
HYDROLOGIC 

CHARACTERISTICS OF BENCHMARK 


SOILS OE HAWAII'S FOREST 

WATERSHEDS 


:r.,.:R.Ahu]a'andS.A'El-Swaify 

-·.. : ,:•. -·· . ·"'! 

MAY 1975 

:: ·. fiifi;J Rei>oih 
_ . . ~: f'o;· the Period _. _... -__ 
April!,. 1972.-. June 30, 1975· 

··.- Department ;)'[ Ag;ci;J.C,ffiy and Soil Science 
Co!leg~ of Tropical Agriculture( 

··· Uii{yersity ofHawaii . 

··• Prepared for thll 
' . . ~ 

.. . . Forest S7I'Vic~,: 

United States Department of AgricuftUre·. '·: 

,. c, • ' • • ~ • ,•._' .•• - ._.-,,_,-,~ 

' under Coopei-ative Agreement 21-190't\'''' 






• ""· .4 

j 

..._.······~ 


HYDROLOGIC 

CHARACTERISTICS OF BENCHMARK SOILS OF HAWAII'S 

FOREST WATERSHEDS 

L. R. Ahuja and S. A. El-Swaify 

May, 1975 

Department of ·Agronomy and Soil Science 
 
College. of Tropical Agriculture 
 

.University of Hawaii 
Honolulu, Hawaii 96.822 

· .. ·­



.. __ ,·· 

I 
i 

ACKNOWLEDGEMENTS 

Several graduate and undergraduate student assistants contributed 
to the research included in· this report, In particular, the authors 
gratefully acknowledge the assistance of Dr, Ansaf Rahman, Mr. Patrick 
Ching, Miss Heather Fortner, Miss Betty Hu and Mr. Lim Sao, 

Assistance of Mr. Saku Nakamura of·the Soil Conservation Service 
for soil profile descriptions at the experimental sites is greatly 
appreciated, 

Cooperation of Mr; Robert Hirano and staff of the University of 
Hawaii Lyon's Arboretum is also gratefully acknowledged, 

Grateful acknowledgements are also due Mr. Robert. Merrium, USDA 
Forest Service, for very helpful suggestions. during planning and con­
duct of the study. . 







TABLE OF CONTENTS 
 

I. 

II. 

III. 

IV. 

v. 

VI. 

Introduction. . . . : . . . . . '+ 

Experimental forest watershed and soils 5 

Alternative methods of measuring infiltration and 
 
deep percolation. . . . . . . . ; . . 10 
 

General conceptual and experimental approaches. 10 
 

Measuring hydrologic properties of soil profile 
 
·using a doublecring infiltromete<' with multiple~ 


dept·h tensiometers: 1. Infiltration, .lateral 
 
flow· and saturated hydraulic conductivities . . . . . . . 13 
 

Measuring hydrologic properties of soil profile 
 
using a double-ring infiltrometer with multiple­

depth tensiometers: 2. Drainage flow rates and 
 
unsaturated conductivities. . . . . ......•. 38. 
 

Me.asuring soil hydrologic properties on a forest 
 
watershed using field-plo·t tensiometric technique: 
 
1. Soil-water conductivi-ties and drainage water 
yield . . . . . . . . . . . . . . . . . . . . . . . . . . 50 

Measuring soil Hydrologic properties on a forest 
 
watershed using field-plot tensiometric technique: 
 
2. Rainfall-infiltration and soil-water relations 
under ·natural conditions. 63 

• • • 0 • • • • • 

A system for continuously monitoring _soil-water 
status on forest watersheds . . . . . . . . . . . . ... 91 

Determining both water characteristics and 
 
hydraulic conductivity .of a soil. core at high 
 
soil water contents from a transient flow 
experiment. . . . . . . . . . . . . . . . . . 103 

Mechanism of wate~ retention in· Ha\~aii 's Typic 
Hydrand ept s . . . . • . . . . . .•...117 

Quality trends for waters from various sources at 
the University of Hawaii's Lyon Arboretum for the 
Calendar year .1974 .. ·. . . . . . . . . . . : .. .135 

Summary ... .153 



:i] 
i 
' 

.I 
I 4 
I 
 
j

I. 
' 

I. INTRODUCTION 

The project was initiated in May, 1972. The initial effort in­
volved mapping of forest soils on the islands of Oahu and Hawaii, and 
collection of relevant literature for preparing the study plan. The! 	 detailed study plan (El-Swaify, 1972) was prepared after cooperative

j 	 discussions with staff of the Institute of Pacific. Islands Forestry, 
 
Honolulu, Hawaii, and set forth the following three objectives:


j 
1. 	 Evaluate alternative methods for measuring water infiltrationl and its contribution to deep percolation in selected tropical 

soils for the purpose of developing a simple techni~ue forI 
! 

field infiltration measurement, 

2. 	 Study mechanisms of water retention and movement in these 
soils for the purpose of modifying retention and infiltration 
properties of soils if necessary. 

3. 	 Study·the interrelationships between the prevailing vegetative 
cover, dominant soil, and chemical composition of the water 
yielded by the watershed·. 

For field experimental work under Objectives 1 and 3, sites were 
.selected on the forest watershed of the University of Hawaii Arboretum 
(section II). A constant.temperature room was.set up for laboratory 
work under all the objectives. After staffing a·nd procuring the neces­
sary e~uipment and supplies, the field work was. started in January, 
1973 on sites selected at the University of Hawaii Lyon's Arboretum. 
Section II includPs fUrther information on these sites. Sections III, 
IV, and V include results of investigations carried out t.o meet objec­

. tives 1, 2, and 3, respectively. 

Reference 

1. 	 El-Swaify, S.A. 1972. Hydrologic characteristics of benchmark 
soils of Hawaii's forest watershedq, Study plan for U.S. Forest 
Service - University of Hawaii Cooperative Agreement No. 21-190. 
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II. 	 EXPERU1ENTAL FOREST WATERSHED AND SOILS 

The field studies under objectives l and 3 were conducted on the 
forest ·watershed of the University of Hawaii Lyon's Arboretum. Fig. 
shows a map of the watershed area with the location of two sites (Lower 
and Upper.Plots) where hydrologic measurements for objective l were 
conducted and three sites where water quality samples for objective 3 
were collected. The detailed land and soil description of Lower and 
Upper plots is given below. 

Lower Plot 

Location: 	 Island of Oahu, Manoa Valley, Lyon Arboretum. 
 
"Lower Plot" located about 300 feet northwest of 
 
the greenhouse. 
 

Date: 	 March 20, 1974 

Description by: 	 S. Nakamura, Soil Conservation Service 

Soil: 	 Tantalus silty clay loam 
Typic Dystrandepts; ·medial over cindery, isother-· 
mic family 

Topography: 	 Sloping upland, 12 percent slope 

Parent Material: 	 Volcanic aSh over cinders 

Elevation: 	 640 feet 

Rainfall: 	 i6o inches 

Drainage and 
) 

Permeability: Well drained, moderately rapid permeability 

Erosion: 	 None 

Vegetation: 	 California grass, honohono, creeping Chines~ 


violet 
 

Remarks: 	 This soil is representative of the silty clay loam 
type of Tantalus series 

Soil 	 Description: 

Al 	 0-23 cm(0-9") - Dark brown (10 YR 3/3) silty clay loam; moderate 
fine and· very fine sub angular blocky structure.; friable, sticky 
and plastic; . many roots; many _very fine to medium pores and common 

_coarse pores; common worm holes and cast; occasional pebble up to 
~ inch in s ~ze ;· cl€ar ·smooth boundary. 

B2l 	 23-41 cm(9-k6") -Dark yellowish brown (10 YR 3/4) silty clay loam; 

-. --._ ­
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EXPERIMENTAL SITES 

AT 
UNIVERSITY OF HAWAII 

LYON'S ARBORETUM 

Arboretum Boundary 

" Road 
Manoa Rood 

0 400 feet 
,. I. 

Contour values x 100 

Fig. 	 1--Map showing experimental sites at the University 
Arboretum. · Upper and lower plots were used for rainfall, 
runoff,· and infiltration studies. R1 ·represents the site 
for rainfall collection, R1 for throughfall collection 
and sites 1, 2, and 3 for soil solution collection for 
water quality .analysis. 
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moderate fine and ve·ry fine subangular blocky structure; friable, 
stiCky and plastiq; few roots; many very fine and {ine pores; 
occasional partly weathered pebble up to l inch in size; gradual 
smooth boundary. 

B22 	 41-89 cm(l6-35") -Dark yellowish brown (10 YR 3/4) silty clay lop.m; 
moderate fine. and very fine subangular blocky st·ructure; friable 
sticky and plastic; fe1v roots;. many verY fine and fine and few 
medium pores; larger pores have Yellowish brown sugary coatings; 
weathered pebbles up to 2 inches occupy about l percent of the 
horizon; weathered cinders occupy up to 5 percent of lower half 
of horizon; abrupt smooth boundary, 

Cl 	 89-97 cm(35-38") -Very dark grayish brown (10 YR 3/2) weathered 
cinders that have very fine sandy loam texture and weak medium 
subangular blocky structure;· friable, sticky, slightly plastic 
and· smeary; many very fine pores; ap~ear to hold high amount of 
ffioiSture; a ~-inch ironstone sheet with root matting occurs on 
top of this layer; abrupt· smooth boundary. 

C2 	 97-107 cm(38-43") - Variegated dark brown, dark reddish brown and 
black weathered cinders; smeary when crushed; appear to hold high 
anount of water; a ~-inch ironstone sheet occurs on 'top of this 
layer; abrupt smooth 	 boundary. 

C3 	 107-178 cm(43...:7o") - Black p~tly weathered cinders; smeary Y~heri 
crushed; topped by ironstone sheet \-inch.thick. 

Upper Plot 

Location·: 	 Island of Oahu, Manoa Valley, Lyon Arboretum. 
,;Upper Plot" located about !.1- mile ·northwest of 
the greenhouse, 

Date: March 20, 1974 

Description by: S. Nakamura, Soil Conservation Service. 

Soil: F.luventic Humitropepts: fine loanly, mixed, isa­
thermic family. (This classification is tentat.ive) 

Topography, Moderately steep alluvial fan, 17 percent slope 

Parent material_.: Recent alluvium 

Elevation: 62o feet 

Rainfall: 160 inches 

DraiQage and 
Permeability: Well drained; moderately rapid permeability 
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·Erosion: 	 None 

Stoniness: 	 Stony 

Vegetation: 	 Basketgrass, honohono, ti, kukui, octop~s tree 

Remarks: 	 This is a well drained soil formed from recent 
 
alluviwn under high rain.fall. It is a variant 
 
and was not mapped out. 
 

Soil 	 Description: 

Al 	 0-28 em( 0 -11 11 
) - Very dark grayish brown ( lO YR 3/2) day loam; 

moderate fine and very fine. subangular blocky structure; friable, 
sticky and plastic; . many roots; many pores; iO to 20 percent . 
gravel; few stones; clear wavy boundary. 

Cl 	 28-66 em( ll-26") - Dark brown (lO YR 3/3) clay loain; weak fine and· 
medium subangular blockY structure; friable, sticky and plastic; 
manY 	 roots; many fine to medium and few coarse pores; 10 to 20 
percent partly weathered gravel;· clear smooth boundary. 

C2 66-102 cm(26-4o") -Dark brown (7.5 YR 3/2)elay loam; weak fine 
. and medium subangular blocky structure; friable sticky and plastic; 

common roo~s; many very fine to medi.um pc_:>res, few coa!se pores; 
lO to 20 percent partly weathered gravel; few stones gradual wavy 
boundary. 

C3 	 102-132 em( 40-52 11 
) - Same as above e>!'cept 30 to 50 percent gravel 

and stones. 

Worth noting for Lower Plot is the presence of three hard-pan iron­
stone layers between 90 and 107 em depths, forming an interface between 
soil and cinder. 

Selected properties of surface soil in Lower and Upper plots are 
given in Table l. The table shows that surface horizons at both sites 
are high in organic. matter content. Depending on the. dispersion medium, 
different clay contents are recovered during particle size. distribution 
analysis. Nevertheless, both are texturally classified as clays when 
ult.imate dispersion is achieved. The high organic matter an4 clay con­
tents are responsible for some of the observed swelling-shrinkage charac­
teristics noted. and discussed in the· following sections. 

' 
I 	 Ii 
' 

l 
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Table l- Selected Properties of Surface Horizons of Study-Sites 

Particle Sized Distribution 

Sample Dispersion medium %sand %silt 
>50\J 2-50\J 

Lower H20 4.3 94.2 
(0-23cm) NaOH 5.8 41.9 

NaP03 4.4 33.6 

Upper H20 10.5 50.9 
( 0-28cm) NaOH 16.2 45.0 

NaP0 3 15.8 35.8 

. * by Walkley-Black Method 
** in 1:10 suspension 

Readily* pH** 
Oxid,%clay O.Matter<2\J 

% 

"1.5 
52.3 
62.0 

38.6 8.4 6.2 . 
38.8 
48.4 . 
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III. 	 ALTERNATIVE METHODS FOR MEASURING 
INFILTRATION AND DEEP PERCOLATION 

·:. 

Most of the effort of this project was devoted towards Objective 
1. Many results are included in this section, which inadvertently 
 
becomes .voluminous, For the benefit of the reader, therefore, a 
 
statement of general principles and experimental approaches used for 
 
research under this objective are summarized below. Subsequent sub­

sections _will provide the details. 
 

General Conceptual and Experimental Approaches 

Infiltration of rain water or applied water into a soil profile, 
and subsequent drainage, is a process involving both unsaturated and 
saturated soil-water movement. During first stage of.infiltration 
when the infiltration rate varies with time and during drainage, the 
water moves through the profile not corrq}letely saturated with water. 
During the second stage of infiltration when an apparent steady rate 
is established, an appred.able part ·of the soil profile is more or 
less saturated with water, The water conducting and water storage 
properties of soil are very significantly influenced by the degree of 
saturation. These properties, very often, also vary strongly from one 
soil horizon to another. According to the_ current soil water flow 
theory, the processes of infiltration and drainage can be mathematically 
described in terms of two basic properties of soil profile horizons, 
hydraulic conductivity as a function of soil water content (water con­
ductivity function) and soil water content as a function of soil-water 
-potential or tension (water. st-orage function), At any given point in_ 
the soil profile, the infiltration rate at any time is equal to the 
product of the prevalent potential gradient arid conductivity (by Darcy's 
Law). Characterization of_a soil profile for infiltration and drainage, 
therefore, req_uires· a determination of itS water c~nductivity a-nd watei­
storage functions. 

Many hydrologists in the past have overlooked the transient stage 
of infiltration, and have just used the apparent overall steady rate of 
infiltration as a characteristic of the soil profile, as a whole. 

-While this characterization may not cause too much error in predicting 
ir.filtration of a very prolonged and heavy rainstorm, it may be totally 
misleading when infiltration of many commonl:y occuring· ra_instorms is 
considered, ·During medium-intensity and intermittently-heavy rain­

storms, the soil profile may be largely unsaturated, with entirely 
 
different ·irifiltration characteristics. Moreover, ·the transient stage 
of infiltration may not always be sbort and neglegible. Recent measure­
ments with a rainulator on several important soils of Hawaii indicate 
that.the apparent steady rate was not established, in many cases, up to 
two hours of a 2. 5 in/hr rainstorm. Even 1<hen established, the apparent 
steady -rate is affected by factors such as the ·-·layering .and moisture 
distribution in deeper horizons of soil prcfile, condition of the soil 
surface, the head- of applied water, the length of water application, 
depth to ground-water table, and the type of equipment or meth.od used. 
A specific infiltration rate for a particular type of soil profile is, 



11 

therefore, virtually non-existent. 

It is with the above principles that. the following studies were 
planned •. Infiltration and deep percolation were measured under natural. 
undisturbed field conditions •. Due attention was given to. determining 
the basic· soil-water properties characterizing these processes. 

A. 	 Measuring hydrologic. properties of soil profile using a· 
double-ring infiltrometer with multiple-depth tensiometers 

This 	 experiment had three specific purposes: 
·l) 	 Evaluation of lateral flmr effects on infiltration rates 

measured inside a 30 em diameter ring as a function of 
diameter of the outer buffer ring 

2) 	 Detel;'mination of the extent of lateral flow in different 
soil 	 horizons, final infiltration rates corrected for 
lateral flow, and saturated hydraulic conductivities of 
the different horizons from measurements of vertical and 
lateral hydraulic gradients during infiltration 

3) 	 Investigation of determining deep percolation rates and 
unsaturated water conductivities (as a function of soil 
water contents) from measurements of soil-watel:· t.er.sions 
at vertical axis of the infiltrometer's axi-symmetric flow 
system during the process of drainage following infiltra­
tion 

The experiment was conducted on Tantalus silty clay loam 
soil, whose complete profile description is given in Section II 
of this report. All details and results of the experiment have 
been written up in two manuscripts, which appear later in this 
~ection. 

B. 	 Measuring soil hydrologic properties on a forest watershed 
using a field-plot tensiometric techniQue 

The experiment was designed to measure water conductivi­
ties and rainfall-runoff-soil water status relations on a fair ­
ly large-size plot under natural conditions of a f·orest water­
shed, Soil-profile tension measurements were provided at three 
 
different locations along the slope, in order to determine the 
 
effect of slope and to represent a good average ·for the hetero­

geneous soil and vegetation conditions. The experiment consis­

ted of two.phases: 
 
l) In the first phase·, soil-water tension changes were mea­


sured in profile .while the soil was .undergoing the process 
of drainage· and redistribution, as the plot was com­
pletely covered with a plastic sheet to prevent evaporation 
and rainfall from entering the soil. A 3. 5 ft deep steel 
siding was provided to prevent lateral flow from outside. 
Undisturbed soil cores were taken from the field sites to 
measure the' water storage functions of different horizons .. 
The field data were then analyzed to determine water con­
ductivity functions for different soil horizons at each of 
the locations 'along the slope. 

--..~ ... 
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2) In the second phase, the plot was. uncovered and a stand 
of natural.grass re-establisped. Measurements were then 
made of the natural.rainfall, runoff and soil-water ten­
sions in the profile over a long period of time, by a 
combination of continuously-recordihg and.manually-reading 
gauges. The data provide a needed picture of the nature 
of tropical rainstorms and rainfall-infiltration-soil water 
status relationships, which could be practically used in 
various ways. The data would serve aS a nucleus for 
·future development and testing of some rainfall-infiltra­
tion models. 

The field plot was located on an alluvial soil patch of 
the UH Arboretum watershed •. Complete· profile dEis·cription of 
this soil is given in Section II. The study has been written 
up into two manuscripts which are- presented in this section 
following the first two noted under A above, 

C. 	 A system for continuously monitoring soil-water status on 
forest ·watersheds 

Approach here was to provide an_automatic means of conti­
nuously recording soil-water tenslons in the· profile, w~1ich 
·could then be used to calculate infiltration, drainage Hater 
yield,, evapotranspiration, and, by a Careful analy-sis, Nater .­
conductivity functions of the soil profile. Specific objec­
tives in the present work were (l) to assemble a pressure 
transducer-scanner-'recorder system that would run on battery 
power, for us-e oil remote forest wate-rsheds where regular power 
line may not be accessible, and (2) to test its use t~ monitor 
soil-water status on a .Hawaii's·for~st watershed. 

The monitoring system was assembled and tested in the 
laboratory before installing it·on the forest-watershed plot 
described above under B, Details of the design, as well as 
examples of monitored data and applications are presented in a 
manuscript. 

D. 	 Simplified techniques fOJ:' measuring water conductivity and 
water storage functions on soil cores 

It ffiay.be economical and more convenient for remote 
forest locations to measure hydrologic properties of a field 
soil on undistrubed soil cores carefully taken from the field 
sites. UnfOrtunately, the techniques of measurerr.ent __available 
so far have been,. by and large, time consuming and tedious. 

·Ylith this !not.ivat·ion, sone simplified techniq_ues were searched 
and investigated. As a l~e-sult, three very promi!;.>ing ~ew 
methods have been dev"" loped .. The methods were tested on the 
experimental data available in the literature and· compared 
>rith more sophisticatecl methods on determination of the water 
conductivity and storage functions .. One of the methods was 
applied to packed cores.of·sOil from one of our experimental 

http:ffiay.be
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sites at the ~boretum (Tantalus silty clay loam),· The manu­
script for this method.is also included in this section, while 
the 	 other two methods have just recently been published (Ahuja, 
i974; Ahuja, 1975). 	 . 

ReferenCes 

l. 	 Ahuja, L.R. 197·4. Un.saturated hydraulic conductivity from cumu­
lative inflow data, Soil Sci. Soc, Amer, Proc, 38: 695-699. 

2. 	 Ahuja, L.R. 1975, A one-step wetting procedure for determining 
both. water characteristic and hydraulic conductivity of a· soil. 
core, Soil Sci. Soc, Amer, Proc, 39(3):May-June (in press). 

Measuring Hydrologic Properties o.f Soil Profile · 
Using a Doub.le Ring Infiltrometer with Multiple-Depth 

. Tensiometers.: l. Infiltration, Lateral Flow, 
and Saturated Hydraulic Conductivity 

Water is becoming an increasingly critical resource ih several 
parts of the world. The complexity of problems·confronting the water­
resources ·investigator has caused an increasing need for more quantita­
tive data for all phases of the hydrologic cycle. Infiltration and 
drainage of water into and through the soil are very important phases 
of this cycle. Under certain conditions, such as in Hawaii, infiltra~ 
tion represents, almost exclusively, the-net water ·contribution of a 
rainstorm to the water resources. Quantitative description of the 
processes of infiltration and drainage in ·terms of hydrologic charac­
teristics of the watershed soils has, therefore, currently assumed 
greater interest and importance . 

. The hydrologic properties· of field soil are best measured in situ, 
although for remote locations-it may be more convenient to measure---­
thes<:' properties on undisturbed soil cores· brought from ·the field site 
to the laboratory. A generally recommended method is to measure the 
rate of water entry into the sOil and soil-water suction changes as 
indicated by tensiometers installed at different depths in the profile 
while water is ponded at .a constant level in a large basin (Nielsen 
et al., 1973). After an apparent steady rate is attained, water appli ­
cation is discontinued, the so"il surface· is covered -with a plastic_ 
sl1eet to prevent_ ·evaporation,· and changes in soil-water SuctiOn -are 
recorded with time as the process of drainage occurs. Simultaneously, 
soil samples may be collected from different depths to determine the 
suction-water content.relationship and bulk density of each horizon in 
the 	 profile. 

For 	 detailed studies on watersheds such as in Hawaii, large basins 
are not practical because"of steep terrain or difficulty in obtaining 
the large supply of water required. Small-size ring infiltrometers 
have been commonly used to measure the overall infiltration rate of the 

http:method.is
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soil, with some error caused by lateral flow which can be reduced by 
 
use of an appropriate-size buffer ring (Olson and Swartzendruber, 1960; 
 
Johnson, 1963). The purpose of the pre_~ent study was to test the use 
 

.of a double-ring.infiltrometer with variable buffer zones cc:imbined with 
the use of multiple-depth tensiometers to determine both saturated and 
unsaturated hydrologic properties of a forest soil profile. Corrections 
for any lateral flow effects are made by measuring both vertical and 
lateral hydraulic gradients. The use of multiple-depth tensiometers 
(having the tensiometer cups for all desired depths .on o.ne stem) elimi­
nates the necessity of boring many more holes in a· small area that the 
use of single-depth tensiometers requires.. The present paper deals 
with measurements of infiltration rates, vertical and lateral hydraulic 
gradients, and calculations of lateral flow and saturated hydraulic 
 
conductivities. The second paper of the series will deal with um;atu-· 
 
rated hydrologic properties. 
 

