64 110 (1)

runoff 27

interception loss 9

runoff ratio 42% 44%* (2)

interception ratio 14% 20% (1)

Table 4.2 : Results of the 3-D climate simulations.

* the observation of runoff coefficient is an annual value.

references are indexed as follows

(1) Shuttleworth (1988)a, and (2) Oltman (1967)



Table 4.2 shows that precipitation is underestimated for both

months. This result is due to underestimation of atmospheric

moisture convergence into the region by the ECMWF analysis which is

used as boundary conditions for these simulations.

4.5 Concluding Discussion

The results of the simulations presented in section 4.4 indicate a

reasonable success in modeling land-surface hydrology in a rainforest

environment. The results of these simulations provide the necessary

verification of the new procedure for estimation of the fractional

coverage of rainfall in climate models. The accuracy of the simulations

in Section 4.4 can not be attributed solely to the new procedure; this

accuracy is achieved by using a physical-statistical approach in

modeling surface runoff and rainfall interception and by adopting the

basic structure of the original BATS. On the other hand the results of

the off-line simulations in Section 4.3 suggest that rainfall

interception and runoff are quite sensitive to the value of the

fractional coverage of rainfall, p. Hence, the combination of the new

procedure for estimation of g and the modified version of BATS seems

to provide a consistent and accurate scheme for modeling surface

hydrology in the rainforest environment.
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CHAPTER 5

Conclusions

5.1 Introduction

This chapter presents a summary of the results, the general

conclusions of the study, and some suggestions for future research.

5.2 Summary of the Results

(1) A new formula is developed for estimation of the fractional

coverage of rainfall in convective storms. The new formula is

suitable for use with any land-surface hydrology scheme as part of a

climate model.

(2) The observations of convective storms which are the basis for

the new formula are reviewed. It is shown that the new formula is

consistent with observations from the tropics, subtropics, and

midlatitudes.

(3) The new formula is applied in simulating the fractional coverage

of rainfall over the Amazon basin. A time series of area average

rainfall generated by a climate model is used in those simulations. It

is found that the simulated fractional coverage of rainfall exhibits

significant variability in time, which contradicts the assumption

usually made in climate models that this fraction is a constant in

time.

(4) The sensitivity of land-surface hydrology to the assumed

fractional coverage of rainfall is studied using an off-line model of

the Biosphere-Atmosphere Transfer Scheme (BATS). The scheme

is modified to include the effects of sub-grid scale spatial variability
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on land-surface hydrology. It is found that hydrologic processes

such as rainfall interception and surface runoff are sensitive to the

assumed fractional coverage of rainfall. This result is consistent

with previous sensitivity studies which are reviewed in Chapter 2.

The new formula for computing the fractional coverage is included

into the off-line model and the results of the simulations using the

new procedure are compared to those obtained by assuming

constant fractional coverage of rainfall.

(5) The new procedure is implemented as part of the modified

BATS in 3-D simulations of the regional climate of the Amazon

basin. The results of these simulations indicate that a combination

of the modified BATS and the new procedure for estimation of the

fractional coverage of rainfall is capable of simulating the land-

surface hydrology in a rainforest environment with reasonable

accuracy. The surface runoff coefficient and the ratio of

interception loss to total rainfall are predicted with reasonable

accuracy.

5.3 General Conclusions

The new procedure for estimation of the fractional coverage

of rainfall, g, captures the seasonal and geographical variability in g.

It even describes the variability of g from storm to storm and within

the life cycle of a single storm. The new formula describes

explicitly the dependence of the fractional coverage of rainfall on

the spatial and temporal resolutions of the climate model. This

advantage is significant since it allows for the possibility of using

the new procedure in any climate run irrespective of the
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resolutions used. The procedure presented in this study is

consistent with the observations of convective storms which

indicate that g is indeed a variable and not a constant parameter.

The procedure presented in this study is very easy to apply.

Instead of specifying a constant value for g to characterize rainfall

in each region of the world, it is suggested to compute the

climatological mean rainfall rate in every region and allow p to vary

in space and time. It is much easier to obtain information about the

climatological mean rainfall rate from the records at a single rain

gauge than to obtain information about the fractional coverage of

rainfall.

From the results of applying the new procedure in computing

g in a rainforest environment it is concluded that inclusion of the

variability of g in land-surface hydrology parameterizations is crucial

to the accuracy of those descriptions. It is unreasonable to neglect

the effects of spatial variability on land-surface hydrology over large

areas, but it is equally unreasonable to assume that all the

convective storms, in every region of the world and in every season

cover the same area.

The assumption of a unique conditional PDF for the rainfall

rate process is an idealization of the process. In the real world that

PDF may vary between the different storms and even within the life

cycle of a single storm. Kedem et al. (1990) suggest that the

relation between the total volume of rainfall and the area of the

storm which receives rainfall rate above a certain threshold is

robust when the threshold chosen is greater than zero. However

the observations reviewed in Chapter 2 indicate that although the
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PDF may vary in time, the range of this variability is small and

hence the assumption of a unique PDF is a good working

assumption.

5.4 Future Research

The observations presented in Chapter 2 describe convective

storms. Future research may focus on observations of the area-

volume relation in rainfall fields associated with frontal systems.