Theory 

Consider a· doiJ.ble-r.i,ng infil trometer with two conc8ntric riDES of 
radii r1 and r2 respectively, and with two multiple-depth tensiometers 
·(MDTs) assembled as shown in Fig. 1. One MDT is located at the center. 
 
of' the rings, and the other outside ·the inner rings at. a radius. of r3 · 
 
em. The MDTs have porous cups· located at the desired depths .in the soil. 
 
Water is ponded and maintained at a certain level in the iTmer ring as· 
 

. well as in the 'buffer area surrounded by the outer ring, as. the water. 
infiltrates down into the soil. The rate of ·inf.iltration is measured 
eittJer in the inner ri.ng. alon.e or .. in t.he inner ring and the· bUffer area. 

The flow system of Fig. 1 is symmetrical about the vert'ical axis. 
 
Water from the circular ponded area would move vertically downward as 
 
well as radially. The radial or lateral flow would be maximum from the 
 
outer boundary, and would decrease inwardly to approach zero value at 
 
the vertical axis. Assuming the soil directly beneath the inner ring 
 
and above the wetting-front is more or. less saturated with water (ex­


. cept for entrapped air), as often occurs under ponded conditions, the 
flow from the .inner ring may be apportioned into vertical and· lateral· 
components at any given depth L as: 

K (z) -aHI dz2 2 s or1Tr1 Yo =.-1Tr1 K (L) 3H 
s az­ rl 

or 

(L) 3H 2 L 3HIvo = -K -f K(z)-- dz [1] 
s az-- r l 0 s or 

· · r1. · . 

where vo is the rate of water e.ntry per unit area measured in the inner 
ring, z is the soil depth var..iable, Ks (L) is the saturated hydraulic 
 
conductivity of the soil at depth z = L, H is the total hydraulic head, 
 
oH/3z is the average vertical hydraulic gradient, r1 is radius of the 
 
inner ring, and oH/3r is the radial hydraulic gradient at r1. Hydraulic 
 
conductivity at any giv~n depth is assumed to be isOtropic. The ratio 
of lateral flow component in any given soil layer of unit length to 

.j 
' 
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Fig. 1--Schematic diagram.of ring infiltrometer and multiple­
depth tensiometer experimental design with depth. 

http:diagram.of
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vertical flow at given depth beneath the inner ring can be derived to 
be 

Lateral Flow 2 oH/or
= [2]

Vertical Flmr r 1oH/oz 

The vertical and lateral gra~ients Can be estimated from tensiometric 
measurements for different soil·depths of the two (or more) MDTs as 
shown in Fig. l. When the ratio of lateral to vertical flow as g:lven 
by Eq. [2] is appreciable, saturated hydraulic conductivities of differ­
ent ·sail horizons cal) then be der.ived by solving Eq.. [1], starting 
from the top layer (where lateral flow is prevented by ring walls) and 
proceeding downward progressively. · 

Experimental 

The Soil: 

_ Field measurements were conducted_ on Tantalus silty clay loam, a 
member of Typic Dystraiidepts, medial over cindery, isothermic family. 
This soil is developed from volcanic ash overlying cinders. A charac­
teristic feature of the profile is the existence of three 1-cm thick 
ironstone layers at depths of about 90, 97, and .107 em, forming an 
interface between the volcanic ash and weathered and partly weathered 
cinder. 

Procedure for Infiltrome~er-TensiOrneter Experiments: 

Infiltration and· drainage nieasu_rements were made in the field _ 
using a multiple-ring infiltrometer equippe.d. with four multiple-depth 
tensiometers installed as shown in Fig. 2. The smallest ring of 30-cm 
(12-inch) diameter was always used as the inner ring. The outer ring 
was either 60, 90, or 120 em (24, 36, or 48 inches) in diameter depend­
ing on the desired extent of the buffer zone. The buffer zone in any 
given run was one continuous qrea, the ponded water in which was -inter­
connected through four to six 1-cm holes made in the intervening rings 
at the ground level. These holes could be plugged with rubber stoppers 
when desired. Multiple-depth tensiometer no. 1 (MDT 1), which formed 
the central vertical axis, had porous cups located at 7.6, 22.9, 45.7, 
76.2, 106.7 and 137.2 em (3, 9, 18, 30, 42, and 54 inches) from the 
soil surface. The other three .MDTs were equally spaced at a radius of 
38 em (15 inches) from the central unit. MDT 2 had the same number 
and location of porous cups as MDT l· MDTs 3 and 4 were shallower units, 
each with. five cups centered at 10, 20, 30, 40, and 50 em from the soil 
9urface. 

Installation of infiltrometer rings and the MDTs was done with 
care so as to cause minimum disturbance to the soil. The rings, all 
46 em high and made of 1/3-cm galvanized steel, were bevelled from out­
side to inside at the lower edge. They were driveri 15 em deep into the 
ground one by a·ne starting wit·h the smallest ring. For this purpose, 
a driving plate (1.3 em ·thick steel) was centered on the ring and on 
it was placed a heavy wood block (5 x 10 em, 1 m long) upon which rriod­
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Fig. 2--Persp~Gt-ive view of ring infiltrometer and tensio­
~eter combination employed in this. study. 
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erate blows of a heavy sledge were applied. The driving plate was r.e­
centered and the wood block moved around after every 2 to 3 blows, so 
that the ring could penetrate the soil uniformly. After the driving 
was completed, the disturbed soil adjacent to the rings was tamped firm 
with a hand tool. 

For installing the tensiometers~ which were of 3.2 ern outer diameter, 
holes were very carefully made with a 2.5-crn~diarneter screw auger. The 
auger stem moved through a p;uide tube fixed on.a leveled stand so that 
the hole was vertically straight and excessive widening of the hole by 
random movement of the auger was prevented. The auger was operated ve,ry 
gently and the soil was removed from it at each 5-cm depth interval. 
The hole was dug about 15 em deeper than actually required for the ten­
siometer stem. After all the holes were ready, a 2-cm steel tube was 
inserted in each hole, water was gently poured into the tube to fill i't, 
and then the tube was slowly pulled out leaving the hole full of water. 
The tensiometer stern was then· slowly slipped into the hole. 

The process of infiltration was initiated by ponding water in the 
 
inner ring and in the. buffer zone to a level above the soil surface of 
 
7 ctn; which was maintained throughout the duration of the run by means 
 
of float va;Lves. The soil within the rings was covered with pieces of 
 
burlap to prevent direct water impact and subsequent disturbance of soil 
 
surface. The water was supplied from two different supply tanks (each 
 
of 30-gal capacity and 30 em diameter) fitted with 0.6-crn glass tubes 
 
to show the water level inside. The water level -was read at very fre­

quent time intervals in each tank, as a measure of cumulative infiltra­
tion in both the inner ring and the buffer zone. 

Some infiltration runs were made even before the tensiometers were 
installed. After the tensiometers were set up, they were read visually 
at short time intervals, beginning with 15 second.s and up to ·20 minutes 
near the end of the runs. During early stages of infiltration, at least 
tw? persons were required to read th~ four manometer sets, while one 
additional person was reading the water levels in the supply tanks. 
Infiltr.3.tion was atlowed to continue for 6 to 8 hours in most cases, 
e·xcept in one case when it was allowed to run for 48 hours to see the 
long-term effects on infiltration rates. After each infiltration run, 
the soil surface inside the rings was covered with a sheet of plastic· 
and a sheet of 2-cm thick styrofoam, cut to size, in order to prevent 

-evaporation and reduce condensation·and temper~ture fluctuati~ns beneath 
the plastic.·. Frequent readings of tension at different soi;L depths were 
co10tinued for 11 to 23 days as the soil profile drained following infil ­
tration. During this phase of study, it was necessary to keep natural 
rain water from entering the draining plot. For this purpose, a 6 x 6 m 
umbrella was erected over the experimental area, and diversionary drains 
were dug upslope. The drainage phase of the studies will be reported 
in the following subsection. 

Altogether 26 infiltration runs were, made, 13 before and .13 after 
the tensiometers were installed. The runs in the first set were made 
at 3-day intervals, and consisted of 2 to 4 replications for each of the 
cases under study; They involved no outer buffer ring, and buffer rings_· 



19 

. . 

of 60-, 90-, or 120-cm diameter.· The ru~s in the secOnd .set, made at 
an interval of 11-23 days, consisted of a similar. combination of buffer 
rings. The initial three runs a:nd run No. 14 were meant to establish 
soil stability after the disturbance incurred during installation of 
rings and tensiometers, and t~erefore data from these runs have been 
excluded from this report. 

After.the field measurements were completed, a trench was dug be­

neath the rings, and 4 to 7 undlsturbed soil cores were collected frofu 
 
each tensiometric depth. A San Dimas core sampler (Andrews and 
Broadfoot, 1958), w-hich consistS ·of an auger rotating around a· station­
ary colleCtion tube, was specially constructed to take.ll..:...c~ diameter, 
7.5-cm-long cores. The trench served an additional purpose.during 
direct measurements of lateral flow as described below.. 

Direct Measurement of Lateral Flow: 

In order to con£ irm the tensiornetric estimates of la-ier'al flow, at 
least approximately and qualitatively, a direct measurement of lateral 
flow was undertaken. The field set-up for this measurement is shown in 
Fig. 12. Advantage was taken of the general slope (nearly 12%) of hard­
pan layers and the soil profile. In the trench dug previously just 
·downslope from the infiltr.ometer rings, four 120 x · 30 cin steel trays 
were pounded horizontally into the profile at 25, 60, 90, and 110 em 

·depths. Their location in the trench was so chosen that theywere par­
allel to the surface in the direction perpendicular to the slope. About 
90 em away from the edge of the trench and·directly upslope, a 30-cm­
diameter infiltromete~ ring was installed in -the same manner as· described 
in section E. The line joining the central axis of the ring with the 
center of each tray was parallel to the slope at that plane. The trays 
were slightly tipped on one side where an outlet was provided so that 
the water that was collecting on the· trays would flow into a measuring 
cylinder or bottle. 

Results and Discussion 

The infiltration rates (as a function of. time) measured in the 
 
inner ring for two of the runs made at 3-day intervals of dcoainage are 
 
presented in Fig_. 3. The outer buffer ring used in these runs was the 
 
largest, i.e. , 120-cm diameter. The data points were -·calculated·_ from 
cumUlative ~nflow readirigs 'as taken in the field at short time-inter~als 
us·ii?-g a finite difference method. The· inflow readings were not smoothed 
for this purpose. Hence, the scatter in the data is probanly a result 
of imperfections in the float valve .(to maintain a constant head) and 
errors· ~n reading thE water leVel in the supply tanks. The s_catter 
decreases v.1ith time as the rates were averaged .progressively for larger 
time-intervals. The moisture content of the soil profile before· the 
above (3-day interval) runs would be fairly close to the "field capa­
city11, as the experimental area was protected from rain and evaporation. 
·However, some subsurface·--~:lateral flow o.f water from the surroundings· 
could have taken place. 



15L_ • 

10 

5 

- ­ oMay 3,1973 
•May 5,1973 

0 

o· o o ~ 
o ~·o.~~0 "' ­ ......_12'-o . . • 0 ·.; 0 0 09,JJO-o- .g 

o ""'a'' --..:o ...;__ 
0 0~ ~ • •o .•.. , ., 

' - 0 3 .. 6 .. ---- ­

. -- _j 
~ ----- ' ........ ,~- ~~--~~"""" -=--Wi 
 

·0 
N 

25 

...... TANTALUS SILTY CLAY LOAM 
..!: 
....... 20

E 
u . 
Q) ...... 
0 

0::: 

c 
0 · ­..... 

,.a 
...... ..... -.._· ­
c 

0 lO 100 1000 
Time, min.·  

Fig. 3--Changes of infiltration rate with time during two 
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The curves in fig. 3 show.a fair degree of agreement; however, an 
 
important d~ff~rence should_~e ·note~. The infiltration rate in one of 
 
the runs reaches a .steady state after nearly 100 min and r·emains steady 
till the end at 700 min. The rate in the other run does not; on the 
contrary, it starts. to increase after the normal ·decrease with time up 
to 200 min. The data thus indicate that a value of final steady infil ­
tration rate assigned to the soil under investigation would be affected 
by the initial conditions in the profile as well as the deeper layers 
and duration. of ttle infiltration exper~ment .. 

Fig. 4 shows the infiltration rates as a function of time for two 
 
runs made w.hen the soil was initially drier than the field capacity. 
 
The run made on July 13 followed a drainage period of 11 days, while. the 
 
run made on August 17 followed a drainage period of 13 days.· The soil ­

water suction value varied from 6 em at 137 em depth to 82 em at 7. 6 em 
 
depth before the first run, whoreas it varied from 8 em to 94 em before 
 

·the second run~ The infiltration rates measured in the first run were 
. somewhat higher than those measured in the second run for all time per-· 
iods. The data show an increase in the ra-tes with time after nearly 
100 min in the first .run, as noted earlier for a case in Fig. 3 .. In 
order to investigate longer term behavior of. infiltration rates, an 
infiltration runs made on October 26 was continued for 2880 min. The 
 
data.are presented in Fig. 5. The rates remained steady between 100 
 
and 200 min, but afterwards underwent large time-fluctuations. The·data 
 
of this run further support£ the comments made above in discussion of 
Fig. 3. To interpret overall. infiltration-rate data properly, the 
investigator must know the hydrology of (deep) underlying strata as well 
as that of the soil profile. 

In order to assess the variability. in field infiltration data and 
 
to verify the effect of size of the buffer ring, the final infiltration 
 
rates measured in the inner ·ring are plotted as a function of radi.3.1 
length of the buffer zone in Fig. 6.. Data· point.s are from all. the dif­
ferent runs made at 3-day intervals (wet runs) or 11-23 day intervals 
(dry runs). The final infiltration rates show considerable scatter, 
varying from nearly 3 to 9.5 em/hr. One reason·"cor the variability 
could be the differences in initial wetness of deeper ground layers and 
in duratiOn of the infiitration runs· as discussed above. Another reason 
may be the ·soil' ;:o incOmplete reversibility as· regards swelling aild shrinK­
age upon wetting and drying. Cracks, ·ind.icai:ing shrinkage, were visible 
on the surface s.oil outside· the rings which dried mu.ch beyond 200 em 
suction. 

In fig. 6, mean infiltration rates for a given buffer-zohe size 
are shown separately for wet and dry runs. The mean values for wet runs 
indicate practically no effect of the length of the buffer zone on the 
final infiltration rate·; t_his does ·not necessarily mean however, that 
there was no effect on early ·infiltration rates .. The mean final values 
for d~y runs show solne decrease in' rate with increasing length of the 

·buffer zone. The mean rat~ in the inner ring with no buffer is nearlY 
27% higher than that· wit.h the 45-cm radial buffer (1.20-crr.-diameter buf­
fer ring). This difference between wet and dry runs would, Of course, 
be expected on the basis of Eq. [1], as the lateral gradjent 3H/3r would 
be larger. in the drier soil; However, the difference would also depend· 

. c .· . 
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\lpon the duration of infiltration, as the lateral gradients would 
decrease ·with time. Nevertheless, the effect of a .. buffer zone even in 
the dry runs is not substantial as compared to the 200 to 250% differ­
ences reported by Olson and Swartzendruber (1960) for sand-silt-sand 
profile. One reason is that the soil profile in the so~called dry runs 
was really moist (suction less than 200 em H20) as compared with air-dry 
packed material used by Olson and Swartzendurber. Another reasori may be 
that the Tantalus soil used in this study is very highly aggregated, with 
high.hydraulic conductivity at saturation but very sharply declining 
conductivity upon desaturation. Both of these reasons would make the 
vertical hydraulic·gradient due to gravity and hence the vertical com­
ponent of flow in Eq. [1] much more important than the horizontal gra­
dients and the lateral component of flow. 

The charige of hydraulic· heads in the soil· profile dur·ing infiltra­
tion. as indicated by the multi-depth tensiometer located in the inner 
ring (MDT 1) are presented in .Fig. 7 for two of the runs. The data in 
Fig. 7B are for a run in which no buffer zone was provided. No attempt 
was made to smooth the trends as the data point's are simply joined by 
straight lines. The data show that water urider ponded conditions moves 
very rapidly down the profile. In 10 min, the wett·ing front was nearly 
a meter deep. In 30 min, the hydra!llic.heads are fairly close to the 
final steady val!les. Soil-water press!lres at the depth of 137 em, com­
prising the loose cinder layer, change very slightly. A small suction 
prevails in this layer even after steady state is achieved, indicating 
that the permeability of this layer is much higher than in the layers 
above it. The soil~water press!lre changes at a slower rate d!lring infil­
tration without a buffer zone.than that with a 45-crn~b!lffer zone (Fig. 
7A), indicating the effect of lateral flow on vertical water movement. 

In order to show that lateral flow does in fact occur, and its rela­
tive distrib!ltion with depth, the hydraulic heads measured outside the 
rings Of ponded water are presented in Fig. S for two. of the r!lns. The 
data points are averages of the values indicated by the tJ-.ree multiple­
depth tensiometers (MDTs 2, 3, and 4'in Fig. 2) located at the ·radius of 
3S em (15 inches) from the vertical axis. Data in !'ig. SA are from a 
run lnvolving no buffer zone, where the .water was ponded only in the 
inner ring .with radius of 15 ern, (6 inches). Th!ls, the hydraulic head 
readings are for points radially located 23 em away from the ponded area. 
This is the same run for which the hydra!llic heads inside the ponded 
area were presented in Fig. ·7B. The data in Fig. SB are from a r!ln 
where the water was ponded to a radi!ls of 3·0 ·ern (15-cm inner ring and 
15-cm buffer zone), so that the readings ·are for points radially located· 
S ern away from the ponded area. The figure shows that lateral flow 
occurs most in the drie$t soil horizons at t·he top. Comparison of Figs. 
SA .and SB shows, as expected, that wetting of the soil 8 CD away from 
the ponded radius (Fig: SB) is much faster and more complete than :that 
of soil 23 ern away (Fig. SA). This is evidenced· by faster diminution 
of hydraulic gradients in the first than in the second case. It should 
be noted that the change in hydraulic heads at 7.6 em depth in the top 
layer outside. the ponded area was due to upward flow of Wctter from the 
lower layers, since the lateral flow at this depth was shut out by the 
walls of infiltrorneter rings installed to a depth of 15 cD. 
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Ratios of lateral to vertical flow of wat.er at different depths 
beneath the inner ring as calculated by Eq. [2] for the two cases of 
Fig. 8 are presented in Fig. 9. The radial hydraulic gradients ClH/Clr 
at radius (of the inner ring ) r 1 for various depths welee estimated from 
the two available readings of hydraulic head at the center (vertical a.xis) 
and 38 em ;from the center. Assuming a symmetry around the vertical axis, 
a parabolic equation was fitted td pass through the two given poirits, 
which was then differentiated to obtain slope at r = r 1 • The data in 
Fig. 9 indicate that lateral flow was as much as 20% of the·Vertical flow 
in some soil horizons in early stages of infiltration. The prop·ortion of 
lateral flow _decreased with time. This decrease was slower_ in the absence 
of a buffer zone (Fig. 9A) .and in the upper soil region be.tweeri 20 and 
50 em depths. With a 15-cm buffer zone (Fig. 9B), the lateral flow near 
the end of the infiltration run (440 min) decreased to within 4% of the 
vertical flow in the surface layer and to zero in the lower layers. In 
the absence Of a buffer zone., the ~alues. vaired from 6% in the surface 
layer to almost zero at l m depth at the end of the run which lasted for 
3"000 min~ In all cases, no significant lateral contributiOn was observed 
in flow below l m depth. 

Ratios of lateral to vertical flow of water from the inner ring at 
the end of 12 infiltration runs (made afte,:, installation of the tensio­
meters) are calculated in Table l. For runs where the, radial tensio­
meters were within the buffer. ponded-water zone (90-and 120-cm outer 
rings), values are also given for the first depth of 7.6 em. These 
values do not represent the lateral/vertical flow ratios (as the lateral 
flow was shut out at this depth by the ring walls), but· do serve as esti ­
mates of error dl..le to soil heterogeneity, exPerimen"tal measU~einents, and 
calculations. Data in Table l for some of the. runs show negative values 
of lateral/vert·ical flow ratio at certain depths. These negative values 
would indicate either a flow of water from outside toward the central 
(vertical) axis,-or psrhapS the result of various errors. EXamination 
of these and the values at 7.6 em depth reveals that the uncertainty in 
the calculated lateral/vertical flow may be as much as 10% or more. It 
would· appear then that near the end of infiltration runs, the lateral 
flow was not significant in any of the runs under the moist field condi­
tions prevailipg during the .experiments. Only in one out of three cases 
without a buffer zone· (run No. ·24) was a high ratio (29%.) calculated, 
and that was in the surface layer (22.9 em depth). 

Average hydraulic conductivities for the different soil layers falling 
between· the tensionietric locations_ were calculated for each of. the runs 
using the hydraulic head data of Table l and final infiltration rates of 
Fig. 6~ The calculated values for the runs with maximum buffer zone of 
45 em (outer ring of 120-cm diameter) are shown in Fig. 10. The drain­
age period preceding each run is also shown. ·A wide variability is noted 
in data for the upper 30 to 40 em of soil. .Fo.r the first two runs (no. 15 
and 16) made under wetter conditions following a relatively short drain­
age period, the conductivity values are relatively low but agree fairly 
well. Values for the next run (no. 17) following a drainage period of 
.11 days are much higher. For The subsequent runs (no. 18 and 19), the 
va-lues ar~ cioser to -those fo:r the first two runs. Variability in cal­
culated conducfivity values may be due to different states of saturation 
under various_experiments .. Another explanation for this variability in 
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Table 1--CALCULATIONS OF THE RATIOS OF LATERAL/VERTICAL FLOW 
OF WATER FROM THE INNER RING AT·.,END OF INFILTRATION RUNS 
 

Run 
·No. 

Buffer 
Ring 
Diarn. 

em 

Dura:­
tion 

min 

Soil 
Depth 

ern 

-Hydraulic Head, H, at 
Vertical 38-crn 

AxiS Radius 
em HoD em H,o 

-aH 
az 

-3H/3r At 
r1 = 15.2 

ern 

2 -
r1 

3H/3r 
3H/3z 

15 120 232 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

4 
8 

26 
' 40 

85 
1'+1 

3.5 
8· 

20 
22.5 
85 

1'+0. 5 

1.33 
0.87 
0.67 
0.53 
8. 67 
7.33 

0.16 
0 

-0.13 
-0.37 

0 
-0.01 

0.015 
0 

-0.024 
-0.088 

0 
-0.001 

16 120 245 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

3 
8 

19 
28 
86 

1'+2 

3 
8 

1'+ 
1'+ 
18 

1'+1 

1. 27 
0.60 
0.93 
0.93 
6.00 
1.00 

0.13 
0 

-0.06 
-0.19 

0.11 
-0.02 

0.013 
0 

. -0.008 
-0.026 

0.002 
-0.003 

' 
\ 

17 120 375 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

8 
5 

16 
36 
78 

142 

2 
4 

10 
12 
76 

142 

0.33 
0.40 
0.53 
1. 20 
8.33 
0.87 

0.20 
-0.02 
-0.13 
-0.50 
-0. 4,2 

0 

0.078 
-0.007 
-0.030 
-0.054 
-0.001. 

0 

18 120 310 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

5 
6 

17 
40 
82 

145 

7 
9 

10 
17 
78 

1'+1 

1.20 
0.60 
0.60 
1. 20 
5.0 
l. 07· 

0.25 
0.06 

-0.15 
-0.48 
-0.08 
-0.08 

0.027 
.0.013 
-0.031 
-0.052 
-0.002 
-0.010 

19 120 350 7.6 
22.9 
45.7 
76.2 

Hi6. 7 
137.16 

4 
8. 5 

20 
38.5 
79 

1'+2 

4 
0 

13 
14 
74 

135 

0.60 
0.67 
0.53 
0.67 
9.67 
1.50 

0 
0.18 

-0.15 
-0.51 
-0.11 
-0.15 

0 
0.034 

-0.035 
-0.099 
-0.001 
-0.013 

20 60 425 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

5 
15 
30 
51 
87 

139 

37 
41 
46 
61 
90 

140 

0.87 
0.93 
0.67 
0.80 
2; 56 
1.11 

0.88 
0.55 
0.34 
0.20 
0.06 
0.02 

o. 075 
0.065 
0.034 
0.003 
0.000 

.J 

'
•;J. 
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Table 1 (CONT. ) 

Run 
No. 

Buffer 
Ring 
Diam. 

em 

Dura­
tion 

min 

Soil 
Depth 

em 

-Hydraulic Head, H, at 
Vertical 38-cm 

Axiz Radius 
em H20 em H20 

- <lH 
;)Z 

-<lH/dr At 
I'! = 15.2 

em 

2 -
r, 

()H/<lr 
<lH/h 

21 60 440 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

6 
1.5 
33 
~·7 

86 
1:16 

28 
30 
35 
34 
87.5 

134 

l. 00 
l. 07 
0.60 
0.60 
4.33 
l. 00 

0.71 
0.31 
o. 01+ 

-0.27 
0.03 

-0.0'1 

0.038 
0.008 

-0.058 
0.007 

-0,005 

22 0 450 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

2 
25 
lf7.5 
67 

105 
139.5 

106 
85 
78 
81 

102 
147 

1.40 
l. 33 
0.73 
0.73 
1.87 
0.87 

2. 27 
l. 26 
0.64 
0.29 

-0.06 
0.16 

0.121 
0.119 
0. 051' 

-0.004 
0.023 

23 0 3000. 7.6 
22.9 
45.7 
76.2 

105.7 
137.16 

2 
24.5 
lf4 
63.5 
94.5 

142 

58 
52 
58 
76.5 

104 
144.5 

1.40 
l. 20 
0.80 
l. 20 
1.00 
4.00 

1.26 
0.58 
0.29 
0.27 
0.20 
0.05 

0.062 
0.047 
0.029 
0.026 
0.002 

24 0 450 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

2 
20 
44.5 
64.5 
98 

145 

121 
78 
70 
73 

100.5 
141 

1.13 
0.53 
0.47 
0.60 
5.33 
3.33 

2.58 
1;22 
0.54 
0.18 
o. 03 

-0.08 
. 

0.293 
0.147 
0.038 
0.001 

-0.003 

25 90 370 7.6 
22.9 
45.7 
76.2 

106.7 
137.16 

6 
5.5 

18 
29 
69.5 

142 

- 15 
4 

18 
38.5 
76 

136.5 

0.40 
l. 07 
0.47 
0.60 
7.00 
l. 50 

. -0.19 
-0.03 

0 
0.19 
0.14 

-0.09 

-0.061 
-0.004 

0 
0.043 
0.003 

-0.008 

25 90 330 . 7. 6 
22.9 
45.7 
76.2 

106.7 
137.16 

-~.. 

3 
7 

17 
32 
71 

144 

1 
5 

18 
36 
7'L 5 

135.5 

0.60 
0.53 
0.47 
0.60 
3.00 
2.17 

O.G8 
-0.04 

0.02 
0.08 
0. 07 

-0.09 

0.018 
-0.010' 

0.006 
0.018 
0.003 

-0.006 
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conductivities (noted .mostly) in upper portions of the profile may lie, 
as stated earlier, in the shrinking and swelling of Tantalus soil upon 
drying and wetting, 	 which may not be completely reversible. Under 
natural conditions, 	 this soil is known to remain near satUration under 
the high rainfall conditions prevailing in this forest location. 

Values· for hydraulic conductivities of different soil layers aver­
aged over all the runs for a given buffer zone are presented in Fig. 11. 
A correction was made for lateral flow in run no, 24 which showed a high 
ratio of lateral/vertical flow at one depth. ·The values for different 
buffer-zones show a variability of ±2.2 em/hr. There is no consistent 
indication of the effect of buffer-zone size on the conductivities. The 
average of all conductivities shoWs an increase from 7.1 cm/hr at the 
soil surface to 9.3 cm/hr at 60 ern depth, but this trend reverses at 
60 to 120 'em depth where the average value is 2. 98 em/hr. This may re- · · 
fleet the contribution of indur·ated layers noted at depths of 90-107 em 
as stated in experimental methods:· · 

The conclusion reached above, that there was no appreciable lateral 
flow in the soil profile at thE, end of 5-7 hours of· water infiltration, 
was somewhat contrary ·to expectat_ion. This is because the _ironstone 

) 	 hardpan did not seem to appreciably impede the vertical downward move­
ment of water. Intact samples of the three layers of hardp~n were· col­
lected and their saturated hydraulic conductivities rneasure:i in the lab­
oratory. These were found to be 0.135, 0.368 and 1.03 cm/h~, from top 
to bottom, ·respectively. The value~ for the upper two ironstone layers 
are very low compared with the values (between 7 and 9 crn/hr) for the 
top part of the soil profile. However, the average conductivity. for the 
part of the soil .profile between 90 and 120 ern depth (containing the 
hardpans), as determ'ined by the tensiornetric and flow rate measurements, 
was between 3 to.S em/hr. These differences can be explained by the fact 
that the hardpan is not a continuous uniformly developed mass. Approxi­
mate estimates using means of Lhe above values show that intact indurated 
sections of. the hardpan impede vertical water movement through only 53% 
of the effective area. . 

Direct vertification of the magnitude of lateral flow was attempted 
during two infiltratiOn runs by measuring overall infiltration rates in 
·the 30~cm ring as well as the Jateral outflow rates on. the specially in­
stalled trays (Fig. 12). The runs were continued for more than 40 hours. 
Lateral flow of water was received only on one tray located at 90 em 
depth directly above the ironstone hardpan. The lateral flow rates mea­
sured at. this depth expressed as a percentage of total flow rates in the 
ring are shown·in Fig. 13, as ~function of time~ Ru~ no. 2·was made 
when the soil was "drier11 than that for.run no. 1, which explains the 
higher percentage of lateral flow encountered in run no. 2. In both cases, 
the lateral flow increased with ti~e from th~ movement the water first 
appeared on the tray (5'0-80 min) until nearly 300 min had elapsed. Sub­
sequently, lateral ·flow decreased with time ·up to. 2 ,'soo minutes. At the 
peak, lateral flow was 3. 5% of the total "flow from the ring in one r.un 
and 10.2% in the other".' The initial increase of lateral flow with time 
as measured in the second experiment may be contradictory to the tensio­
meter estimates, above,.which indicate that lateral flow is maximum at 
the beginning and decreases with-time. It may indicate, however, that in 
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direct measurement, a. thorough wetting of the· 90 em of soil between the 
ring and the trays is needed in the early stages of infiltrat.ion before 
total lateral flow is to be realized. Thus the lateral flo>~ appearing 
at the tray at early stages is only a fraction of the possible total 
lateral flow which is achieved with time as the wetting of the soil pro­
gresses to near-saturation. Beyon? ·this point, a steady state of water 
flow is approached with almost equal proportions of lateral flow for .the 
two 	 runs, as expect,;d. The percentages of lateral. flow shown in Fig. 13 
are 	 very much within the estiffiates bGsed on tensiometeric data for a no­
buffer zone case. lt is recognized however that sonle water could have­
flowed laterally against the (12%) slope of the ironstone layers, and 
thus was not included in measu:r•ements of floW on the trays. 

Conclusions 

It may be concluded from. the results presented above ti1at the com­
bined use of multi-depth tensiometers with ring infiltromet•O!rs provides 
a good means to study the hydraulic properties of a soil profile. The 
extent of lateral flow can be estimated and corrected for. For the 

.Tantalus soil at the prevailing initial moisture conditions (moist to 
wet) of the present experiments, the lateral flow from an inner ring of 
30-cm diameter was practically eliminated when a buffer ring. of 90-cm 
diameter was employed. The lateral flow generally decreased with time 
during each run so that infiltPation rates were not signifi:::antly affect­
ed by lateral flow after longer times (5-7 hrs) even when a buffer ring 
of only 60-cm diameter was used. 

Findings based on use of ring infiltrometers alone may n~t alwayS 
apply to.a different soil or to the same soil at different initial mois­
ture conditions. In general, therefore, it ·would be desirable to use 
the 	 multi-depth. tensiometers with the ring infiltrometers and. obtain 
hydraulic characteristics of the soil profile. 
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Measuring Hydrologic Properties of. Soil Profile Using 
a Double-Ring Infiltrorneter with Multiple-Depth 

Tensiometers: 2. Drainage Flow Rates and Unsaturated Conducti"ities 

In first paper of this series, it was shown hOw infiltration rates 
and Saturated hydraulic coriductivities could be measured in a srnalr-size" 
ring ;i.nfiltrorneter by using multi-depth tensiorneters (having porous cups 
for all i:he desired depths on one stE.n) to measure vertical and lateral 
hydraulic: gradients, and to correct f'or lateral flow effects if neces­
sary. For this paper, the objective is to deterrn'ine hydraulic gradients; 
soil-water flow rates and unsaturated hydraulic conductivities of the 
soil profile during the drainage phase. These calculations are made 
from transient tensiornetric; readings at different depths of the soil 
profile. The soil's suction-water ~ontent relationships required for 
the calculations are measured on undist~rbed soil cores. 

Methods and Materials 

The experimental methods and materials for. infiltration and drain-. 
age measurements in a d·ouble ring infiltrorneter equipped with rnul tiple­
depth tensiorneters have been fully described in the first paper of this 
series. The soil was Tantalus silty clay loam, located on the island 
of Oahu, Hawaii. The infiltrometer consisted of an inner ring of 30 ern 
diameter, and a concentric outer (buffer) ring of either 60, 90, or 120 
ern diameter .. · A multi-depth tensiometer installed at the center. of the 
rings, fOrming the centr.~l.l vertical axis, had porous cups ·located at 
7.6, 22.9, 45.7, 76.2, 106.7, and 137.2 ern depths from the soil surface. 
Followin5 ll of the ponded~water iri.filtratioh runs, each lasting for 5 
to 7 hours, frequent tension measurements .were made for the drainage 
periods of ll to 23 days .. The ll infiltration runs consisted of 2 to lf 
replications for each of the cases involving different width of buffer 
Zone. During drainage, the soil surface inBide the ~ings was covered 
with a sheet of plastic and a sheet of 2 ern thick styrofoam, cut to 
size, in order to prevent evaporation, as well as reduce condensation 
and 	 temperature ·fluctuations beneath the plast.ic·. To keep out the 
natural rain water, a 6. x 6 meter umbrella was erected over the experi­
mental area. To _eliminate interf~rence of runoff from adjacent areas, 
a diversion drain was dug upslope. 

After the field measurements were_ completed, a trench was dt1g be­
neath the rings, imd 3 to 7 undisturbed soil cores were collected from 
each tensiometric depth. A San Dimas core sampler, which consists of 
an auger rotating around a stationery collection tube (Andrews aqd 

,, 
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Broadfoot, 1958), was specially constructed to take 11 em diameter, 7.5 
em long cores. Suction-water coritent .relati_onships -of these soil cores 
wer.e measured by hanging water colurims during drying and wetting cycles 
between 0 and 200 em HzO suctions. 

The transient soil-water tension measurements (obtained from the. 
multiple-depth tensiometer at the vertical axis) during the above drain­
age and wetting- periods were analyzed to determine the unsai:urated 
hydraulic conductivity f6r different layers of thesoil profile. The 
suction-water content relationships measured on undisturbed soil· cores 
wer~ used in these determinations.· The technique of analysis was essen­
tially the same as given by Nielsen et al. (1973). The difference was 
that a· least-square cubic spline fitting (de Boor and· Rice, 1968) was 
employed to evaluate the hydraulic gradients; given by slopes of the 
field tensiometric hydraulic head data. A sliding least-square parabolic 
fit was used to evaluate the time derivative for determination of flow 
rat~s. 

Results and Discussion 

Hydraulic head changes in the soil profile during the· drainage 
following two of the infiltration runs are shown in Fig. 1. The data in 
Fig. lA are for a case involving the maximum buffer-zone radial width of 
lf5 em (outer ring of 120 em diqmeter) used during infiltrat.Lon, while 
those in Fig. lB are for a case involving no buffer zone. The curves 
drawn through the points for the· few selected times given in Fig. 1 are 
the cubic spline functions fitted to the data of hydraulic head vs; soil 
depth on the least-squares basis, using one internal knot as indicated 
by a solid dot on each curve. The end knots of the spline >~ere located 
at zero and 150 em depths. The time values noted against the curves are 
relative to the zero time when water supply to the r·ings was stopped. 
The water ponded in the rings was still infiltrating at zero time. 

The two·-piece cubic spline curves show generally good .fit to the 
data· as indicated by Fig. l. At large times,· the hydraulic head values 
measured near the soil surface, at .7.5 em depth, fluctuated with time, 
indicating the plastic and styrofoam sheets were not completely effec­
tive in ~liminating evaporation and condensation._ The curve for the 
highest time in Fig. lB also shows a reversal of gradients between 50 
and 90 em depths, due to some unknown reasOns. 

The suction-water content relationships (the soil-wate" character­
istics) measured on the undisturbed soil cores for different soil depths 
are presented in Figs. 2 to lf. For each depth, the data are for a dry­
ing and wetting cycle between 0 and 200 ern HzO suctions. Each data 
point ·is a mean of 3 to 7 individual valUes. The smooth solid curves· 
are~the least-squares fits of the power-form equations given in the Figs. 
The fits were made to the data points between io and 200 em suet ions, 
separately for drying and wetting cases. The equations describe the 
water characteristic data quite well, the results being better for. the 
drying data than for the wetting data. The water characteristics o·f the 
top soil at 7. 6 and 22.9 ern depths are essentially similar·. The subsoil 
from lf5. 7 to 76.2 qn depths retains Jllore. water at 200 ern suction than 
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does the top soil, indicating-a larger proportion of fine pores. The 
soil layer at 106.7 em depth is again very similar to the top soil in 
water retention properties. However., the partly-weathered cinder layer 
at 137. 2 em depth is drastically different from the upper layers in 
retaining much less·water. ­

It is interesting to note the hysteresis effect existing between the 
drying and wetting curves for all the soil depths. ·However, the hyster­
esis between 0 and 200 em· suction causes a maximum difference ·of only 
about 0.01 in the volumetric water content. 

From the tensiometric measurements such as presented-in Fig. 1, and 
the soil-water characteristic curves •Jf Fig. 2 to 4, water stored in the 
soil profile and deep percolation below a given depth were calculated as 
a function of time during the drainage process. Fig. 5 shows the changes 
in em of water stored in upper 60 em and upper 120 em. of soil· profile · 
during two of drainage runs, one involving the maximum buffer zOne and 
the other no buffer zone. The cumulative amount of deep percolation can 
be easily calculated from these data. The results indicate practically 
no effect due to the absence of a buff.er zone on the calculations of the 
water stored at different times. The data further show t·hat after• two 
weeks of drainage, the deep percolation below 120 em depth is only about 
7 em of water, nearly 8. 5 percent of the total initial storage. The 
storage and, hence, deep percolation can, for the most part, be described· 
for this soil by a simple logarithmic equation as indicated by the data 
in Fig. 5. The data seem to follow a straight line between times of 10 
and 20,000 min. 

The hydraulic conductivity-water-content relationships calculated 
from the above tensiometric .data and water characteristiCs are presented 
as semilog plots in fig. 6 "to 9 for four different soil profile depths. 
In each plot, the data points stemmir,g from different buffer zone used 
during infiltration are distinguished by different symbols. The r•esults 
indicate good determinations of the hydraulic conductivity functions by 
the techniques employed here, as compared to the field determinations by 
other methods. There is practic-ally no difference due to the size of 
buffer zone used during infiltration preceeding the drainage proc,ss for 
which the calculations are made. It is noted that the effect of ,,ater 
content on hydraulic conductivity follows almost an identical pattern for 
the upper two soil layers. In both layers the hydraulic conductivity 
decreased approximately to one-half the initial value by a 2.5% reduction 
in v.olumetric water content. However, the hydraulic conductivity of the 
soil at the two lower depths appeared to exhibit more drastic reduction 
(15 to 20 fold) over the same reduction in water content. 

It may be concluded from the results presented· above that th•= ten­
siometric measur_ements in a ring infiltrometer can give very satisfactory 
determination of water storage, deep percolation, and unsaturated hydrau­
lic conductivities during the drainage process. lt is c1early illustrated, 
in contrast to the saturated cases discussed· in the first pape,-o, that 
,in the absence· of replenishment by rainfall, drainage of water from the 
profile l'esults in only iimited contribution to ·ground water recl:large. 
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Measuring Soil Hydrologic Properties on 
 
a Forest Watershed Using Field-Plot 
 

Tensiometric Technique: 1. Water Conductivities 
 
and Drainage hater Yield 
 

Under natural conditions of a forest watershed, where the rainfall 
intensities may range from very low to very high and the frequency of 
ra.instorms may vary widely, the propurtion of rainfall entering the 
ground water resources may be very significantly influenced by unsatu­
rated-flo"' properties of.the soil profile. Since both the soil-Hater 
conductivities and the soil-water potentials governing the water flow 
(during eitherinfiltration or drainage) change very drastically with 
the change in degree of soil 1 s saturation (with water), a knowledge of 
hydraulic conductivity and potential as a function of soil-water content 
is an essential pre-requisite to prediction of wat~r c;:atching, '."later_ 
yield, and storage capabilities of a watershed. 

The hydraulic conductivities of a field soil are best measured in 
 
situ.. A generally recommended method (Nielsen et al., 1973) is to 
 
choose a large-size representative plot, near the_ center of which ten­
siometers going to several selected soil depths are installed. The soil· 
profile is first saturated with water by allowing a large quantity of 
ponded· water to infiltrate, which also yields the saturated hydraulic 
conductivities. During the subsequent process· of drainage_, soil-w~ter· 
tension changes at different depths are recorded .with time while ·the 
soil surface is protected (with a plastic sheet) from evaporation and 
rain. The tension data are analyzed according to the Richard 1 s Equation 
of unsaturated flow (Nielsen et al. , 1973) to determine the water con.­
ductlvities as .a function of soil-water content for each soil horizon, 
assuming a pr:j_or knowledge of soil-water potential (or suction,· since 
the 	 potentials are negative) as a function of water content. The latter 
relationship is measured separately either by field sampling or neutron. 
meter measurements during drainage or by laboratory measurements on un­
d-isturbed soil cores. 

The forest water?heds have certain unique characteristics that need 
·to be considered in using the above field-plot tensiometric technique. 
The 	 ·terrain is generally hilly, so that a representative plot may have 
an appreciable slope, thus requiring an alternative to the ponding tech­
nique for initial saturation of soil and obtaining saturated hydraulic 
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conductivities. The effect of slope and slope-soil depth interactions 
on soil~water t·ension measurements may be. important. The :;;teepness of 
land may also enhanc.e subsurface lateral flow from outside ~mrroundings 
to the plot, and thus interrupt the drainage cycle. This would be spe­
cially so in case of a rainfall during.the period of drainage cycle 
measurements. A watershed in tropics, such as in Hawaii, may receive 
some rainfall at. any time of the year. The present studies indicated 
another complication; a rainfall during the drainage cycle caused Cooling 
of the plastic sheet covering the plot,· enhanced condensation under the 
sheet and, as a result,. fluctuation of Soil-water tensions near the soil 
sUrface. 

The present study-sought to evaluate the field-plot tensiometric 
technique for determining unsaturated water co~ductivities and water 
yield (drainage) characteristics of a forest watershed in Hdwaii, and to 
assess the effect of slope on the measured properties. Ade•1uate pre­
cautions were taken to prevent the subsurface lateral flow. 

Material and Methods 

In watershed ·of the Univer•sity of Hawaii Lyon's Arboretum, a nearly 
45 sq m (11 x 4. 2 m) plot was dE•rnarcated in a relatively-und'.sturbed ·for­
est area. Tall trees covered the plot from all around, but· the plot 
itself contained only the under'growth of. grass and some shcwt plants. 
The plot surface was uneven, but generally sio.ping in ·one direc-t; ion, 
along the length, with an average slope of nearly 18 per cent. 

In order to prevent the subsurface lateral flow from Oiltside the 
plot, a water-impermeable siding, made from 3 m x l. 2 in x l. 6 mm gal­
vanized iron sheets, was installed 1 ~deep and 20 em above the surface 
all around the plot. For plac1ng t·he siding, a 60 em wide trench was 
dug around the plot and then back-filled with the original soil. An 
outlet was provided in the siding for runoff from the plot. Three sets 
of tensiometers were installed in the plot along the middle line running 
parallel to the slope and length, as shown by a diagram in l'ig. ).. The 
middle .set of tensiometers was located around the center of the plot, 
and the other two sets were about 12 ft away from the cente:o, one up­
slope and the other downslope. Each set had five tensiometers, one for 
each of the soil depths of nearly 7. 5, 30, 60, 90, and 120 em below the 
surface at the individual locations. For installation of a tensiometer, 
the hole carefully made with· a screw auger. was slightly bigger than 
required in dimensions. It was filled with a medium-thick soil slurry 
and the~ the te~siometer stem was gently slided into it to the required 
depth. This slurry hopefully plugged the gaps between the tensiometer 
·stE7m and the surrounding soil. .The ;five tensiometers of c. set were con­
neCted by 3 mm nylon tubing to a corresponding set of mercury manometers 
located outside the plot, adjacent to the nearest boundary. The tensio­
meter-manometer ass.emblies were .locally _con_stru.cted. 

Performance of tensiemeters was satisfactorily observe::i for nearly 
a month. Following a heavy rainstorm, the entire plot wa5: covered with 
double-layer black polyethylene sheet. Holes were made in the plastic 
sheet· at appropriate locations to allow the tensiometer tubes to come 
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thJCough. Th<e openings aJCound the tubes weJCe sealed with wa·teJC-repellent 
tapes to prevent rain-water seeping through them. Soil-·wat•'r tensions 
were recorded at -short time interv_als on the first day after' covering 
the plot, then twice a day for a while and tapered down to. •Jnce a· day 
or longer interval later. Initially, the tensions for 7. 5 em depth 
showed appreciable fluctuation with time, due possibly to temperature 
changes and condensation beneath the pla~tic sheet. The area around the 
tensiometers was painted white -to reduce temperature variations. The 
seals around the tensiometer s·t:ems were reinf6rc~d tq check some sus­
pected rain-water seepage through the tapes. The drying of the plot 
progressed very slowly and the· measurements were continued for 5 months. 

After the field measurements were completed, a trench was dug near 
the plot and 3 to '+.undisturbed soil cores were _collected fcom <>ach ten­
siometric depth. A san Dimas core sampler, which cOnsistS Jf an auger 
rotating around a stationery collection tube (Andrews and Bmadfoot, 
1958), was specially construct"d to take 11 em diameter, 7.5 em long· 
cores. Suction-water content l,elationships ·of_ the field soil were 
asE:ume_d to be_ given by laboratory measurements on these cores by_ hanging 
wa-rer columnS during drainage and wetting cycles between 0 and 200 em 
H2 0 water suctions. For some of ·the cores, m~asurements w.eJ:'e also made 
be·tween 0 and 850 em suctions. 