These observations could be useful for rainfall measurement

purposes as well as for verifying the new procedure developed in

this study. Preliminary analysis of some limited data obtained using

the MIT radar indicates that the new procedure can be used for

estimation of the fractional coverage of rainfall produced by frontal

systems. But further data collection and analysis are needed.

The data collection has to be planned to avoid snow storms

and to obtain data at equal intervals throughout the life cycle of a

storm and particularly the early stages. The data available from the

MIT radar were collected for other purposes and do not satisfy this

last condition.

Application of the new procedure requires data on rainfall at a

point, which is available for many regions around the world. Future

research may focus on processing data from different regions of the

world to produce a map of the climatological rainfall intensity, such

a map would provide sufficient information for applying the new

procedure in simulations of the climate of planet Earth.
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APPENDIX 4.1

New Interception Scheme

Introduction

This Appendix outlines the development of a new rainfall

interception scheme which is based on the Rutter model of

interception. This scheme is introduced by Eltahir (1993). In the

following the Rutter model is described in some detail. The derivation

of the new interception scheme is then presented.

Rutter Model of Interception

This model was introduced by Rutter et al. (1971) to provide a

predictive tool of rainfall interception. The model specifies the

functional dependence of canopy drainage and canopy evaporation on

canopy storage. Canopy drainage is described by

D r = K . e( (A4.1)

where Dr is canopy drainage, C is canopy storage, K and b are

constants characteristics of the canopy. It is important to note the

exponential dependence of canopy drainage on canopy storage. This

strong dependence results in rapid depletion of excessive local

storage.

Evaporation from the canopy has two components: interception

loss and transpiration. It is described by

CCC
e= . ec+ 1- S et, 0:5C5 S,

e = ec , C > S (A4.2)

where et is transpiration by the plant, ec is evaporation from wet

canopy and S is a constant characteristic of the canopy. S is the
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amount of water retained by the canopy after being completely wet

and then drained for a "sufficiently" long period.

Canopy storage is added by rainfall and depleted by drainage

and evaporation. The rate of change of canopy storage is given by,

aC C
- = (1- p ). P - . ec - Dr (A4.3)

where p is fraction of rain falling directly to the ground and P is

rainfall.

The exponential dependence of canopy drainage on canopy

storage results in large drainage for large canopy storage. Hence when

applying the model in describing interception processes using real

data, e.g., Rutter et al. (1975), it is observed that canopy storage does

not exceed a maximum of about 2 or 3 mm. The Rutter model is

modified here to include a maximum limit for canopy storage, Cm ,

the maximum storage which the canopy can hold at any instant of

time. This limit constrains primarily Equation A4.3 such that C does

not exceed Cm. Equation A4.1 is also modified to

Dr=K.e l(), C <Cm,

Dr = K. e( M" , C > Cm (A4.4)

A Description of Rainfall Interception over Large Areas

A new interception scheme is developed in this section. It

combines the Rutter model and statistical description of the spatial

variability in rainfall and canopy storage. It is assumed that rainfall

is distributed in space according to
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2 p

fp =( 1 - qp).(P-0)+ E(P) . e E(P) (A4.5)

where P is rainfall at any point in space, qp is fraction of the area with

P > 0 ,E( ) denotes the expected value of and 8 denotes the Dirac

delta function. The observations of Eagleson et al. (1987) support the

assumption of exponential distribution for rainfall.

Canopy storage controls the local amounts of canopy drainage

and evaporation. It is assumed that canopy storage is distributed in

space according to an exponential distribution. In absence of any

observations of the spatial distribution of canopy storage the choice of

the exponential is a matter of convenience. The assumption is

justifiable when rainfall variability is a major causal factor for

variability in canopy storage. It is assumed that canopy storage is

distributed in space according to

2 (q C (A4.6)

fc= ( 1 - qc). 8 (C - 0) + E(C)(A4.6)
E(C)

where C is canopy storage at any point in space, E( C) is the spatially

averaged canopy storage and qc is the fraction of the area with C > 0.

The spatially averaged canopy drainage is obtained by taking

the expected value of both sides in Equation A4. 1. E( Dr) is given by

q2.b q2.b (b.q-E(C)).Cm
1 - qc + b.K qc+ .+ (b.q K.(C)) e b.E(C) (A4.7)

(b.qc- E(C)) c (b.qc- E(C))

The spatially averaged evaporation is obtained by taking the

expected value of both sides in Equation A4.2. E (e) is given by



E (e) = e(C). fc dC = et + (ec-et). S. (1 - e- C)

and

E(C) s.qc
E (e')=ec S e E(C) (A4.8)

where e' is interception loss.

Throughfall has three components: the fraction of rain falling

directly to the ground through gaps in the canopy, drainage from the

canopy and rainfall in excess of drainage at locations with maximum

canopy storage. The spatial average throughfall is given by

E(T) = p .E(P) + E (Dr)

+fc iD. [(1-p).P - Dm- e'(C)].fc.fp. dP. dC

= p. E(P) + E(Dr)

I.Cm qp.Dm
+ [qc . (1-p). E(P) -qc.qp.ec e E(C) (1-p).E(P)J (A4.9)

where Dm is Dr (Cm).
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