The sOil-water tension data and the suction-water-content data were 
analyzed to determine the unsa-curated hydraulic conductivity for different 
layers of the soil profile. The technique of analysis was essentially 
the same as given by Nielsen eT al (1973). The difference was that a 
least-squares cubic spline fit·ting (de Boor and Rice,. 1968) was employed 
to evaluate the -hydraulic gradients. Furthermore, a slidin,s least- , 
sqJares parabolic fit was used to evaluate the time derivative for the 
determination of flux. 

Results .3.nd Discussion 

The·suction-water content relationships (the soil-water character­
istics) measur.ed on undisturbed soil cores for four differE:rit soil 
depths of the watershed are pr,sented in Fig; 2 and 3. For· each depth; 
the data are given for.a drying and wetting cycle between 0 and 200 em 
H20 suctions. For -first two d<>pths of 15 and. 30 em, the d&ta. are also 
given for a cycle between 0 and 850 em_. There is appreciable hysteresis 
between wetting a.nd drying curves for these latter two cases in Fig. 2 ~ 
Bet\veen 0 and 200 em Su.ction, the hysteresis is leSs, as e}:pected. The 
data also indicate that the amount of water retained at hif;;her suctions 
increases with depth,·. sho~ing greater proportion of smaller pores. 

The hydraulic head change:; with .time at different depths in th.e 
soil profile as measur_ed by. individual units in one of the tensiometer­
sets (set no. 1) are presented in Fig. 4. · The data indica•:e that the 
soil-water tension (negative of hydraulic head minus soil depth) are 
very slow .. In five months·'·of drainage, the t·ensions in the surface soil 
did not exceed 50 em H20. This suggests that the water conductivities 
are very low-at even sma.ll.soil-wa'ter tensions. Fig. 2. ii1<:.icate.s that 
at these small tensions,_ the .S::>il;_water content deS!reases '/ery sharply. 
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rig. 4 further shows some appreciable fluctuations in soil-water tensions 
measured at 5. 5 em from the soil surface. The larger fluctuations coin­
cided with occurrerice of heavy rainstorms of 3 to 5 em. They may, thus, 
be a res.ult of incr:eased condens~tion of water beneath the plastic cover· 
and 	 some likely leakage of water.through the sealing tapes around the 
tensiometer stems. Some influence of these factors can be seen on the 
tension readings of 26 em soil depth, but the effect is not nearly as 
 
significant as at the soil surface·. 
 

fig. 5 sho~<s the transient water yield during drainage, the amount 
 
of water draining downwards,. from top 105 em of soil profile as calcu­

lated from the curves of fig. 2 and 3 and the soil-water tension measure­

ments at three positions along the slope. There are· fluctuations in the 
 
data poillts·, more or less corresponding to the fluctuationE in hydraulic 
heads ·as shown in fig. lf. There is also an appreciable difference be­

tween the water yield calculated at the position of tensiorr,eter· set no. 
 
1 and 2 and that of set no. 3 for the first two .weeks. The drainage 
 

·from position of set no.· 3, the highest location on the slope, is less 
than that from the two lower L>cations. This difference, thus, would 
not b.e expectedly due to direct effect of slope on the wat,,r movement. 
It may be due to natural va;iations in soil at the different locations 
and 	 experimental errors. It iB interesting to' observe that the water 
yield data in fig. 5 fall alon,~· a straight line on the semi-log plot. A 

·simple exponential equation, .such as in the model 'cif NielsEin et al. (1973), 
would describe them fairly well. 

The unsaturated hydraulic conductivity as a function of water con­

tent for four different profile layers, determined from the tensiometric 
 
measuremerits and soil-water charact.eristics (Fig. 2, 3) are presented in 
fig. 6 to 9. The data obtained from different locations a:tong the slope 
 
are shown by different symbols. There is an appreciable scatter in the 
 
data and some apparent differences in conductivity values between dif­

ferent slope positions, but there a:re no consistent differE:.nces that 
could be attributed ·to the effect of slope. The slope efh·ct would have 
 
resulted in apparently higher conductivity values at a higher location. 
 

The results presented above would lead to a conclusion that the 
field tensiometric technique can ·be satisfactorily. used On a forest water­
shed for measu!'ing the water conductivities and drainage water yield if 
the field plot is protected. from subsu;face lateral .flow and leakage cif 
 
rairi water. Interestingly, the effect of slope, an averagco of lB per 
 
cent in the present study, on soil-water movement during dr'ainage was 
not 	appreciable. · 

Referen_ces 

Andrews, L. A. and W. M Broadfoot. 1958 .. The San Dimas core 
 
sampler. Soil Sci. 85:297-301. 
 

2. 	 de Boor, C. , and J. R .·''·Rice. 1968. Least Squares Cub.lc Spline 

Approximation: Fixed Knots. .(;SD TR 20, Purdue Univer:3ity, Compute:<' 

Sciences Department. 



58 

WATER YIELD, CM 

t> 0 ..--I 
l> 0 + Om 

nz 
J>Vl 
-~o

t> 0 
t> 0 os:

Z.m 
t> -i

J>m 
..- :;ot> 
Ql
ZVl

t> o· G)~
t> 

(/l..­
0 
-o 
m 

·~ 

0 
0 t>0 

0 

Fig. 5--Drainage water yield as a function of time fporn 
upper 105 ern of soil profile, as measured at. thJ.'ee 
different locations along the slope. 



0 

59 

1!1 

1!1 

+ 

+ + 

"' 
 0 DEPTH = 15.0 CM 
I 


1!1 

+ 

+ 1!10 
0 -I + 

1!1 

+ 
·1!10 

"' + 1!1 1!1-I 
C!) + 

0:: 
 1!1 + C!)+:Co
 +-...o 
:!:" 1!1 C!) 
U1

N <!t C!l 
C!)

I!IC!) 1!1 
>­
1-o 
....."' >. rK1!J C!) .... '1' 

C!)1-. 
u 
:::> 
o· 
zg
0. 
u';' 
u ..... 
...Jo 
:::>.,
a: .
·a:"'
ol 
>­
:c 

TENSIOMETER- SET 
/ 

LOCATION ALONG SLOPE 

0 1
+

0 + 2
"' 0 3 
I "' 

0 

0 


+ 
 

11>+--------r-------+~-------r-------+--------r----~1
0.51 0.53 0.5.6 0.58 0.61 0.63 0.66 

WATER C~NTENT. CC/CC 

Fig._6--Hydrat~lic conductivity as a function of water 
content.for 15 em soil depth, as determined at three 
different.· locations along the slope. 



c 

60 

-
c 
. DEPTH = 45.0 CM 
I + 

l'l ·­

+"' +"' c 
I 

l'l+ . "' 
"' + +

l'l l'l 
l'l+ 

+ 
+ 

-I 

(!) 

l'l 

+ 

>­
f-,.,._.,., 

(!)>...;
,._.,I 
f­
u 
=> 
qc
Zm 
0. 
u';' 
u 

_J
=><D 
a:"' . 
a:"'ol 

ol'l TENSIOMETER-SET>­
::c + (!)(!)l'l +~ LOCATION ALONG SLOPE 

(!I!) + 

+ 
(!)(!) 0 1(!) 

l'l + 2 
0 3CD 

"' 
"' I 

"'+--------+--------+--------+--------+--------+------~1 
. 0.53 0.56 0.59 0.62 0.65 0.68 0.71 

HATER C~NTENT, CC/CC 

Fig. 7--Hydraulic conductivity as a function of wate'' content 
·for '+5 em depth, as determined at three differe·:.t 
·locations along the slope. 



61 

N... 
 
0 
I 

:r 
CD. 
0 
I. 

CD 

"' -I 
.a: 
:Ceo 

::£:,.;'"' 
 
U1 

>­
1-o 
.... ::I' 
>. 

N 
.... I 
 
1­

u 
;;:) 

C)N 
Zm 
D.
uN

I 

u 
;_)""" 
;:):r
cr": 
O:::"'ol 
>­
:c 
(!)<D
o"! 
;_)!'>


I 
 

CD 
::1' 

:r 
I 

0 
0 

DEPTH = 75.0 CM 

+ 
+ 

SJ 
C!) 

C!) 
1!1 

·~ 

1!1 
+ 

+ 
C!) C!) C!) 

ct"l!J 
.C!) 1!1 

+ 
1!1 1!1 

1'1!1 

1!1 

1!1 

1!1 1!1 

1!1 

+ 
1!1~ 1!1 
 

1!1 :1: 
 
1!11!1 

C!) TENSIOMETER-SETmCJ + 
LOCATION ALONG SLOPE 

0 1 
.+ 2 
0 3 

+ 

~+.-7-o------s~.a-o------s+.-s-o----~s.~o~o~----6+.-,~o----~6.~2~0~--~6.30 
WATER CCJNTENT. CC/CC (X 1o-t l 

Fig.· 8--Hydraul:bc conductivity as a function o:l' water 
content for 75 em depth, as determined at three 
different locations along the slope. 

http:7-o------s~.a-o------s+.-s-o----~s.~o~o~----6+.-,~o----~6.~2~0~--~6.30


	

62 

0 	 DEPTH = 105.0 CM 
I 

+ 
+"' "' 

0 
I 

(!) 

N (!) 	 (!)
N ++ (!) 

1!1 -I 	 + I!)Cl(!) .1!1 (!) 

+ 
+ "' "' 	 (!)"'"' 1!1

(!)Ol"' 1!1 "' 
+ "' (!)I!) 

+ . 

% "' 
+ + (!)(!)1!1 ~ "'(!)

+ + "' 1!1 	 (!) "' + .t..... +~ I!IWJ (!)(!) .,"'"' (!)
+~ ++ "'"' 

+ +ill: +1!1 . 1!1 "' -tt+ + 1!1 ~)('] 	 "' 
*+ 	 + tp~+4!lll!l 1!1 

"'"' "' !!J. 1!1 1!1 "'d 	 1!1 . .ji"Ol~ 1!1 !!1!1 1!1 
 
1!1+,._+ • "' <' "' "' 
 1!1l!ll . i' ~~ @ 1!1 
 

1!1
@1- lllbJ ~ "' "'1!1 1!1 "' 
1!1 ~ij. 1!1 I'I!J (!)· 

u 1!1 	 I+~ . 1!1 ...... 1!1(!) "' 
_J +~
=>"' 

r/1+ ~"' 1!1a:"! 1!1 r!f IDI+.a:"'ol 1!1 ~ 
+ 1!1>­ "':c + 

TENSIOMETER- SET 
o"!
(!)N 

1!1 
+ + LOCATION ALONG SLOPE_JO> 

I 

+ "' 
0 1

"' + 2"' :r. 1!1 
:r 0 3 
I 1!1 

.+1!1 
0 
0 
•
~+-------r-----~-------+--~--~------+-----~16.oo 6.1o 6.2o 6.30 6.~o 6.so 6,60 

WATER CONTENT, CC/CC £Xl0- 1 l 

Fig. 9--Hydraulic conductivity as a function of wateJ' 
·content for 105 em depth, as determined at thre" 
different locations along the slope. 



63
62 

Nielsen, D. R., J. W. Biggar, and K. T. Erh. 1973. Spatial varia­3. 
bility of field-measured soil-water propert.ies. Hilgard.ia 42 ( 7): 
215-260. 

Measuring Soil Hydrologic Properties on a 
Forest Watershed Using Field-Plot Tensiometric Technique: 

2. 	 Rainfall-Infiltration and Soil-Water 
Relations Under Natural Conditions 

The natural rainfall on a watershed is generally characterized by 
 
widely varying intensities and frequencies both within a storm and be­

tween storms. The infiltration of such a rainfall into soils would be 
determined by highly dynamic soil-water conditions existing prior to 
and during the rainstorm. .The rainfall- infiltrat ion relationships or 
the infiltrati~n-time rela-tlonships measured under natural conditions 
would be m~ch different than those measured .;.,nder idealized conditions, 
su::!h as in. a ponded-water infiltrometer or with a constant- intensity 
rain Simulator. In order to dE,viSe some simple methods of field infil ­
tr~tion measurements and to relate the highly complex infiltration be­
havior in nature to soil chara<:teristics measured by the sinple ideal­
ized methods~ it is necessary t.o conduct actual measurements on a forest 
watershed for a variety of natural _rainstorms.· 

Specific purposes of this ,;tudy were: (1) to measure ratural rain­
fall-infiltration and soil-water relations for a variety of rainstorms 
on 	a forest-watershed plot, (2) attempt to determine the sc.turated hy­
draulic conductivities of the soil profile from measurements dur'ii;lg 
selected· ·heavy rainstorms, and ( 3) to prepare a nucleus ·for• future devel­
Opment of simple physical-based models relating infiltratic•n to soil ­
·Wate~ properties. 

Materials and Methods 

The measurements were made on the forest-watershed plot (at the 
University of Hawaii Lyon 1 s Arboretum) as described in the subsection 
dealing with water· conductivities and water .yield. Rainfall on the 11 X 

4.2·m plot was measured by thr~e recording raingages and four manual 
plastic gages .. It was desirable to use. this nuniber of raingages in 
order to arrive at a reliable aver3ge value of rain: all~ since the ·spa­
tial variability under "the intercepting tree canol)ies was c;ppreciable. 
Runoff fror:1 the plot was colleeted at one point and le2d icto several 
ir.terconnected 50 gal. barrels. In the initial stages of ,,,tudy, only 
t~~o barrels were used and the Hater. level in the barrels \>/as _read visual­
ly from a g.;t.ass tube connected to the barrels. Late.!~ four barrels were 
pr•ovided and a Steven 1 s water .level recorder was installe<l for monitoring 
the amount of runoff with tirr:e on a \<eekly or. daily chart. The rainfall 
and runoff recordings ·were checked d~ily. The barrels werE! emptied man­
ually whenever they ~<ere nearly full. 

.... 

http:Hilgard.ia
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The daily rainfall and· runoff records were read at 5 min intervals .. 

The data were processed using the appropriate calibrations, and analyzed 

to obtain rainfall-runoff-infiltration relationships for various rain­

storms. 


Soil-water suctions at different depths of the profile were mea­

sured with fifteen tensiometers installed in the plot as described in 
 
the preceding subsection. Initially,- these tensiometers were-connected 
 
to mercury manometers and read manually, 'generally once a day. Later 
 
on, the tensions were read with the help· of an automatic monitoring 
 
.system as described in the next subsection. In addition to these fif ­
teen tensiometers, three more tensiometers going to 30 em S?il depth 

were installed at three random locations in the plot in order to measure 

the spatial variability. These three units were equipped with mercury 

manometers which were read manually. · 


Results and Discussion 

l. Natm•al Rainfall-Runoff~ Infiltration Relationships: 

The detailed measurements of rainfall and runoff over the pe1•iod 
of several month-? were examined for. -typical patte!'ns of nat_ural rain 
occurring in the Arboretum watershed. These typical patterns are illus­

trated by computer plots of the data for seven selected days in F Lg. 1 

to ·7. The cumulative rainfall·is indicated by square symbols and 

straight lines joining them, while the measured cumulative runoff is 

shown by circles and lines. The triangles represent ·predicted ruaoff 


·based on an assumption of constantly· water-saturated soil profile as 
discussed later separately. The d·ifference between rainfall and t'unoff 
at any given time is the cumul.3.tive infiltration. 

Fig. 1 shows a common pattern in which there is a small rainfall to 
start with, followed by·a period of little rain, and then~ ,heavy ·rain 
of variable intensity. Fig. 2 shows a similar pattern, but in which 
the initial phase consists of two small steps. Fig. 3 shows another 
pattern of more or less continuous rainfall_with brief periods of. no 
rain. The rain intensity varies with_ time in a way that appears like a 
sequence of steps. Fig. 4 shows a case of continuous rainfall of approx­
imately constant intensity. Fig. 5, 6 and 7 show,· in an order of tran­

sition, rain patterns in which there are fairly large amounts of high­

intensity rainfall occurring relatively early in the storm. The inten­

sity_tends to decrease later in the storm. 

The measured runoff data of the seven selected days pres.ented ·above 
indicate that more than 93 per cent of the rainfall infiltrated into the 
ground. The runoff repres.ented only 4 to 7 per cent of the rainfall and 
most of ·this occurred during -the moSt· intense storm periods. 

2. Saturated Hydraulic Conductivities of Soil. Profile from Selected· 
Heavy Rainst9rms: 

When the soil profile is compietely saturated with water during a 
rainstorm, subsequent infiltration of rain water occurs at a steady 
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Fig. 1--Cumulative rainfall (squares) and runoff (circles) 
·for a day showing a common pattern of small rainfall, 
followed l)y a period of little rain, and Then a heavy 
rain of variable inte:nsity. The triangles represent 

.predicted runoff based on assumption of constantly­
saturated soil profile. 
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RAINFALL-RUNOFF-INFILTRATION RELATIONSHIP 

JAN. 31, 1975 
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Fig. 	 2--Cumulative rainfall (squares) and runoff (circles) 
for a day showing a pattern similar to that of F.ig. 1, 
but in which the Jriitial phase consists o.f two s·teps. 
The triangles represent predicted runoff based on· 
assumption of constantly-saturated soil profile. 
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AAINFALL-AUN~FF-INFILTAATI~N AELRTJ~NSHIP 

JUL. 15, 1974 
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Fig .. 	 3--Cumulative rainfall (squares) and runo1"f (circles) 
for a day shov,.dng more or less continuou::; rainfall 
with brie'f pe:ciods of no rain; The triangles represent 
predicted runoff based. on assumption of constantly­
saturated soil profile. 



68 
 

AAINFALL-AUN~FF-INFILTARTI~N AELRTI~NSHIP 

JAN. 21!, 1975 
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Fig. 	 4~-Cumulative rainfall (squares) and runoff (c.jrcles) 
for ·a 9ase of con.tinuous rainfall of B.pproximcLtelY 
constant "intensity. · The triangles represent pr·edicted 
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RAINFALL~RUN~FF-INFILTRATI~N RELATI~NSHIP 

JUL. 11. 1971! 
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Fig .. 5--Cumulative rainfall (squares) and runoff (circles) 
for a day when an appreciable amount of high-intensity. 
rain occurred early in the storm. The triangles repre­
sent predicted runoff based on assumption of constantly~ 
saturated soil profile: 
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RAINFALL-RUND~F-INFILTRATIDN RELATIONSHIP 
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Fig. 6--Cumulative rainfall (squares) and runoff. (ciT•cles.). 
 
-for another day receiving a fairly large amount of 
 
high-intensity rain early in the storm. The triangles 
 
represent predicted runoff based on _assumption of 
 
constantly-saturated soil-profile; 
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RAINFALL-RUN~FF-INFILTRATI~N RELATI~NSHIP 
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Fig•. 7--Cumulative rainfall (squares) and·runoff (circles) 
· for anothe:r day receiving a large amount of high­
intensity· rain early in the storm. . The tPiangles re­
present predicted runoff based on assumption of 
constantly-saturated soil profile. 
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rate equal to average saturated hydraulic conductivity of the profile. 
The excess of rainfall runs off. From the daily measured rainfall ­
runoff data of many heavy rainstorms, the cases which Incorporated a 
period of steady infiltration rctte were chosen. The dates, day-time 
intervals during which the infiltration was steady, and the steady infil ­
gration rates calculated for those intervals for ten selected rainstorms 
are given in Table l. The steady r_ate or the average saturated hydrau­

. lie conductivity of the profile thus calculated varied between 0.79 and 
l. 52 em/hr., with mean of 1.036 em/hr. This· mean value for the profile 
compares excellently with an average figure of 1.117 cm/hr for 1-meter 
profile calculated from laboratory measurements on undisturbed soil cores. 
The cores were taken from four different soil depths at a location just 
outside the experimental plot, as described in the preceding subsection. 

Table 1--Steady ·Infiltration Rates Recorded During 
Heavy Rainstorms on Certain Days 

Date 

6'-13-74 
6-21-74 
6-27-74 
7- 6-74 
7- 6-74 
7-16-74 

11-20-74 
11-21-74 

1-24;-75 
1-31-75 

Day-Time Steady Infiltration 
Interval 

2:30-3:00 
3:5074:40 
8:30-9:10 
6:20-7:00 
8:35-9:35 
2:50-4:30 

12:45-13:55 
13:45-14:30 
13:45-15:00 

4:25-4:55 

Rate, cm/hr 

1.13 
0.94 
0.93 
1.10 

.1. 52 
0.91 
l. 07 
l. 07 
0.79 
0.91 

Mean = l. 036 cm/hr 

The steady infiltration rate was used in combination with hydrau­
lic gi>adients measured with tensio.meters during two .of the above rain­
'storms to determine hydraulic conductivities for different layers of 
-the soil profile. Darcy's Law, which equates flow rate to the product 
of conductivity and hydraulic gradient, was applied for each soil layer. 
The results of calculation are presented in Fig. 8. The soil~core data 
for the different soil depths are also shown in the figure for compari­
son. Each core_-data point is a mean '?f measu_rements on three different 
soil cores. The in-situ field and soil-core data agree fairly well 
 
except at 15 em (6 in) depth. The-discrepancy for 15 ern depth is well 
 
within the normal high natural variability known to occur in th~ surface 
 
soil horizons. As indicated above, the average hydraulic conductivities 
calculated for the profile from the above two measurements were very 
 
close (1.036 and 1.117 cm/hr, respectively). These results give confi­

dence in the soil-core techni<lue as used in· ihe present studies. 

-:_~_;·--·~
-tl'•__·'·_,:_-~_':! ·_·;->;:
,._,H;r',j' 
;Jtili. 
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3. 	 Predicted. Runoff Based on Assumption of Constantly Water-Saturated 
 
Soil Profile: 
 

The tensiometric measurements indicated that the soil profile of 
the Arboretum watershed remained ·quite wet most of the time. Soil-water 
suctions at 30 em depth .never exceeded 70 em (water) under natural con­
dition.s. At greater depths, the suctions encountered were much lower 
than 70 em. The annual rainfall in this watershed is nearly 400 em, 
with not so much variation -between seasoDS· Vnder sueD conditions, it 
may 	 be thought that the soil profile gets completely saturated with water 
very early in the rainstorm. Subsequent infiltration would then occur 
at a rate not exceeding the average saturated hydraulic conductivity of 
the 	 profile. In other words, once the profile is saturated, a rainfall 
of intensity less than the saturated conductivity of the profile would 
all infiltrate. A rainfall of intensity higher than the conductivity 

·would infiltrate at a steady rate equal to the conductivity, and the 
excess wouid run 6ff. 

Based on the assumption of a constantly saturated soil profile of 
aver•age measured conductivity of l. 036 cm/hr, the runoff predicted for 
the 	 seven selected rainy days were shown in Fig. 1 to 7 ,. respectively. 
The predicted values are integrated from values calculated for 5 min 

·intervals of rainfal].. The results indicate that good predictions were 
obtained only in two out of the seven cases presented. In the other 
five cases~ the runoff was over-predicted whenever a very_ high-intensity 
rain spell occurred either early in the storm or after a period of small or 
no rainfall. It thus appears that the assumption of constantly saturated 
profile is not acceptable. The soil gets unsaturated during brief peri ­
ods of small or no rainfall, which makes it possible for infiltration 
rates to e_xceed -~atlirated conductivity._ There is, thus, a necessity for 
measuring unsaturated wgter cond~ctivity and storage f~nctions of sOil," 
and 	 then to develop a simple model incorporating these soil properties 
for 	 predicting inflltr'ation of nat~ral rainfalls. 

4. 	 Daily and Monthly Data of Rainfall, Runoff and Soil-Water S\Jctions: 

.The recorded daily data for rainfall, runoff and soil-water suction 
at 30 em soil depth are summarized monthwise in Tables 2 to 17. The 
data cover a period from September, 1973 to middle of February,. 1975, 
except. for two months (March and April, 1974) when adequate data were 
not 	 reco~ded -due to repair of some gag~s, and installation and testing 
of new instruments. Rainfall is given for all the gages ·.located inside 
the. 	 plot (under the canopy) and for one gage located in the open which 
was 	 recorded for some selected period~ The symbols ~~~ indieate missing 
data, which generally occurs for some week-ends and holidays or when the 
manual· data were not. collected daily. The rainfall and runoff values 
given fOr. the day following .such missed days are therefore cumulated 
values, incorporating th~ raintall and runoff over these days. There 
are 	 some other values missing due to malfunctioning of some par•ticular 
gages. In suCh _cases, the data values on the following d?YS are not 
cumulated. As indicated earlier, the runoff from· the experimer1tal plot 
was 	 collected and measured in two cou~led 55-gal barrels in early Stages 
of ·_study, and in four coupl_ed bar-rels· _later on. For some days of heavy 
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TABLE 2 


DAILY RAINFALlr RU~OFF AND SOIL-WATER SUCT10~ DATA 

FOR THE MONTH OF S~PTEMBER, 1q73 

FIA!NF.Hl f----SOJL-W~TE~---1 .,,
STI,QTJ~G !---~----RAINFAll UN~ER ~~FST C_OV'CF'--------1 RAIN-FALL PUN­ CDPRESP­ RUNOFF SUCTION AT 


CLtJCK GAGE ~0., CM IN TH!;= OFI=r OND!IICG TO IUIPIIFALL 30 c~ DEPTH, C~ TEMP. 

O".ATE T I ~E t' 2 3• 4 5 6 7 MFMI OPEN, CM CM P:UNOFF, CM RATIO 1 2 3 ME•N c 


I 13:00 o.oo o.oo o.oo 0.03 0.03 o.oo o.oo 0.007 ........ ·a.ooo 0.007 o.oM 15 15 22 17.33 H

2 13:00 ...... ...... ...... •••• ..... ....... ........ ...... ••••• ... ••• ••• ......... •••
***""' ·o.69 0.43 ........ ~···· 17.()0
3 12:00 o. 3 8 o. 41 a. sa 0.48 ··-·· 0.2'5 0.461 0.001 0.461 0.003 16 15 20 24
 
4 12:00 ...... .. ..... ...... ..... ...... •••• ......... ••••• ........ **'!' ••• •-:• ....... •••
···~ **-*•

1.42
•••* ........ 15.00 ,..
5 14:00 1e37 1.12 1.37 2.oa 1.'57 1.14 1.441' o. 006 1. 441 o.oo4 16 9 20 


6 14:00 ...... ...... ...,... ......... ....,.. .. .•...,. .,.... ***** •••• ... ........ ........ ••••• ••• ••• ••• ........ ••• 

7 09:'".1(') 1 .a 2 1 .. 1')2 1.3t"J t. 3 2 1. 4 7 1,.1)1 0.76 1.136 ...... o.no4 1.136 o.nn3 12 8 20 13.33 24 

a 12:0') o. 00 o. 05 o • .,o 0.0'5 a. 05 o. 08 o.oo o.o33 •••• o.ooo o. 033 o.ooo 14 1" 20 16.00 24 

q - 12: (10 **** * ..... .......... ...... •••• • ••• ... ..... ..... .... •••• ••••• ... ........ ...... ... ••• ••• .......... ••• 


10 13:00 n.nn <'l,.I'H) 1),.')'] n.no O.i}l) n~", 0.1)0 ().000 0.000 o.ooo 17 19 21 19.00 25 

II 13:00 ...... ...... ..... ..... ....... ...... . ....... ••••• •••••
.. ,.,.,..,.,. ·~·· 

••••
••••• ••• ••• ••• ••• 

1.2 13:00 •••• ....... ····· .•-=··.... ***1r .,..... ....... ...... *•)t'** ****~~!<' ••• ••• ***••
****13 D:n') •••• .,., .. ....... ....... .,.,..._ ...... ...... ...... ••• ••• ...... ··~
•••• •••• *'"*"'* ***"'* ••• ••• 

14 13:00 1-.47 1-. 42 1. 65 2.2CJ 2 .. 29 1.83 i .14 l.H:7 ...... 0.006 1. 727 0.003 lb 9 17 14.00 24 

15 o~= 1)0 !) oliO u.·1·1 •1. ;;,, ::;. :)) ·:'i.OJ o.nc o.oo OeOn7 •••• 0.'100 0.007 0.00') 16 11 22 16.33 23

16 O'l:llO ....... ........ ..... ...... ..... •••• .,,.,... ...... **** ........ . ...... ••:r•• ••• ••• ••• ......... ••• 

17 13:00 0.4-8 0.48 0.69 0.79 o.a1 0.66 o._3a O.ht3 ...... .0.003 0.6U 0,.004 17 17 21 18.33 Z3 
1a 13:01') ...... ........ ••il* ..... •••• •••• !t:*** ........ •••• .......... ... ........... ... ...... ••• ... ••• ••••• •••
.,..,.,..19 14:00 o.oa ~- 013 o. 15 0.23 o.1a 0,.1'3 0.13 a. 142 o.ooo 0. 14 ~ o.ooo 1a 17 24 19.67 24 
20 14:00 **** ~,.,. ...... ....... .......... ....... ..,... ... ... ... ......... ..... ...... ....... ••••• ••• ••• ••• ....... ••• 

21 l4:t")t) 1.. n2 1.1}2 1 .. ()2 1.96 1.42 1..22 1.07 1.245 •••• c.o·to 1.245. o.ooa 13 9 1B l3. 3~ 24

22 .14: no ...... ..,.,. ... •••••

..... ..... ••••• •••• ••••• .,.,. .. ••••• ...... ••• •••• ••• ••-:t•• •••
..... ..... ...... ....... . ··•·* ........ ........
23 14:00 ••• •••• ••• •••• •••• ••••• ••• •• ••• •••....... ..... . . .. ....
24 14:00 ..... *'"'*"' **** • ••• •••• •••• . ........ ..... ........ ....... ... ••• ••• ••• ....... 

25 tz: oo· 0.03 Oe05 o.os o.oa 0.08 0.05 o.oo 0.047 ....... o.-ooo 0.047 o.noo 5 IO t2.oo 25
 
26. 12:110 •••• ........... •••• ... .... •••• •••• •••• ••••• • ••• ....... •••••• ...... ••• ••• •••" ...... •••
...... ...... ...... ..... ........ ........ ..... ........ ....... ......
27 12:00 •••• *"** $-.II;··· ••• ••• ••• ••• 
28 16:00 1-1~ 1.40 t.ao !..8a 2.13 1.73 1.65 1.676 •••• o.oo7 1,.676 0.004 15 7 19 13.67 24 

29 12:1)0 2.69 2.16 2.67 3.56 3.30 2.79 2.41 -2.79'8 ..... 0.010 1.5 75 0.006 14 a >7 o.oo 22 


_ _30 12:oo· •••• •••• ••••• ..... •••• •••• ...... ........ ...... ...... ••••• ••• ••• ..... ••••• ....
***** 
TOTAL 11.332 ......... 0.046 10.109 o.oos MEAN 15.571 23.9 
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0.'15..... 
1.27 
0.94..... ....... 
•••• 
·2 .e,1 

**** 9.78 

*""''"'' ·-·· 3. 94 

**** o.zo..... 
0.05 
o. 13 
•••• 
1.17 
"'*** 
4.19 

1. 63 
... ..... 
o.oa·...... 
0.10'....... . ...... 
3.05...... 
O,.t'l8...... 
1.37 
1.02 
... .... 
****..... 
2.79...... 
.9. 78 
••••..... 
3. 94 
•••• 
o.zs.... .., 
O.t')S 
·o. 1 a ... ,... 
(). 71 ......... 
4.57 

. . . 

6 

1.32 ,..... 
o.os....... 
o.oa
• ... * 
•••• 
2. 31 
*i<*•
o.'Ja...... 
1-22 
Q.84 

***·* ....... 
•••• 
2.92..... 
9.65 

7 

1.09 ,.. ... 
o.oo..... 
o.oo...... 
•••• 
2. 03 
•••• 
0.05..... 
0. 51 
o. 76 ........ 
7.62....... 
2.54
•••• 
7.62............ 

**** 
3. 05 
**** 
0.20 

•""•* 
1').1')5 

o. 10 
**••
0.81..... ,., 
4.32 

........ 
2.67...... 
0.13
••••• 
o. 1')5• 

0.13
•••• 
0.51
•••• 
3.81 

. . . .. . 

... !:=AN 

1.277
•••••
o.o5t 
*•*••
0.076 ,.. ....,.,... ...,... 
2.438...... 
1).047...... 
l.054 
o. 825 
**....,** 
9. 2_31....... 
2.467...... 
a. 113 
... ............. 
3.027 
•"•** 
0.167 
• •••• 
0.()40 
0.112 
... ..... 
0 .. 718....... 
4.151 

33.797 

IUINFALL 
IN THF= 
OPE=N, CM 

.....
••••
••••....... 
•••• 
**** ••••
••••...,..
•••• 
**·~...,.,
••••
••••............ 
**:f"* 
••••..... 
**** 
**** 
••••...... ........... 
•••• ,.. ...... ..,........ 
**** ....... 

***** 

'RU"l­
{'li=F, 

c" 

0.004........ 
o,ooo

' *k**"' 
o.ooo 
""**** 
'**"'** 
0.010........ 
o.ooo 
""**** 
0.007..;, .. ....... ................ 
0.0\0 
****'* 
0.010............... 
0.010....... 
o.ooo
••••• 
n.~t')O. 

o.ooo .......... 
o.ooz...... 
O.IJlO· 

0.063 

~.HNFUl 

CORRESP­
ONDI"lG TO 
RUNOFF, CM 

1.277 .. ........ 
0.051
••••• 
0-076 

*'**** 
··~·· 1..448...... 
0.047
••••• 
1.054.,.,..... 
•..•••• ................... 
o. 533........ 
o. 686 
... ........... 
1.219....... 
o. 16 7
••••• 
0 .fl40 
0.112...... 
o. 718 
***** 
3,302 

10.731 

R UNQFF 
RAI~FALt 

RATIO 

0.003...... 
o.ooo
••••• 
o.ooo.............. 
0,007· .. .... 
o.ooo 

' ........ 
0.007...... 
***** 
*****....... 
O.o019........ 
0,015 
***"'"'........ 
o.ooa 
*"""'"'* 
o.ooo
••••• 
o.nao 
O,Qt')O 

··~··0.003 

l----SOIL-WAT~R---1 
SUCTlC'II AT 

30 CM DEPTH, Cl'( 
.1 2 3 ME4N 

14
•••• 

15 
••• 

17 
••• 
··~ 16..... 

18
••• 

15 
14

•••
LO 

••• 
12... 
12

•••
••• 

10
••• 

13 
*** 

17 
17

••• 
18 

4

••• 
14

••• 
1 7 

••• 
*** 

4 
••• 

14 
••• 

12 
6

••• 
to 

••• 
ll 

••• 
5 

• ••
••• 

9

••• 
to

••• 
20 
20

••• 
23 

a 
••• 

2a
••• 

25
•••
••• 

23
••• 

29 
••• 

22 
23

••• 
17

••• 
23

••• 
2l.....

••• 
t5

••• 
27... 
36 
42 

••• 

8.67 
***'** 
19.00...... 
19,67 .. .... ... .. ...... 
14.33 
****'* 
Z0.33....... 
16.33 
14.33 
**""** 
12.33' ... ...... 
15.33
••••• 
l3 .3 3................ 
11.33....... 
18.67 ···-=· Z4. 33 
26.33...... 
3'3.67...... 

0.003 
•••

13. 
*** 

15 

60 
*** 

H 
....... 
19.67 

·a .oo6 HEA.N 17 .979' 

<!R 
TEMP. 

c 

23
••• 

23
••• 

23..... 
••• 

21
••• 

23 
••• 

22 
22

••• 
24 

• •• 
25

••• 
21 

•••
••• 

21 
••• 

22 
••• 

23 
22 

••• 
21

••• 
25 

. 22.6 

NOTf THE SY~BOLS • INDICATE MISSING DATA 
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DAILY RAINFALL,. PUNOFF 

TABLE 

AND 

4 

SOIL-WATER SUCTION DATA 

FOR THE HO.NT~ OF NOVEMBER, 1973 

CATF 

1 
2 
3

•5
•
7 
8 
9 

10 
!! 
12 
13 
14 
15 
16 
17 

'" 19, 
21 
22 
23. 
24 
25 
26 
27 
28 
29 
30 

TC!TAL 

STA~TJ~G 

CLOCK 
Tl~~ 

13:.')') 
14:00 
lr.l: 00 
tn:':I'J 
10:00 
13:00 
13: 00 
1s: ·oo 
14:00 
11:00 
11:1)1) 
15; 10 
15: 00 
14:00 
14: _,) 
12:01) 
12:00 
12:')0 
l4:oo 
17: l')tl 
14: 'JO 
t4:oo 
14: 01) 
10:00 
10:00 
14: 00. 
14:01) 
15:1)0 
15:00 
oq:oo 

I---------RAINFALL UNDER FOREST· 
G&GE ~0., CM 

COVEP-~--------1 

1 2 3 4 5 

....... 
1. 42 
0·0'3
.:llo .. 
o.oo 
o.oo 
a. 0'3 
0,15 
0 .61 
0.03....... ...... 
**** o. 2:3..... 
0.20 .. .,., ... 
•••• 
0.46 
0.33 ..o. ..,. 00 

a • .,,, 
4.06..... 
3.94 
•••• 
2.03...... 
6.10 

. . . 

·-··· z.ta 
o.oa 
•••• 
o.oo 
o.oo 
o. 08 
0.20 
1.07 
0.03...... 
••••...... 
n.ta
•••• 
(1.38
••••..... 
o. 71 
l'l .. 4~ 
o.os
•:.t•• 
·n.nn 
3. 30 ....... 
4.06..... 
2.29....... 
6.98 

• • • 

'!'*•• 
2.29 .o.....08 

Q,l'}l) 

o.oo 
o.oa 
o.zs 
n.aq 
Q,IJI)....... 
9. 14..... 
o. 3 tJ....... 
0.'36 
•••• 
•••• 
0.97 

.f'J. 5 L 
o.oo....... 
i) .n., 
3. 25 .. ... .3. 73..... 
2:.46
•••• 
7.ll 

.. . 

"'""*"' L, 6 3 
o.aa..... 
0.1)0 
o.oo 
o.o8 
0 .1.8 
(). <; 1 
o. 03 .......... 
**** 
**** o.4o 

. ,.,.... 
0,?8..... 
•••• 
0.66 
I'J.46 
o. 05 ........ 
o.oo 
4,44
•••• 
4.44 

••**
z.-67 ...... 
7.ll 

• • • 

..... 
2.13 .0.....l J. 

o. 00 
o.oo 
o. 08 
o. zs· 
,., .<;7 
0.03..... 
••••.... ..,. 
0.28 

-..... 
0.41...... 
'**•• 
1.12 
I'J. 56 
o.as..... 
o.oo 
4. 32
•••• 
s. 71
•••• 
3.43
•••• 
8.38 

. . . 

• 
•••• 
2.18 

· 0 .OS...... 
o.oo 
o.oo 
o.oa 
o.ta 
0.97 
o.oo 

. **"'* 
3.61....... 
0.20..... 
0.2 5 
........ 
•••• 
0.81 
'"1.38 
a. 03 

**** o.oo 
4.06...... 
4.95
•••• 
2.41..... 
7.62 

.. . 

7 

...... 
1. 7 8 
o.oo..... 
o.oo 

. 0 •. ():J 

o. P8 
o.n 
0.89 
0.03 
****­
•••••-.:•*" 
0.25 

•*•* 
0-25........... 
o. 76 
1') .. 38 
o.oo
•••• o.oo 
3.81...... 
3.81

-·•*3.05 
•••• 
7.62 

• • • 

HF.AN 

........ 
1.945 
0.065.......... 
o.noo 
0.'1'10 
0.069 
0.192 
0.900 
0.018 .......... 
•••••........ 
0.279......... 
a. 305 ...... 
**••• 
0. 784 
").443 
0.015...... 
o.ooo 
3.893 .., ..... 
4.380 .. ....­
2.620....... 
7.275 

"33.481 

P.AJNFALL 
IN THE 
OPEN, CM 

••••••••..... 
"'**""..... 
•••-t 
"**"'-'~~ ....... 
**11::•...... ....... 
••••••••
••••
••••..... ........... .................. 
••••
••••...... 
•••• 
••••••••
••••
• ••• ..... ...... 

PUN­
OI=F, 
CM 

....... 
o. 010 
o.ooo........ 
o.ooo 
r).'10.J 
0.01)0 
a.ooo 
0.004 
o.ooo....... 
0.010 
*"'*** 
o. 11'l.l 

•••**o.oo1......... 
*"'*"'* 
o.oo·2 
0.1)'13 
o.ooo 
••••• 
0.000 
·o.oo1 
"***** o.o 10 .... ,... 
0.1)11)...... 
0.010 

o. 067 

R.4l "'FALL 
CO~RESP­

ONDTNr. TO 
~UNOFF, CM 

....... 
0.762 
0.06'5....... 
o.ooo 
0.1100 
o.oco; 
o.1q2 
0 .o;r'lf') 
0.018 
••••• 
1-.on
••••• .0. 27Q....... 
0.305...... 
...,.. .. 
o. 7.q4 
0.443 
o.ozs....... 
0.0110 
3. 8<;13...... 
O.blO........ .1. 702..... 
1.854 

12.991t 

RUNOFF· 
RAINFALL 

RATIO 

.. ..... 
a. ou 
0.0()0
•••••• 

o.ooo 
o.ool 
0.1)1)4 
o.ooo........ 
0.009....... 
0.')02·....... 
0.004...... ........ 
0.002 
0.007 
o.ooo 
*"'*"'* 
0.002
••••• 
o.016...... 
0.006...... 
o.oos 

o.oos 

1----SOIL-HATFR---1 
SUCTION AT 

30 CM DEPTH, CM 
1 2 3 ~EA~ 

• •• 
13 
15

••• 
17 
20 
·n 
25 
29 
25

•••• 
13

• •• 
16

••• 
14 

•••••• 
17

••• 
18

••• 
18 
15••• 
15

••• 
10

••• 
12. 

MEAN 

••• 
14 
16 

••• 
21 
21 
24 
14 
2• 
2'2

••• 
3

••• 
1'­

••• 
16., .... 

••• 
16 
16 
17 

••• 
21 

5
••• 
••• 

9
••• 

4 

..... ***** 
43 23.:H 
43 24.67... ...... 
77 38.33 
aa 40.33 
93 4.q,oo 

107 48.67 
87 4~.6-7 

85. 44.00..... ........ 
23 U.IJO 

••• ••••• 
29 1';1.67... ....,.. 
37 22.~3... ......... ....... 
55 2';1.33 
48 32.00 
63· 32.67 

••• ••••• 
98 45.6-7 
25 15.00

••• ••••• 
27· 14.33

*** ...... 
23 14.00

••••••••• 
20 12.00 

29.684 

AIR 
TEMP. 

c 

••• 
23 
23 

••• 
24 
23 
2'­
24 
24 
24

••• 
20

••• 
24

••• 
23

••• 
••• 

23 
25 
23

••• 
22 
21 

••• 
20 

••• ...22 

22 

22.8 

NOT~.: THE SY~BOLS * INDIClTf MISSING DATA 

~ 




"' ['­

TABLE 5 

DAILY RAINFALL, RUIIfOFF AND SOIL-WATF:R. SUCTION DATA 

FOR TH~ MONTH OF DECEMBER, 1973 

DUE 

STA~Ttl\fG 

CLOCI( 
TIME 

1---------R.AJNFALL IJIIfOER FOREST 
G~GE NQ., CM 

.1 z 3 4· 5 

COVER----------1 

6 7 MEAN 

R.A IN FALL 
IN THE 
OPFN, Clol 

.~u~­
DFF, 

CM 

R~ I IIIFAL"L 
COfl·?ESP­

ONDII.iG TO 
R.UNOFF ,· CM 

RUNOFF 
PAIN~"ALL 

RATIO 

1----SOJL-WATER---1 
_"SUCTIO~ AT­

30 C"'. C!IEPTH, CM 
1 2 3 ~EAN 

A !R 
TEMP. 

c 

1 
.2 
3

•
5 
6 
7 
8 
9 

10 
11 
12 
13 

" 15 
16 
17 
1B 
19 
20 
21 
22 
2l 
24 
25 
26 
27 
2' 
29 
30 
31 

TOTAL 

12-:00 
12: OIJ 
14:1)Q 
14:0? 
16": 00 
16:00 
16:00 
11:0') 
11: Or') 
16:00 
lf::OIJ 
14:01 
14:01) 
08:30 
l3: !)., 
u:oo 
13:00 
12:00 
12:!)0 
12: ')') 
11: 00 
11: no 
11 ':')I) 

12:00 
12:00 
15:00 
15:00 
15 01 
15 00 
15 00 
12 ?0 

• • • • 

'1.69 

•••• 
2.84
•••• 
0.03 
o.oo 
O.J)Q........ 
•••• 
2.03
•••• 
3.1')5....... 
o.oo 
'J .,1)"'\... .., 
o.oo 
o.oo 
o.oo...... 
o.no...... ........ 
1.07 ........ 
·0.25...... 
?.69
••••
•••• 
6.10 

0. 91' .. ......., 
2.79...... 
o. 08 
0·.00 
o.oo 
3.~0 

**** 
1.55 
... ..... 
::-.81..... 
t). OR 
O.:'lQ 

"''~~~** o.no 
o.oo 
o.oo...... 
a.oo....... ....... 
1.32 
... ... 
0.41 
•••• 
0.86
••••
•••• 
7.11 

. . . 

0.91 ........ 
2.95..... 
o. 05 
o.oo 
o.no...... ......... .......... 
3. ,5.
•••• 
o.oo 
o.oo...... 
0. 1!} 
o.oo 
0 .oo
•••• 
o.of}........... 
1.60 

**** 
0.46
•••• 
1.1)4....... 
... .... 
8.13 

1. 22 ..,... 
3. 56..... 
o.to 
o.oo 
o.oo 
3.43..... 
2.29
•••• 
5.116 

**** o.o6 
o.oo 
*"t*"* 
O.r)~ 

o.oo 
o.oo 
*>tit:• 

o.oo ....... 
**** 
1.57 .. ,.. .... 
0.51
•••• 
1.12........... 
8.13 

1.•:"/Z....... 
3.56 

...... 
o.o8 
o.oo 
O.lJO .3....... 81 

2.39 

~··· 5.·)6...... 
o.oa 
o.oo 
**"** 
o.. ~o 
o.oo 
0 ."00 ....... 
o.oo ...... 
••••• 
1· 63
•••• . . o. 56 ., ... 
1o17 .••••..... 
q.65 

. .. . . . 

o. 66..... 
3.81
•••• 
o.oa 
o.oo 
o.oo 
3.43 

"'*** .1......sa 

3.56....... 
0.05 
o.oo....... 
~-0? 
o.oo 
o.oo 
... ..... 
o.oo 
***""....... 
1. 5 z·
••••• 
0.43 
...... 
().97 
... .... 
**** ...... 

........ 
•••••••• 
**"** .o.oo 
,·.oo 
o.oo 
3 .at 
• ••• 
1. b5 ......... 
4.1'}6 
.. ... * 
o.oo 
o.oo...... 
l'l.no 
o.oo 
0 .oo 
... ... 
o.oo....... .. ...... 
1. 11\ 
•••• 
0.25 

**"** 
0.89
•••••••• 
8.aq 

. . . 

!"1.919 

'***** 
3.251 ........ 
0.058 
0 oiJOO 
o.O'JO 
3.556.......... 
1 •.964 
•>4<-••• 
3.95 5......... 
o.o4n .o....... ooo 

0.1'1f) 
o.ooo 
o.ooo...... 
o.ooo 
... ............ 
1-528.......... 
0.410......... 
0.962 ..... ..... ... 

... ,., ... 
8.400 

?5.043 

...... 
..... ,................. 
*·***............ ................. 
****· 
·-~~··.............. ............ 
••••...... 
•••• 
"*'"'** 
•••• 
**** 
•••• 
****..... 
**** 
****•••• ... ................ 

........ 

0~0(,.4

'*····o.oto...... 
O.I"JOO 
o•.1oo 
o~ooo 
·o.o1o
••••• 
o.ooq
"+:t••• 
0.010........ 
O.OO'l 
o.ooo........ 
O.I"Jr)O 
o.ooo 
o.ooo......... 
o.noo...., .. 
****"' 
0.006........... 
o.ooo....... 
0.003.............. . .......... 
0.052 

0.919 

···~·0.508 

*'**** o.nsa 
o.noo 
o.ooo 
1 .. 905 
........ 
1. 964....... 
Q.btO...... 
o.oc.n 
o.ooo 
···-=· n.oon 
o. 000 
o.ooo ........... 
o.oon ......... 
*'"'*** 
1. 528....... 
0.410 
***** ..0....... 962. ........ ......... 
8.903 

0.004 
••••• 
q.'l20...... 
o.ooo 

0.005 
... ..... 
0.004...... 
0.016 .. ..... 
0.ono ....... 
-----·...... .............,. 

·o .. oo4 .. ........ 
o.ooo....... 
0.003
•••••
•.••••....... 
b.006 

13
••• 

12 
••• 

15 
15 
22 
H

••• 
13

••• 
13 

••• 
15 
17 

••• 
lA 
19 
25

••• .••.27 

••• 
24

••• 
20

••• 
17

••• ... ... 
13 

MEAN 

...... 23·.... ..... 
••• 24... .... ...... .. ... . 
lrT* *"'* ..... ... ..... 
..... *** .... .... 
.... *** 
*'""* ••• 
.... *** ....... ..... 
*""* •••..... ..... ....... ... ...... ......... ... 
*** ........ 
*** ***.... .... 
.... *** 
* *... • ... 

. ... ..... 
*** .••• ........ . .. ........ ... 
...... *** ....... .... ...... ... 

16.00 ........... 
18.0!)
••••• 
15. no 

·15.bo 
22· 011 
14.00........ 
13.00....... 
13.0(}.......... 
15.00 
17.00......... 
ta.oo 
19.00 
25.00 
••••• 
z.r.oo...... ...,. ... 
24.00 .. ..... 
zo.oo....... 
17.00................ 
13.00 

17.9-44 

21

••• 
24

••• 
22 
23 
22 
21 

• •• 
20. 

••• 
23

••• 
20 
22 

••• 
23 
24 
22 

••• 
. 21· 
•••
••• 

22 
••• 

21
••• 

21 
..... 
••• 

21 

21 .. 8 

NOTE THE SYMB~LS * I~DICATE MtSSING DATA 
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DAILY RAINFALL, 

TABLE 

RUNOFF A"'D 

6 

SOIL-WAffR SUCTION DATA 

FOP THE MONTH OF JANUARY, 1974 

OAT~ 

1 
2 
3 
4 
5

•7 
a 
9 

10 
ll 
12 
13 
14 
15 
lb. 
17 
18 
19 
20 
21 
zz 
23 
24 
25 
26 
27 
2B 
29 
30 
31 

TOTAL 

SH.I:ITI"'G 
ClC'CK 

TIM': 

I------RAINFALL UIIIDER ,FORE=ST 
GAGF. NIJ.r C/1 

COVER------:-----1 

12 00 
.10 00 

1f) r').') 

12: OD 
10 00 
111 '1') 
1 z (}0' 
14 00 
13:00 
t 3: a·a · 
13: I'H) 
12:0') 
12=00 
12: ,,, 
t?:QJ 
t2:QQ 
12:1')() 
09":00 
09:00 
oq:oo 
tl:QQ 
14: ')·1 
14!00 
13:00 
14: 1')-... 

14!00 
1!:00 
11 :oo 
13-: Q(} 

t3:no 
14:00 

l 2· 3 4 5 • 
..... 
1.:32..... 
o.oo 
o.oo. ....... 
6.10 
0.48 
1.52
•••• 
11.0'1 
2:. 18
•••• 
1.2:2 
**** 
0.81....... 
o.oo..... ....... 
0.05 
'l.25
•••• 
2.95 
,_ 71 

**** 
2.84...... 
0.41 

*'*** 
6.10 

-.... 
l • 3 2 
•••• 
o.oo 
o.oo..... 
6. 98 
0.56 
1.57 ........ 
!'l.r-13 
'1. 93 
**** 
L27..... 
1. l. 1 .. .... 
o.os........... 
o.ns 
0.38 

**** 
3.43 
0.66 ......... 
3. 94..... 
0.46 

**** 5.84 

..... 
1. 37..... 
o.oo 
o.oo..... 
s.oa 
0.~1 

1.52...... 
.., • r:l'1 
z. 03 
••• '41: 

1.32: 
,.. .... 
1 ~ 07..... 
0.1')5............ 
o. 05 
0.39
•••• 
3.25 
1.02 ,. ...... 
3.81...... 

·0.51 

**** s. 99 

**** 
1.47..... 
0.110 
o.oo..... 
7.11 
0.61 .1. 42..... 
11.·13 
z. 08
•••• 
l. 2 7 -···· 1'},()7...... 
o.ns............ 
a.• oa 
-'). 46...... 
4.57 
!) • 81 

. ...... 
4.70 .... ,.. 
o. 51 
***'~~~ 
7.11 

**** 
lo 8 3 
*""+'* 
o.oo 
o.oo...... 
a. 89 
o.s6 
1. 98
•••• 
().1')3 
2.67 ....,..,.,. 
1. 78 

•••• 
Z.l8..... 
a.oo 
0.;00 
**** 
a. 51 
0.58 
1.52 
•••11 
1'). ,, 3 

3.17 

**"'* 
1. 42 

........ **** 
1.11 o.<H..... 
o.n8 ,. .... 
**** 
0.10 
0.48
•••• 
:3.!:11 
o.Bl....... 
4.57..... 
0.53..... 
6.22 

. . .. 

...... 
0.03
•••••••• 
0.05 
I'). 3_ ~ 

•••• 
3.43 
0 •.61
•••• 
4.44

•••• 
0 •. 41 ..... 
7. 62 

7 

... .... 
1.52...... 
o.oo 
o.oo 

. *It"* 
a. 89 
'>.51 
1.65....... 
n.-10 
2.03 
**** 
1.27.,.,.. 
1.40..... 
o.no 
•••••••• 
0~00 
1').38
•••• 
3. 05 
0.51

•••• 
4 .. 32
•••• 
0.25 

•••• 
6.35 

MF.AN 

....... .! .. 5 75 ......... 
o.ono 
o.ooo....... 
1. H4 
0.6112 
1.600....... 
o.r115 
2.301 

***'ll::* 
1.364

••••• 
1.099....... 
0.036...... 
***** 
O.O'i!:J 
0.381 
***** 
3.498 .o........733 

4.089...... 
0.439 
.... .... 
6.462 

•.•• 32.047 

RAtNFALl 
IN THt­
OPfNt C"' 

........ 
**""* ..... 
**** 
•••••........-... 
••••........ 
****..... ............. ............ 
****••••..... 
••••............ ...... ....... 
"'*** ••••......,.
••••
••••..... 
•••••••• 

••••• 

RUN­
('IFF, 

CM 

• • ..-.* 
0.004 
••••• 
o. 000 
o.ooo...,... 
0.010 
0 .'1-13 
0.010...... ~ 
0 •.1 ')'1 

0.010........ ,.. 
•••••...... 
0'.011) 

·~ ""*'* o.ooo 
*t•t•.....,.,. 
o.ood...,.. ......... 
0.010 
0.004 
**•**. 
o.n1o 

***** 
0.003 .......... 
••••• 
0.074 

~AI~JFA:..L 
CQj:!RFSP­

IJNOING TO 
RUNOFF, CH 

........ 
1. 5 75 ...... 
o.ooo 
o.OrJrJ .. ....... 
o. 737 
·0.6·12 
1. 42 2 ........ 
r).Ol'i 
1.397 
••• -4- ... 

.......... 
••or•·• 
1.'192........ 
0.036 
•••••...... 
O.OSB......... 
••••• 

-1.06 7 
a. 733...... 
1.067 
**'!~<** 
0.439...,..,.. 
••••• 

10.240 

RUNOFF 
RAINFALl 

q_ATJO 

... ,... 
0.003...... 
....... 
o. 014 
o.n0s 
o.oo1 
***** 
o.ooo 

•o.
••••

007' 

****'* ....... 
.Q.f)Q9 

""**** 
o.ooo............. 
o.ooo 
•••••.. ..... 
0.1')09 
0.006...... 
,.~09 

**:fr** 
0.007....... 
••••• 

1----Sf'Jli.-W.t.TER-1 
SUCTlON .AT 

30C~ DfPTH,CM. 
1 2 3 MEAN 

••• 
10

••• 
13 
17

••• 
13 
ll 
l3..... 
17 
15 

••• 
!5 

••• 
l4

••• 
17

•••
••• 

21 
l5

••• 
15 
!7

••• 
17

••• 
17

••• 
17 

••••••
• ••
•••
•••...... 
••• 

7••• 
lB 
13

••• 
tr

••• 
13... 
18... 

• •• 
10 
23... 
ll 
12..... 

••• 
15

••• 
10 

... ..... ,.. 

.... 10.00.... ... ...... 
•••. 13 .oo 
.... 17.0)·.... ...... 
• .... 13.00 
***. 11.0J 

13 1(.00 

*** *"""** 20 f8.33 
2:9 19.00 

*** •• 'll:: •• 
25 .17.67

*"* .,. ..... 
23 l6.b7

••• ••••• 
27 20.67 

***.... ....... . ...... 
b2 34.33­
49 29.00... .....-. 

.21 15.67 
21 16.67

••• ••••• 
2() 15 •.33... ...... 
24' 18.67

••• ••••• 
17 14.b7 

0.001 M'e:J!N 17.315 

t!R 
TEMP. 

c 

••• 
2l... 
23 
22... 
20 
22 
12

••• 
21 
23... 
21... 
23

••• 
21... 

••• 
23 
22 

••• 
20 
21... 
20... 
21

••• 
20 

zt".4' 

NIJTE TH~ SY~SOLS * ,INDICAT~ HISSING DATA 

~· 
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co 

·TABLE 7 

DAilY R:AINFAL·l, P.W-lOFF AND .SOIL-WATE.R SUCTION DATA 

FOR THE MONTH OF FEBRUA~Y, 1974 

FU, TNFAL l 1----SOil-WAT~R---J 
:STI\I<TI~G ~~--------RAINFALL UNDER FO~EST COVF.'R.-----"7""---1 RAINFALL RUN­ CD~t<:fSP­ RUNOI=F= sucrro~~ n AI> 

CLOCI( Gt.GE" NO., Cl1 IN THF OFF, ONDI"'G TO RAt NFALL 30 C.lol DEPTH, 04 TE:Y!P • 
DATE TJMj: 2 3 4 5 6 7 ME".b,N OPFN, CH. CM RUNO~F, CM PAT,TO 1 2 3 M(A~ c 

1 1.4:00 4.06 5. Zl 4.44 4.95 6.35 4.83 3.81 4.809 ..... ••••• ...... ......... 15 11 19 15.00 20 
 
10:00 0.56 0.51 o. 51 0.48 0.46 1).43 0.491 0. !)~'!2 1").491 O.OoJS 16 12 19 15.67 21•••• '****' 3 10': r.IO ....... .. .... ..... •••• ....... ...... •••• ........ ...,... ....... •••• •••• ••• ••• ••• ••••• ..... 
 

4 tO:OI'J .......... •••• ....... • .... **•• ...... .......... .. ..... ...... ........ .•..... .•..... ••• ••• .... ••••• ••• 
J< 

5 tn:~') ry. )0 !').'10 1).1') n.r)"J. 0.1)1") !').':11') 0.!)(1 (}.!)(II") ..... o.ooo o.oao 19 21 ,.1 23.67 20 
6 10: 0') ...... ,., ..... •••• ...... .... ..... ..... ..,., .... ..... ••••• ... ....... ••••• ••• ••• ••• ***** ••• 
 
7 14:00 1. 47 o. 91 1 • 0 7 t. 73 1.32 1.1)9 1.40 1.285 •••• o.oos 1.285 o.':lo4 23 15 36 24.67 20 
8 15:')1') 2.• 34 2.6 7 2.67 4.4lt 3.30 3.17 ..... 3.099 ...... •••** •••• ••••• 17 11 22 16.67 20 
9 t s: no ••+-• •••• ...... ....... .•....... ........ ••• ••• ......... •••
...... ****· ••••• •••• ***"' ....... ••• ••*** ........ ••• .......
10 15:01) ...... •t:•• "'**'* ••• •••• •••• 

•*,. ... ·-=··· **••• ••• ••• ••• ••• 
11 12:00 3.05 2.92 3. 05 4. 83 3.94 3.43 3 .1 7 

· 

3.483 •••• o.o1o 0.68 6 0.015 15 10 21 15.33 19 
12 12:00 **** ..... ,.....,"" ... ..,.,. 

... "'. ..... •.••• •••••• •••• ....... ...... ••• ••• ....... ••• 
 
13 12; .')!] •••• ..... ...... . ..... ..... ........ ...... .,...... .·~···...... ~·· ••• .......
**'~~~"' •••• ••••• ••• ••• ••• 
14 14:00 3.81 4.0") 'i-. 06 5. 21 5. 09 4.A 3 3.94 4.427 ,.... 0.010 2. ZB6 o.oo4 17 12 21 1~:>. 6 7 23 
15 !o:oo 0.13 0.33 o.zs 0.38 0.38 0.25 0.25 o.2ai ...... 0.002 0.283 o.oo7 15 13 22 16.67 21 
16 1'1:1')') ...... ...... ........ ...... ...... •••• ••• ....... ...... ...... ....... ••••• ••• •• ••• ••••• ••• 
 
17 lQ:Q') •••• •••• ......... . ........ ...... ••••• ••••• ....... . .......... ........ . ....... .•.. •••
*"'** •••• *•*•* ••• 
18 10:(10 ....... .. ,...... •••• ... .... ..... •••• •••• ...... .... ... ••••• ••••• ...... ••• ••• ••• ..... ••• 
 
19 17:'10 1.22 1.40 1. 42 1.55 1.65 1. 32 1.40 1.422 ..... ...... ***** ...... 20 19 30 23.00 21 
20 17:00 ...... ..... ...... ...... ....... ,.. ...... ....... ....... ~~. 


ZL l4:QQ 0.05 0.10 11 .. 15 n.oa ().15 o.na 1").1)5" t"J .. t:lq4 •••• o.ooo 0.094 1).000 27 25 38 30~00 23 
22 16:00 o.os 0.10 a.; IS ().15 0.13 o.1o o.os o.to5 o. 000 0.105 ,a. 000 34 28 42 34.6 7**** 
23 tz:oo 0. 00 o.oo o.oo o.oo o.oo o.oo o.oo o.ooo ...... o.oao· o. 000 38 30 45 3·7. 6 7 21.. 12: 110 ...... ...*. **** ......... ........ ..... ...... ......,.. •••• .......... ....... *•*•* ••• ••• ••••

....... ••• " 
 
25 'tz oo •••• •••• ..... ...... .,.... ..... ' ..... ...... ...... ...... •••"'**** *•*** ••• •• ••• 
26 00 0.61 0.56 0.51 0.548 **** 1].548 62 65 ·ill···l't 0.36 0 .. 63 0.66 0-51 o.002 0.1)04 43 56.67 23 
 
27 14 t)'l •••• ..... •••• •••• •••• ***• •••• ...... •••• ••••• ••••• ••••• ••• ••• ••• ........ ....

28 14 DO t.oz 1.07 lo37 1•. 42 1· 4 7 1.17 1.17 1.241 •••• 0.007 1.241 0.006 35 29 29 31. DO 20 

TOTAL ..... 21.286 -..... 0.039 7.019 0.006 MEAN Z5o524 21.0 

NOTE THE SYMBOLS * INDICATE MISSING DATA 
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DAILY RAINF.AI.l, RUNOFF 

TABLE 

AND 

9 

S1Tl-WATF.R SUCT 10~ O!TA 

FOR .THF .'o10NTH OF JUNF, 1974 

DATE 

SH.~Tio.;G 

CLIJCK 
T y\;: 

1---------ctA I N"'.e I.L UN')ER FOREST 
G~GE NO., 

2 3 .. '"l 5 

~OYER----------1 

1-'·F.t.N6 1 

~J.PJF~Ll 

.IN THE 
OPEN 1 CM 

RUI\I­
O~F, 

~~-~ 

p'AINF~ll 
cr.RctESP-

ONDING TO 
RUNQFF, '" 

~w~mFF 

C:Al"'FALL 
ctATJO 

-~-~--SOJL-WATER---1 
SUCTi(H-.1 .AT 

· OE"PTH, ·· 30 CM 
2 "1EAN1 '" ' 

Tfi"i?.,"' 
c 

1 
2 
3 
4. 
5 
0 
7 

•' 
!0 
!! 
12 
!3 
!4 
!5 
!6 
17 
18 
19 
20 
22 
23 
24 
25" 
2o 
27 
28 
29 
30 

· TC'T.I.!. 

09: OIJ ·0~33 0.-36 0.46 Oo4l 0 ~ 2 6 $*'"":l<' 0 .,30 (1.356 
O<;:l5 •*• ·~ ll"rttt"' 1-60 ..... tr ... 0 .. -33 ('laQ65··~· .. "'"'"'"' ~ ~: ')0 !..27 1. sz 1. 52 1. 7 8 1. 7 5 0.36 l. 3 6 7 *"""'"' Q'); 10 2.79 3. l7 3.17 3.43 2.84 ...... 0.76 2 .69 7 
0S:40 7.. 4!t 2~67 z. t,Q 3pl5 3.96 •••* 1).46 2. 523. 
09: OCl 0."13 1). l 0 0. 15 0.1.3 ·o .. oo "<t11:>1E:Ic ().,03 0 .o 89 
ov: :35 a .Is o.zo 0.\5 0.13 0. 1 5 *"'>11 .. 0. 3 0 0 .18 6 
'J<;;: r, 5. ' .61 I?.Pl O,RI '1.136 j.IH ~~** r),S6 ')~MG 

liJ : {~ 5 .~·r !r::., ::r'''"'!-"" ......... ,, • -1:-"?: 1 ~ 09 .::.-•** · o~ s4 n._965 
1 '}:on ~.06 '-1. 57 4. 3 2 5.21 '}. u .. ~ ... "iJ< 4-.Q"'­ 5.:?15 
,J"l: f\5 "~ 10 n .. 11 r) 0 13 o. 08 0~03· *""*1' o.os O.OAO 
OP: 55 n~os Cl~ 05 o~ 08 0.03 o~o3 0 .. 10 0.055"""""'"" 
oa: ss o.. oo o.oo o.oo 0.01) 0.'11'} ~t.:11't ·o.oo 0 .'110 
0?:45 2, ,'JB 2. 7'9 z. 19 3,05 z. 57 *olo"'* 2.11 2.%5 
l 0: G·J 0.51 0,61 \). ~6 o. 71 o. 71 :k->1<-t."' 0.66 0.643 
f<"l! -i) 'f"l ~ l ?! ·J .10 1, 15 n.u 'J.f"JO o. l3 Q.F)6"'*•* 
(\1): 45 o~ ry:; o-.. o~ o~ os o. 03 OmOO 0.03 o,o3A"'"'"'" .. 
1")1!: 50 0.33 fl.25 0.25 . 0~ 30 0.38 't>lt>D-+ o. 5.6 0. 34-7 
'}~:]5 1.27 1. l 7 t. 22 1 .. 47' 1.30 ....... 3 ~ 33 1.626 
')8:40 0805 0 .. OS Oe OIJ o~ a 5 o.no .... .,. o.os 0,.04·7 
'()9: 40 2.39 2. 54 2.92 3.12 3. 3 a II< .... 2.36 2 .. 786 
a~: 4.'1 . ....... ...... ..... 0.99 .... **"' 0.97 I'),Q7S"""*" OS: 45' t". 0 2 1. 1 7 1" 2 7 ,1. 17 t. 12 1-12 1,143**'""* 08:45 0.13 J. 1 ') 1). 13 1).08 0-1'16 ... ,... ""**• u. 11)2 
oe:45 o.os 0.03 O. OS 0. OJ o .• 05 o.os 0,047"'"'"'"' -.:r'lo"09:20 0.66 0. 71 a. 11 o.74 0.94 ... 0.97 0.787' 
10: -JS 2.03 2.18 2. 18 2. 18 0.66 ...... 2.41 1 m943 
10:45 4. 95 6. 35 5.46 6.60 s. 97 <l<*** 6~ 22 s.n1 
10:45 "'*** ,., ... *"""'* ~•** *:rl!*"' ' *"'"'"' *"'** •••••• 

o . . . . . . . . . . . • • . • . . . . . • . . . 34.383 

0.56 
tot•• 

2 .. 29 
3 .,89 
2.97 
o .. o8_ 
0.33 
1 ~ 14 
'llr**"" 
5. 49 
0. 1 0 
0'.13 
::1 ,()g 

3. 2 5 
0.,89 
Q,ilfl 
o.oa 
0.48 
1. 40 
0.05 
3.45......... 
1. 63 
0,20· 
o.u 
1 o1 Z 
3.02 
6., 38 
•"'*"' 

39. 19 

o·.oo2 
I) .lj-1 9 
(1.000 
0.092 
t,o098 
Oo; 000 
o.ooo 
o.ooa 
I'). 0 21 
0.'165 
o.ooo 
0.0(10 
O.r110 
0.05"3 
o.oo8 
O.f"lf"J!J 
o.ooo 
0.003 
0.035 
0.000 
11. l J8 
o~nz8 

0. 02 8 
o. 'J0·1 
o. ooo· 
'0.005 
0 .. 116 
o.i6o 

"'"''*""'* 

o.B47 

0.356 
o. 965 
l'e367 
2.697 
2.523 
o. (189 
0 .186. 
o. 800 
0.%5 
s·~ 2 rs 
o~ qao 
0.055 
O.OQI) 
2.565 
o. 643 
0-106 
o. 038. 
0 •. 34 r" 
1. 626 
0.047" 
2. 786 
o. 978 
1. 143 
0. 1/)2 

._0.047 
0. 787 
1. 943 
5.927 
.ill*•** 

3.4. 383 

o.oos 
o.Dzo 
0 .. 01)0 
·o~o34 

0.03~ 

o.ooo 
o.ooo 
0.009 
0,022 
0.012 
c~ono 

o.ooo 
----­
o~ 021 
0.013 
0.000, 
o.ooo 
o.oo8 
0 ~ 021 
o.ooo 
11 ... 039 
0.029 
0. 02 5 
o.aoo 
o.ooo 
0.007 
o. 060 
0.027 

***** 

o.ozs 

ll
••• 

!1

•
!l 
11 
!3 
l5 

••• 
11 
!! 
15 
!7 
11 
!1 
!l 
!5 
15 
l3 
13 

9
••• 
!l 
lJ 
14 
11 

9 
9

••* 
MEAN 

17 23 1 T. 00 
••• ••• ........ 
 

!5 21 1 s. ~ r. 
11 2l 1_3.67 

11 2 1 14.3 3 
!7 21 16. 3 3 
15 23 l 7 .'1•1 
3! 25 23. (: 1. 

••• ••• • ..... * 
9 21 I 3. 6 7 

!3 1! 15. 00 
13 23 1 7. 00 
43 27 20. ('o'j 

3!. 01') 
37 " "21 23-CO 
17 21 16."33 
33 15 2 1~- :. 3 

119 27 511.31 
13! 27 57~ co 
15! 27 63. f-;7 

l3 22 rr•• 6 7 
••• ••• ""*"*'" 

39 2! 23.67 
39 2l 23 .. 67 
o3 25 34 .. 00 
47 25 21.6 7 
19 2l 16.33 
11 2l 13.67 

••• ••• ***** 

. . . . . 24.467 

,+!f-:j, 

'""'"'... ...... 
""*... 
,...,...,.... 
 
,. 
 
.. -~ ... 
 ...
... 
 ... 
 ... 
...
 
.. _11-.:r... 
... 
... 
 .... ..,....
 

23 
23.,. 
24 
 
24 
 
24 


••• 
 
23.7 
 

NOTE" : THf: SYMBOLS * lNOlCAH "lJSS!NG DATA 

. 
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TABLE 10 

OAIL Y RAINFALL, RUNOFF ANO SOIL-WlTFR SUCTIO~ DATA 

FD~ THE MONTH OF JULY, 1974 

RAINFALL 1----SOIL-WATE~---1 
STA.IHI~G 1-------~.A INFALL UNO!;R FOR EST COVEP---.:..---:---1 RAINFHL RUN- COf:IRESP- RUNOFF SUCTION AT AIR 

CLOCK GAGE NO., CM IN fH'E OFF, DNC'JNG TO R.~lNFAll 30 C"! OF.PTH, CH TEI'IP .. 

DATE TI"t'= 1 2. 3 4 5 6 7 MFAN· OPHI, CM CM RUNOFF, CM RATtO 1 2 3 t-IE AN c 

1 09:00 0 .. 97 a. 76 0.97 '1. 02 1.07 1.14 0.986 1. 4 7 o.ooo 0.986 o.ooo 9 15 21 '15.00 24.***"" 2 0 9:3 5 0.20 0.13 0. 15 0.15 o.t8 ..... 2.67 0.580 o. 28. 0.005 0.580 0.009 11 17 21 16.33 24 
3 os:zs o.os 1). f') 3 0.~5 0.03 O.,•Jil ...... o.oo 1).,1}25 0.03 Q.;O·JO 0.()25 o.ooo' ll 23 22 1R.67 24 
4 08:35 o•.oo O.QO o. 03 0.03 o.oo ...,. o.oo o.oos o.oo o.ooo o.ooa o. 000. 15 39 25 26.33 ,.23 
5 08!40 0.05 o.oa o.zo o. 013 o.oa ....... 0.10 0.097 0.36 0~000 0.097 o.ooz 19 67 28 3a.aa 
 
6 a9:41) o.s~ 0.46 1).43 1).46 a. 86 ......... o.• b3 0.56 7 a. 63 . a.oas o. s~ 1 0.010 9 107 21 45.6 7 24 
 
7 09:4a ....... ..., ... ...... ....... ........ ..... ...... ,., ...... ... ... ....... ............ ........ ••• ••• ••• .......... ••• 
 
8 a9: 10 3.43 ~-68 ,3.56 3.56 4.93 ..... 3.81 3.827 4.11 0.156 ·3. 827 0.041 ll 13 21 15 .OJ 24 
 
9 a8:35 J.38 0.28 .1).36 0.38 0.3~ ...... 0.30 0.343" 0.48 o.ooo 0.343 o. 001 9 33 !9 2a. 33' 24. 
 

10 08-: 50 o.zs o.zs o. 25 0.25 1. 14 •••• 1.47 a.6a5 a.t8 o.oao 0.605 o.ooo 11 55 21 29.0a 24 
 
ll 08:55 a.a3 0.03 a.a3 'l.'l3 -J.'l'l ........ o. 'l·J 0.017 0.•13 O.OOIJ" 0.017 o.ooo 14 69 23 35.33 24 
 
l2 09: 10 3.43 3.94 4.44 4.19 4.04 ..... 3.25 3.882 . s. 08 0.152 3.882 ·o.o39 7 4 a. oo 23 
 
13 09: 10. ..... ..,.. ........ ....... ,.. .... ...... ......... ..,..... ••••• ........ ....... ...... •••" ...... •••
*""** ••• ... .......
14 r)<:?.: 1;'} ..... ..... ..... -"*- ..... ..... •••• ..... .. ....... ....... ....... ....... ••• • •• 
 ***'** ••• 
15 09:20 4.32 4. 83 5.21 5.33 4.47 ....... 3.94 't-.682 6.30 o.023 4.68'2 a. coS ll 17 15 14.33 24
,.16 08:30 :!.81 4. 83 5. 08 4.70 4.62 .....** 3.a2 4.343 5.21 0.248 3. 754 o.o6b 7 9 15 10.33 
17 J9: Ul 4.06 ·4.57 4.57 4.44 3.51 4.55 4.2R4 s. 51 0.190 4.023 0.047 15 17 l5 15.67 24**** 
18 08:25 loBS 1.73 · 2.t8 2. 0 3 2. 51 1. 02 1. 63 1.854 2. 57 o. 112 -1.854 0.0-60, 7 n 15 11.00 24 
19 08:4a o. 36 0.30 0.38 0.38 2.24 0. 2 5 0.30 r).6')2 o. 5l 0.001) 0.602 0.000 9 15 17 1$.~7 24 
ZQ ()9:30 a.oo o•.o!l o.oo o.oo o.oo a. on o.oo o.ooo a.oo o.ooa o.ooo ----- 18 15 21 18.00- ••• 
21 a9:45 a.no o.no o.oo· o.oo o.oo o.ao o.oo 0.000· o.oo o.ooo o.aoo ----- 13 30 26 23.00 23 
22 08:5'3 '] .1!) o.aa Doll !).08 0.,08 0.13 o-.15 0.1 OS 0.()3 0 ~()3•) 0.105 0.284 10 19 23 17.33 24 
23 08:58 0.10 o.oa 0.13 o.os o.ao o.oo o.oo ·a.os4 o. 03 o.oao' 0.054' o.ooo 10 19 23 17.33 24 
Z4 09:12 0.51 o. 3:3 0_•..5-1 0.51 0.48 a.38 o. 51 0.'161 0.53 o.ao7 0.461 0.015 . 14 31 21 22.an 24 
25 OS:4:3 0.21) 0.15 0.2:3 0.15 !).1() ·a. 10 0.20 0.163 0.30 a.ooo 0.163 o.ooo 15 39 21 25.00 23 
26 09:15 1. 02 1.02 1. 12 1. 02 lo02 0.66 1.02 0.980 1.30 0.027~ 0.980 0.027 15 43 2! 2&.33 ••• 
27 05:0 1.42 1. 78 2.44 l. q 3 2.26 1.50 1.55 1.840 ....... o. 11)2 1.S40 0.0§5 8 12 21 13.67 Z2 
28 10:45 •••• ••oC!'• ...... a .1 0 o.oa 0.2a 0.127 o.ooo 0.12 7 o.aoo •••• ••• ••• *•'*** •••**** **** z• aa:40 0.20 0.20 0.36 o. 1a o.ao o.oo o.oo o.134· 2. 59 o.ooa 0.134 o.·ooo 11 23 21 18.33 24 
 
30 08:30 0.03 o. 0:3 0.0'3 1).03 o.oo o.oo o.oo 0.022 0.03 o.ooo 0.022 o.ooo 15 39 25 26.33 24 
 

. 31 oa:40 0.23 0.15 0.23 o.ls 0.18 0.15 o.2a -0.196 o. 23 o.ooo 0.196 o.ooo 17 57 27 33.67 24 
 

TOTAl • . . . . . . . . . . . .. . . . . . ••••••• 30.787 37.77 1.058 29.937 0.035 ME~N • • • • • 21.247 23.8 

~OTE : TH~ SYM~OlS • tNniCATE MtSs·t~G DATA 

t 
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TABLE II 
DAiLY RA I NFAtL, P.UNOFF AND SOtl-WATER, SUCTION OUA 

FOR TH~ MONTH OF ~UGUST, 1974 

A.AtNF"'Ll 1----SDIL-"ATER---J 
STAtiTING 1·-------ct 4 I NFALL U"'DE'A. FOR E'ST COVER---------1 RA IN.FALL RUN­ CQ.'I.R~SP- ~UNOFF SUCTION AT AIR 

CLOCK GAG!: NO., CM IN THE OFF, Ot·HJJNG TD RAJNF.\ll 3D c~ DEPT~-!? CM TEMP. 
.DATE' Tt~l.: 1 2 3 4 5 6 7 ME=-:6N OPEN, C,_. CM llUNOFF, CM RAT.IO I 2 3 "'~A.'..I c 

I 
2 
3 
4 
5 

08~55 
ll: ,., 
10: 10 
lO:It.O 
;,)9:'15 

0~03 

0.66.,.. ...... 

··-· l'l • .r.-6 

o.oj 
'J.6f,... ..,...... 
o. 46 

p.M 
Q.9J ... ... ._ 

..... '"'.
0.48 

0.03 
1."6........ 
•••• 
0.51 

·0.00 
0.5 8
•t•••••••••• 

o.oo 
I). 71 
0.28 
0.1 3 
Oo28 

O.Q3 
0.46 
0.51 
a. oa 
0.41 

0.025 
o.~64 
0.:394 
o.to2 
0.432 

0. 08 ........ 
•*••....... 
1.17 

o.ooo 
0·.001 
0.013 
0.1)!)('1 

a. ooa 

0.025 
o.e-64 
·o. 394 
0.1')2 
Q.43Z 

o.ooo 
0.001 
0.032 
0.000 
o.ooo 

19 106 
7 43... ..,.. .... ••• 

ll 83 

29 
23

•••
••• 

25 

51 .33 
24.33 
*'*.It'*"' .. .... 
39.67 

23 
Z2 

•••••• 
2'4 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

OS: 45 
a9:15 
09 :zo 
.09:00 
11 : 31 
10: 30 
QO: 1r) 
'jP.:4'1 
Qq: l 0 
oa:55 
10:3 0 
10:30 
111:3'1 
a9: 15 

0.61 o. a: l o. 86 0.66 0.66 a.63 0. 56 
a .15 a.tn a. 13 .., • 10 1).)8 ('1.10 o1.15 
a. 2 5 a.25 a.23 a. 15 o. 2 8 a. 1 3 a.l5 
o.os 0.03 0.03 n. 03 0 .o a a. oa .a.ao 
.:l • .;.a ''·.;.a u.s::, .i o..,. L " " c.. ~~ ':" .'~5\' ......... "*"'*""' ...... "'"'·· a. 3 3 o.. 25 a.38 
3.43 3 .• 56 ... 3 2. 3.56 3 .o 7 4e9a 4.98 
'· 13 () .1 0 n. 1, J • .,B 0.1)5 o.ao a.os 
o.o:. o.oo o. 03 a.-oo o.oo o. o.a a.oa 
0.51 o.~1 0.56 a.48 0. 51 0.5.13 0.63...... ..... .. ...... ..... .. .... ...... ...... 
o.oo o.• oi'J o.oo o.oa a.oo a.O() a.oo...... .... ,... ... ..,. ... ........ a.41 ••••• a.58 
0.81 1. 12 1o 02 a. 11 a.46 **** 0.66 

0.686 
0.116 
a.zo7 
0.018 
·) ,454 
o.:-22 
3 .9 73 
a.a73 
0.007 
0.555 
.., ........... 
o.ooo 
0.495 
0.796 

a.91 
0.21J 
o. 2 3 
o.tn....... ......... 
5. 79 
a.zo 
a.o5 
n.ql..... ,... ... 
a.oo...... 
1. 22 

a. a 11 
a.'"JOQ 
o.ooa 
o.ooa 
o.a06 
a.ao2 
a. 15 4 
D. DOl 
a.ooa 
0.'100. 

"***·* a.aoo 
o1.(}01J 
a. nao 

0.686 
0. 116 
0.207 
a. 018 
a.454 
n~3U· 
3.973 
0.073 
a .007 
0.555.. ....... 
o.aoo 
11.495 
a. 796 

0.016 
a.004 
a.oo-a 
a.aao 
o. 013 
a.ao7 
0.039 
o.at8 
a.aca 
a.001....... 
----­
o.ono 
a.aoo 

7

•
9 

13 
12

••• 
5. 
9 

II 
11

••• 
17

••• 
13 

63 
73 
80 

129 
159
••• 

11 
19 
33 
39

••• 
99

••• 
153 

1 7 29~00 

21 3-4.33 
19 36.00, 55.67 
2.5 65.33

••• ...... 
19 ll-67" 
21 16.33 
25 23.00 
21 23.67

••• •••••• 
30 "48. 6 7 

..... .. ........ 
22 62.67 

23 
23 
23 
23 
24

••• 
21 
23 
23 
21

••• 
25 

••• 
24 

20. aJJ·: 50 1 .27 1 • 32 1 • 2 2 1 .12 1.07 0.91 0.97 1 .12 5 1.55 0. 013 1 .12 5 0.011 5 31 19 18.33 22 
21 
22 
23 
24 
25 
26 
27 

1'}9:2tJ 
09: 10 
09! 10 
1t: '}) 
11: ao 
09: 15 
09:15 

0.4"8 
I'J. 71 
0. 61 
J.oo 
**** 
0.03 
o.l1a 

0.53 
0.86 
o. 61 
o.oa....... 
a .. '15 
o.oa 

o.sa 
o. 91 
0.66 
o.oa..,.. .. 
n.o5 
a.oo 

0.46 1].43 
o •. 76 0.;. 76 
a.43 0.33 
a.oo a.no..... ·**** 
o. 0•) 0 ~=lU 
a. 00 a.oa 

0.43 a.53 
a.66 a.-61 
a .. 3a •••• 
a.ao o.·ao..... ....... 
o.oo a .·)0 
a.aa a.ao 

1).493 
·0. 755 
a.491 
a.aoo 
... ......... 
0 .. 018 
a.oao 

n. 99 
lo 1 7 

.o. 99 
a.oo 
... .... 
0 .•J8 
a.ao 

a.an4 
a.004 
o.1on 
a. 000. 
o!r'l:*** 
O.oo1o 
o·.aoa 

a.493 
a.755 
a .491 
o.aoa....,.. 
a.ota 
o. 000 

a. aoq 
a.005 
0.001 
----­
**""'* O.OO'l 

. ----­

6 11 1 7 
7 11 19 
6 ••• ....... 

12 ••• 24..... .... ••• 
7 ••• 19 

19 ... 23 

11. 3 3 
12.:33 
6./)a 

18. 00 ....... 
13.ao 
21.00 

22 
21 
22 
26

••• 
25 
25 

29 09:10 o.oo o.aa o.aa a.oa o.ao a.aa o.oo o.ooa a.a3 o.ooa a.ooo ----­ 25 148 53 75. 33· 22 
30 
3l 

tJ8:50 
10:30 

o.oo a.0J a.!Ja..... ...... ...... IJ.a0 o.oa O.O·:l 
.... .... ...... ..... o.oa 

o.os 
o.ooa 
a.asr 

0.1)3 

**** 
o.oaa 
a. 000 

0.000 
a. 051 

----­
o.oao 

29
••• 

53
••• 

49
••• 

43 .. 67........ 23... 
TOTH . . . . . . . . . . . . . . . . . . . . . . . . . 12.Z51 15._60 0.210 12.251 o.al 7 ~EA.N • . . . • 32.203 23.0 

PoiOTE : TH. SYMBOlS * I~DIC.I.TE MISSING DATA 
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TABLE 12 
DAILY RAINF~llt RUNOFF AND SOlL-W~TER SUCTION DATA 

FOR THE MONTH OF ~EPTE~BER, 1974 

STACI.TING 
Cl:)CK 

1---------RATNFALL UN')E~ FQOFST 
Gb.GE NO., CH 

CDVER----------1 PAINF&,LL 
IN THF. 

RUN­
OFF, 

RAl NFALL 
C'oPR.ESP­

ONDlNG TD 
RUNOFF 

RAINFALL 

·1----SOJ L-WATF.R---1 
SUCTION AT 

30 CM 02PTH, Clol 
•r• 

TEMP. 
DATE TTM'=' 2 3 4 5 6 T I".E.aN OP'EN, CM CM RUNOFF, CM RATIO 1 2 3 -~EAN c 

1 
2 
3

•
5

•T 

'g 
IO 

10 
l'J 
08 
oq 
OQ 
08 
l 1 
15 
.Qq 
OQ 

'30 
3') 
55 
55 
00 
50 
Vl 
00 
50 
!10 

........... 
2.7Q 
o."as 
0.61 
o.u.......... 
0.61 
1.07 

.......... 
•••• 
2.79 
o.os 
0.11 
0. 08
•••••••• 
0.6()
I.n 

......... 
•••• 
2. 54 

"· (')5o. 76 
0.13..... ,. ...... 
0.71 
1.17 

...... 
•••• 
2. 44 
').03 
a. 11 
o.o8
••••...... 
n.61 
o. 91 

••••... .. 
.'C .. . 
1').00 
a. 46. 
o.o5
·••* ...... 

: 0.46 
0.43 

............ ....,... 
o.oo 
0.63 
o.o5..... 
*"'"''* 
o. 48 
a. 11 

•••• 
**** 
3.00 
1).05 
o. 79 
0.03............ 
0.23 
1.14 

....,... 
,. ..... 
2. 713 
'1. ":1.3 3 
0.6()8 
0.076........ ..,.... 
0 .. 5'37 
0.907 

..... 
... ... .. 
3.45 
0.05 
o. 81 
0.15....... .. ........ 
1.04 
1.24 

......... 
"'"'*** 
0.021 
0~1)00 
o.ooz 
a. ooo 
•••••......... 
o;ooo 
0.014' 

••*"'*
* ..... 
2.113 
0.033 
0.668 .o......076 

••••• 
0.537 
0.907 

•••••
••••• 
0.008 
o.ooo 
0.002 
o.ooo............. ,.. 
o.ooo 
a. 015 

•••••• 
T 

II 
9 

II
•••••• 

I3 
5 

•••••• 
!5 
zg
13. 
25

••• 
. ..... 

39 
I5 

•••••• 
15 
ZI 
17 
2I

•••••• 
ZT 
IT 

....... ..,... 
12.33 
·zo. 33 
D.oo 
19 .oo 
*****........ : 

26.33 
12.33 

•••••• 
23 
25 
23 
23 

•••••• 
22 
22 

II 
I2 

·I3 
l.C.:' 
I5 
I6 
!T 
I8 

08 
09 
I)~ 

09 
')9 
09 
08 
.,.,. 

55 
00 
10 
l'o:) 
l'l 
'30 
50 
1') 

o.os 
0 ."2.'3 
0.56..... ....... 
0.15 
0.20 

. -1~ 28 

1). 08 
0 .'30 
0.38.,.. ..... 
**** 
0. 15 
0.13 
I) .15 

o. 08 
0.20 
O. 3 B ..... 
***• 
0.18 
0.15 
e~·.2'l 

0.05 
0.23 
0.36..... 
**** 
0.15 
0.10 
1.11'1 

o. 00 
0.15 
0.33...... 
•••• 
0.13 
o.o8 
O.IO 

a.oo..... 
........... 
••'*•••••...... 
o.1o 
0.20 

o.os 
0.33 
0.41 ,..,.. ... 
•••• 
o.1a 
0.15 
1')/. 2 5 

0.047 
. o. 251)' 

0.402...... ........ . 
0.157 
0.131 
0. 18 5 

o.08 
0.38 .o. 58 ...... 
**** o. 28. 
0.25 
0.28 

0 .1)00 
O.DJQ 
o.• 000 ............ 
o.ooo 
0.000 
o.ooo 

0.047 
. I'). 25'1 
o. 40 2 

•••**••••• 
a. 157 
0.131 

. O.IB5 

0.000 
o.non 
o.ooo...... 
••••• 
o.ooo 
o- .. ooo 
o.ooo 

g 

II 
9

•••
••• 

I3 
IT 
I7 

IT 
7.T 
I5 

•••
••• 

bi 
89 

I05 

to 
21 
IO

•••
••• 

2T 
29 
29 

15.00 
1·9. 6 7 
14.3'3 
***** 
........ 
33.67 
45.01) 
50.33 

22 
23 
25

•••
••• 

24 
24 
24 

I9 09 05 3.81 3.96. 3.86. 3. ~a 2.77 2. 74 3.17 3.429 4.04. 0.124 1.638 0.076. II I3 2I 15.00 23 
20 
2I 
22 
23 
24 
·z5 
26 
21 
2B 
zq 
30 

09 
1)9 
OQ 
09 
0!3 
09 
OCl 
08 
oq 
f')q 

09 

05 
')5 
0'5 
40 
40 
05 
15 
55 
00 
:)0 

00 

2.08..... 
•••• 
0.46 
0~97 

0.18 
o. 86 
a. o8....... 
•••• 
0.18 

2.29.,.. ... 
•••• 
!J.4l 
·1. 12. 
0.15 
0.91 
O.'JB 

•••*•••• 
0.13 

2.34..... 
·····0.56 
1. 12 
o.1a 
n. u. 
o. 10 

···-­•••• 
o. 10 

1.52.......... 
l'l.36. 
·1. lZ 
0.15 
o. 71 
o.oa......
•••• 
o.08 

1.30........ 
**** o.'1n 
o. 6Q
o.o8 
0.43 

1.40 

**"* ... .... 
o.oo..........
•••• 

o.os ••••...... ........ ...... 
o.to •••• 

.1. 52 ..... ,.. 
,.. ... ... 
0.01") 
o. 97 
0.15 
i'J. 71 
0~ 08
••••..,.. 
0.20 

1. 778 
*"'*** 
••••• 
11.254 
o.9q5 
0.148 
0-732 
0.076 ....... ... .... .. 
0.131 

z.rn ........ ....... 
0.48 
1. 17 
0.25 
1.14 
o.to .. ....
•••• 
0.28 

0.')13......... .... "'.., .. 
0.001") 
o. 081 
o. 000 
0.01)0 
o.ooo...... 
**"'** 
o.ooo 

.1. ...... 778 . ....... 
0.254 
0.995 
0.148 
o.B2 
0.076·
•••••........ 
a.·ut 

0.007 
•••••...,.. ... 
0.000 
o.081 
o.ooo 
0.001 
o.ooo..., .. ........ 
o.ooo 

g

•••••• 
13 
I5 
I5 

T 
g

•••••• 
I5 

I5
•••••• 

33 
Z3 
33 
I3 
II

•••••• 
59 

Zl
•••••• 

25 
29 
29 
to,.

•••
••• 

ZT 

15.0J...... 
.,. ..... 
23.67 
.22. 33 
25.6.7 
13.00 
13.00 

....... 
••••• 
33.67 

23 .•..•• 
24 
24 
Z3 
21 
23

•••••• 
23 

TOTll 13.6~9 18.11 0.25~ 11.858 0.021 ME' AN 22.13_3 23.2 

NOTE· THE SYMBOLS • INDICATE MISSING DATA 
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· TABLE 13 

OO.ILY RAINFAll, RUNOFF AND SQil-W.HE'R SUCTION· DATA 

FOR THE MONTH OF OCTOBER, 1974 

OATE 

STo.qTP~G 

CLCCK 
Tt "11: 

1---~-----~ATN~All UND~R FOREST 
GAGE ~o., C~ 

2 3 4 5 

cove R----------1 

•• 1 M~AN 

RAIN~All 

IN THE 
OPE'r..l, CM 

)l:UN­
I"'FF, 
·c" 

RAIN~.Ul 

CORRESP­
. OND J NG TO .· 

RUr..IOFF, CH 

RUNOFF 
RA I NFo\LL 
R~ TIO 

1----SOIL-WATFR---1 
 
SUCH'JN AT 

30 CM OFPTH, {"" 
1 2 3 ~~AN 

•r• 
 
TEMP. 
 

c 
 

I 
2 
3 
4 
5 	 
6 	 
1 	

•
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
21 
28 
20 
30 
31 

TOT&.L 	 

14 
09 
08 
09 
09 
09 
\.19 
08 
-09 
09 

'09 
09 
09 
09 
.:>9 
08 
()q 

09 
09 
">9 
09 
09 
1)8 
08 
08 
13 
08 
13 
OS 
11 
OS 

00 
30 
55 
00 
"0 
M 
")() 
45 
00 
00 
\(} 
I 'J 
ro 
10 
2J 
35 
10 
25 
2 5 
25 
:to 
40 
45 
35 
45 
20 
45 
30 
35 
15 
35 

0.97 0.91 1].81 !"/.66 1].43 0.~3 0. 76 
. 0~ 05 Oo03 o. 05 o. 03 o.ao o.oo o.oo 
0.38 Q.4b 0.51 1].36 0.61 o. 3 a a. 63 
0 .. ~6 1].66 0.66 ,, • 51 0.46 o-.4~ 0.58 
•••• ..... "'*** •••• •••• •••• ••••...... ..... ,., ........ •:.to•• ..... •••• ....... 

• 

o. 61 0.46 a•. 46 0.46 ..... 0.2"5 1.27 
1.37 1. 63 1. a a 1.42 1. 14 . 1. 1 9 1.42 
0.48 :).61 0.6~ 1].51 0.3~ 1').33 0.38 
1. 52 1.83 l.:78 1. 2 7 1. 70 1. 2 7 1.52 
o.za 0.25 a.za a.2a 0.10 o.os 0.15...... ..... .**** •••• ..... ••*• **** •••• ..... •••• ...... ....... ...... ........,... ...... ..... 	·***"' •••• •••• •••• 
1. 1)7 1.17 ·1. 2 7 a.97 •••• 0.86 i.07 
7.37 9.40. "6.98 7.75 9.83 •••• 8o43 
0.30 0.30 a. J6 n.23 a.ta .o.zs 0.25 
o. 76 0.91 a.97 a.a6 o. 61 0.13 o. 76...... ,., ..... ...... ... .. ..,. ••••••

•••....... . •••• •••••••• **"*•••• •••• •••• 
2o51 2. 92 3. a5 z. 6 7 2.11 7..o08 2 •. 59 
0.13 0.13 0. 15 0.10 .Q. 08 0.10 0.1:3 
(}.15 1).(}8 11.11) 0.18 , • liJ 0.13 0.13 
o.zs 0. 33" a.36 o.za 0.13 0. 18 0.20 
o.oa o.os a.os o.a3 o.oo o.ao 0.01') 
0.56 .o. 69. a.66­ a. 56 a.38 0.4~ o. 69...... .... ...... •..•••.... •••• •••• **"'*...... .... .. 	 •••• .8. 6 4 8.38 8.13...... ...... 	•••• •••• •••• •••• ••••• 
0.86 1.19 1.19 o.a6 0.79 o.3s 0.46...... ..... ..... •••• •••• **** •••• 

n. 740 
0.022 
0.475 
0.555 ......
'!''(!:•••
0.584 
1.437 
0.4 75 
1.557 

·o.19i................... 
*'*•** 	 
1.050 
·8. 29 3 
11.269 
o. 715............. 
2.562 
0.116 
·o.t23 
0.247 
0.1'129 
0.570
••••• 
a. 3az
••••• 
0.820 
••••• 

41.307 

0.99 
0.03 
0.51 
0.66 

****..... 
0.63 
1. 90 
o. 71 
1. 75 
a. 30 . ....... 
••••...... 
1.75 
a. 53 
Cl.23 
0.84..... 
**** 
3. 76 
o. 20 
0.23 
n.3a 
o.rH....... 
***"' 
•••••••• 
"'***...... 

3_8. 20 

t}.\)64 
o. 000 
0.014 
o. 013............ 
o.oo4 
0.050 
0.012 
0.066 

. o. 000 
•••••
*••••.- ..... 
a. 019 

. 0.161 
o.noo 
o.ooo 
"'****........ 
0.13 7 
o.ooo 
o. 000 
0.0(}0 
o.ono 
o.ooo 
>!=$*"'* 
O.l'JBl 
o. 1a a 
0.012
••••• 
a.s2o 

o. 740 
0.022 
0.475 
0.555 

***'**...... 
o.5a4 
1.437. 
0.475 
1. 55 7 
0.192
••••• .......... * .. ...... 
1.050 
5. 095 
a. 269 
0. 715 

***** ***'to;"' 	 
2.-562 
.r.l. 116 
0.123 
0 .24 7 
o.029 
0.57-!J
••••• 
2. 56 s· 	 
•••*•
o.a2o........ 

32.293 

0.087 17 43 23 27.67 
o.ooa 17 53 23 31.00 

·o.o29 11 39 23 26.33 
0.023· 11 13 23 .1 5. 6 7 
*'**** ..... ...... ... ........ 

.••'*•* *** .... •** ...... 
o.oo1 11. 33 25 2 s. 00 
0-..035 7 1l 17 11.6 7 
0.025· 9 11 17 12.33 
0.042 7 11 17 11.67 
o.ooo 9 13 19 13 .. 67 ........... ,.,.. ... ••••* 
*"~~*'** ••• ••• ···* •••••........ ...
 **• •*• *-=•·· 
0.018 15 25 2 5 21. 67 
0.032 7 12.33.· 11 19 
 

' (}.(l(ll1 7 11 19 12.33 
o.noo 1 9 19 11.67 
....... *** ... ... .. ...,........ .... ..... ... .......
 
0.(}53 9 17 21 1 5. 6 7 
o.ooo 1'1 19 23 1 7. 6 7 
0.000 15 23 25 21.0') 
o.ooo 13 25 2 5 21.00 
o.ooo 13 15 25 17.6 7 
o.ooo 11 25 2 5 
**••• ••• ••• ••• .zo......33 

0.032 ••• *** ••• ***** . . 177o.ol6 2 8.67 
0.015 10 15 23 16.00 
***** ..... *** .... ...... 
o.o25 MEAN 17.667 

25 
 
23 
 
22 
 
22 


••• 

•••
 

22 
 
22
 
21 
 
21 
 
21 


••• 

•••

• •• 

21 
21 
22 
 
24 
 

••• 

••• 

22 
 
24 
 
22 
 
21 
 
22 
 
23 


•••

••• 

22 
22

••• 
 
22.1 

~OTE THE SY"'BOLS * INOICATIE MISSING- DATA. 
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TABLE 14 

DAILY RAYNFALL, RUNOFF AND SDIL-WAT!:R SUC·TION DATA 

FOR .THE MO"'TH OF NOVE,..BER, 1974 

O,lTE 

STAqTPIG 
CLOCK 

Tlto~;': 

·1---------Q~lNF!Ll UNDER FDPEST 
G4GE NQ. I Cl1 

2 3 4 5 

COVER----------1 

6 7 MFAN 

R.6 !"o!FALL 
I~ Tl-iE 
OPE"', CM 

RUN­
(IFF, 

CM 

~AINFALL 

CORRFSP­
ONDING TO 
RUNOFF, CM 

RUNOFF 
RAINFALL 

RATIO 

1---S~I L-WATE~---1 
SUCTIO~ AT 

3a CM DEPTH, CM 
1 2 3 MEAN 

"" TeMP. 
c 

I 
2 
3

•
5 
6 
7 
8 
9 

10 
11 
i2 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
,27 
28 
29 
30 

TOTAL 

ll :15 
·aa:35 
1)8:35 
09: 4-5 
0~:45 

08:4,0 
0~;45 

os:3J 
08:30 
oa:;o 
08:35 
1:3:30 
09:10 
08:40 
oa::n 
08:35 
08:)5 
09:00 
<18:51) 
08:55 
11:40 
as: 35 
08::35 
na:35 
oa:4o 
08 55 
)B 45 
08 45 
08 40 
OS 40 · 

1. 14 

*'**"' ....... 
1. 83..... 
a. 33 
2.18 
J. 86...... ..... ., ... 
s. na 
a. 76 
a.a3 
a.13 
a.03 .............. 
4.83 
a.'15 
1. 52....... 
7.11
••••..... 
a.5I 
a.o5 
o.oo ........ 
a.o3..... 

1.32 
••••... .., 
1.98 ........ 
o. 3 8 
2.54 
1. "12.......... 
5.21 
0.81 
a.as 
a.33 
a.a3 .............. 
6.48 
a.aa 
2.34.............. 
**** ...... 
a.61 
a.a5 

.a.03
•••• 
a·.a5
•••• 

1. 42
••••..... 
1.78 
""**·* 
0,46 
2.79 
t:l.9l
••••.... ,... 
6.10 ........ 
0.01') 
a. 4 a 
0.03..... .. ..... 

1. 17 
... .... 
•••• 
1.57 
•••• 
0.33 
2.:36 
0.81
••••
•••• 
5.18 
o. 8!::. 
O.T~ 
0.20 
0.01'}

•••• 
**** 

6.10 ,.69 
o.oa. n~os 

z. 64....... 
9.78
••••....... 
0.11 
o. 05 
o.as
•••• 
o.oa 
**** 

1. 6 8 ...... 
7. 75 ....... 
**"'* a. 61 
a.a3 
a.. a;,....... 
o.aa...... 

a. s1 
... .... ... 
.... ..... 
1. 12 ......... 
a.2 9 
2.5~ 
o.at 
**""* 
**** 
*.'***a.94­
a .. '1:J 
a.15 
o.oa 
*"'*"* ......... 
4.34 
o.oo 
1.96...... 
8.59..... 
•••• 
a.ao 
o.oa 
a.'10 ......... 
o.ao...... 

a.at....... ............... ...... 
a~ 28 . 
2. !3. 
a.76...... .. .... 
4,.86 
0.63 
IJ.IJC ........ 
a.ao ................. 
4.a9 
a.aa 
1. 83 ......... 
5.54 ..... ......... 
a.aa 
o.oo 
o.oo..... 
o.oo
•••• 
. . . 

l.a2..... .. 
... ... 
1.3a 
... ..... 
o·.3o 
2.41 
a.B6 ............ 
4.63
••••n.o0
•••• 
a.aa
•••• ... .... ...... 
a.aa 
2. 59 ..... 
8.1a........... 
a.oa 

·a .aa 
O.r.la
•••• 
o.oo
•••• 
•. . . 

1.a99
••t••........ 
1. 596 .. ........ 
a.337 
2.424 
0.864 
....... 
••••• 
5 .. 211 
0.782 
:).,1)15 
a.259 
a.au...... ........ 
5.254 
a.a36 
2.a79 .. ...... 
8,.146........ ....... 
0.348 
a.0.25 
a.Oll
•••••
a.022
••••• 

46.,025 

............ ...... 
4. 90 
•••• 
0.76 
3.12 
1.27...... ...... 
6.96
•••• 
a.I)O 
a. 56 
o.a5......... ., .. 

"6.27 
a.a3 
2.69..... .a. 7b ............. 
a. 11 
a.ao 
o.a5...... 
I). 13

•••• 
59.13 

a.a57.
••••••••••• 
o~aa3

:tiE••• 
a. ooa 
a. 097.......................... 
o.a54 
Q.aO'J 
a.aao 
o.aoa........ ........ . 
.a. 141 
a.aaa 
a.116 
a.176 
·a.094
••••••...... 
a.aao 
o.aoo 
a.oaa 
••••• 
o.ooo......... 
o. 737 

1.099............ 
1.596........ 
0.337 
2.424 
*****....... ................. 
0 •. 782 
a.ul5 
a. 259 
a. ou .. .............. 
5.254 
o.a3& 
2.079 
2.997 
2.984................ 
a.348 
o.a25 
o·.au 
... ..•.. 
O.OZ2
•••••• 

20.261 

o.osz .................... 
O.Oa2.......... 
a.aaa 
0.040 ........................ ..... . . 
o.a69 
a .. nao 
a.aaa 
a.ooa 
... ..... .. ........ 
o.an. 
a.oao 
o.a56 
a.059 

·o.a32 
*~~'*••.. .. ,.. .. 
a.aoo 
o.oao 
o.aaa 
••••• 
o.ooo......... 

IO
•••••• 

9 

••• 
9 
7 
7

•••••• 
7 
9 

13 
15 
17

•••... 
3 

10 
6

•••.5..... 
••• 
II 
14. 
14.••. 
18

••• 
0.036 .MEAN 

15 22 

*** *""'* ..... · .... 
19 23.... ... 
15 23 
27 i9 

9 19... .... ..,... .. ... 
• 17 

17 17 
19 19 
23 8 
31 21.... ...... ....... ... 

6 9 
12 9 
n n·... .... 
5 21............ 

*** ..... 
15 1..3 
19 15 
21 19 ...... ....... 
37 24..... ..... 

15.67 .......... ....... 
p. oa ............ 
15.67 
17.6 7 
11.6 7............. 
11. a a 
14.33 
17 .. 1Ja 
15. 3 3 
23.00 .. ... ,. .. ........... .. 

6 .. 0J 
10. 33· 
a. :n....... .1......Cl. 3 3 

••••• 
13.0a 
16.0a 
18. a a· 
***** 26.33
••••• 
14.. 815 

23 

.•••.. 
20 

••• 
22 
20 
20 

•••
••• 

22 
22 
20 
19 
19 

•••
••• 

20 
23 
20 
2i 
21 .•..•• 
21 
22 
22

••• 
21

••• 
20.9 

NOTe : ~HE SY~BOLS * INDICATE ~tSSING DATA 
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•••• •• 	 ••••• 

-,, 
··--·~-··'.;<-;r-:-:,...-,.c. -~._,,. ;..,.;.. -,(.-'"""'' ;.,...• ­ --! 

a:> 
a:> 

TABLE IS 

DAtLY R.AINFALL, RUNQF=F ANO SOIL-WATER SUCTtO~ DATA 

FO~ THE MONTH OF DECEMBER., ·1974 

'fl.&T"lHLL 1---- SOl L-WA TE ~--- ., 
SHCiTt~G ·1---------CIAJNFHL liNO.::R FOREST COVE'R---------1 RAI~FALL' RU"l­ CQRFI.E=SP­ FI.U~OFF SUCTII'JN AT . AI' 

ClOCK GA.Gf NOo, CM IN THE OFF, ONDING TO ~<'AlNFALl 30 .CI-1 OFPTH, CM , TEI"J~' • 

our: Tpu: ~ 2 3 4 5 7 MEA.N oPF:~J, c"' CM RUNOI=F, CM RATIO 1 2 3 MEAN c• 
I oa: 40 •.r•• .......... •••• •••• •••• ....... ..... ... ..... ..... ......... ..1'... ......... ••• ••• ••• ••••• ... 
z o~= zo 0.1'13 o.aa o.oa :) •o~J o.o·o o.oa o.oo 0.\)25 0.10 0.0')1) 0.025 o.ooo 25 57 22 34.01 21.,· os:Js o.oo o.oo o.oo o.oo o.oo­ o.oo o.oo o.ooo o.oo .o.ooo o.ono 30 73 37 46.67 20 
4 	 08:45 o.oo o.oo o.oo o.oo o.oo 0.1)0 o.oo o.ooo o.oo o.ooo 0. 000 33 71 40 48.00 20 
5 	 oa: 5'1 o.ao o.no 0.:1'} 0. ')) O.'liJ 0.1')0 f'),.l')fl n.I'JIJO o.oo· 0.000 o.ooo 3b 91 43 56.6 7 22 

oa:4s o.oo o.oo o.r::lo 1),.00 o.oo o.oo o.oo o.. ooo .o. 00 o.ooo o.ooo 41 117 .9 00 216~.•
7 08:4 5 ..... ......* ..... .. ..... .,.... •••• •••• ......... ... ... .. ........ . *""'*** ••••• ••• ••• ••• ...... •••.. Js:4s .......... ........ ..... .., ...... ...... •••• *•"'* ·••+•. •••• ..... ~. ....... ....... •••• ••• ••• ...... ••• 
9 oa:Js 1.83 

_ 

2~ 92 3.30 _1. 8 3 2. 0 l 1. 9·6 2.95 2.398 3. 01 o. 000 2.398 o.ooo 5 9 6.67 21 
10 o a: 3 s 0.13 o. !3 1").13 o.o8 0.='15 ..... 0.13 Q,.lf16 _o. 15 0. \•OIJ .0. 1 ')6 o.ooo 9 13 11 11.00 22 
11 08:35 0.03 O.. OJ o. 05 1).00 o. 00 o.oo o.oo· o.IJ15 o.o 3 .o. 000 o.ots o.ooo 11 21 IS 15.61 22 
12 08:35 1 .11 1.6 3 1 • 83 1.12 1.04 1.14 1... 55 1-.~53 1 .. 65 0.057 1.353 0. 0"42 5 5 11 7.0') 21 
13 a·e:Js 'J."'3 0.03 (} .1'15 :1.1'13 0.-10 a.oo O.r'l!J n.;·na­ o. ·13 1) .. 000 0.018 o.o·oo 9 13 13 il.b7 21 
14 os: 35 •••• ......... ........ ........ ....... ..... .. ....... ·•••• 	 ,.,. ... *'!'-+** . ..... .,.. ......... 	 •••• ••• ••• .......
 ••• 
1 5 08 :3'5 •••• ..... •••• ..... •••• .. *** .- ...,. ....... ••••• ....... •• • •• .... ..,... •••••** **•* 
!b 08!45 3.'l5 3 .94 3.81 2. 6 7 2 .4'=1 3.91 s-.:n 3.600 3~68: o.ooo 3.600 o.ooo 9 11 !3 11.00 19 
17 oa:so 0.10 0.13 o.l3 o. OS 0~03 o. 05 o.os o.oao 0.05 o. O'JO a. 080 0.000 9 IS 13 12.33 io 
18 oa:Js 0.03 0.03 o.os 0.03 0.•)0 o.oo Q.f)(\ 0 .. 018 !).')3 ._,.O~J o.ota o.~oo' 11 17 17 15.00 22 
19 oa:zs o.oo .o. 00 . o. 00 o.oo o.oo o.oo o.oo o.ooo o.oo o.ooo o.ooo 13 IS 19 15. 6 7 20 
20 08:31) 1.27 J.93 1.98 1.22 1.22 1.40 1.88 1 • 55 7 1.90 0.054 1.557 0.035 5 7 15 9.00 19 
2 1 19:31 •••• ..... ..... ••• ...... .... .. ...... ...... .. ..... ....... ...... 

•••• •••• ••• ••••• ... 
 
2> oa:Ja ..... ......... ..... .•.... ...... ... ..... ··*~ ... .., .. .......... ....... ••••• •• • •• ...... •••
 
23 o~= 45 7.24 .....,.. 9.90 7. 11 6.96 . 6.68 El. 53 '6 .146 

_ 

6.96 0.114 8. 146 0.014: 5 3 10 6.0!) 20 
24 oa:ss 1.2 7 1. Q3 lo93 1.27 1'1.99 1.27 1.70 1 .480 1.13 0.056 1,.480 0,.038 7 10 7.6 7 20 
25 as: ss ..... •••• ..... ....... .. ..... ....... •••• .. ........ •••• ....... .., ._ ...... ...... •••• ••• ••• ...... ••• 
 
Zb O!J 45 ) .05 4.70 4.44 3.17 3.05 ..... 3.89 -3.717 4-. 34· f).05t 3.71.7 0.014 5 7 11 1. 6 7 19 
27 OB 3') Z.I'IS 3.:H 3.66 2.13 2.!8 2.54 2 .. 92 2 .. 692 3.07 o. 161 2· 522 0.064 5 6 11 7. 33 19 
28 08 30 ••••• ...... ..... ...... •••• •••• ....... ... ..... ••::t*• ...... ..... .. ••• ••• ••• ...... ..."'*'** ...,.... ......... ......... .... ... ....... 	 ...
29 OS 30 •••• ..... ...... •••• ..... 	 . 	 ........ ••••• . ••• ••• ••• ...... 
 
30 08 50 0.38 0.53 0 .. 61 IJ.za o.z 8 0.38 o.sa 0.435 0.63 o. 00.0 0.435 o.ooo 11 . 15 15 13. 07 ... 
31 10 ItO 0.15 o.za 0.2 5 o.oa o.oa o.zo 0.20 0.178 o.25 o.ooo 0 .. 178 o.ooo. 13 19 IS 15.67 ... 

TOT.&l 	 . . . 25.819 .27.69 0.494 25.649 0.019 HE·AN . . 20.381. 20.5 

'NOTE' : THE SYJIIBOLS * TNDICATF MISSING O~TA 
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TABLE !6 

DAllY IU!NFALL, RmmFF AND SOIL-WATER SUCTION DATA 

FOR THE MONTH OF JANUARY, 1975 

DATI: 

ST!'I:Tt~G 

CLC'IC!<: 
TlJoi.E 

1---------~AINF!ll U~nER FOREST 
·G4.Gt= NO., CM 

2 . 3 4 5 

CrtVER-....-------j 
6 7 MEA.N 

RAINFALL 
IN THF 
OP~N, CM 

~UN­
OFF, 

CM 

RAIIIJFALL 
CORRESP­

ONDING TO 
RUNOFF, CM 

RUNOFF 
RAINFALL 

RATIO 

1----SOIL-WATER---1 
SUCTION AT 

3Q CH DF.PTH, CM 
1 Z 3 MEAN 

AIR 
TE;-'!P,. 

c 

1. 
2 
3 
4 
5 
6 
1 
B 
Q 

10 
11 
12 
13 
H 
15 
16 
17 
16 
19 
20 
21 
22 
21 
24 
25 
26 
27 
28 
29 
30 
'31 

TOTI.l 

UP: 3:1 
09 55 
08 45 
08 45 
08 45 
oa so 
Qq 50 

-08 45 
0~ 15 
09 25 
QQ:25 
•)'il: 2 ") 
09:] 0 
09:50 
09:30 
09:30 
QQ: 00 
oq:oo 
09:1)0 
!)9:00 
09:00 
15:30 
09:40 
09:00 
09: :')!') 
09: 00' 
09:05 
08:25 
09:40 
09:45 
il9:20 

..... 
1.83 
l.tz· 
••••
•••• 
1.96 
2.54 
L52 
0 ~ 74 

·"• l B 
.. ~t• 

tr•••....... 
2 .18 
0.13 
0.03 
I). 1'10

••••..... 
11.1")0 
0. Ql) 

0.00 
0.00· 
o.oo..... 
•••• 
5.59 
·tL09 
o.oo 
1.02 
2~79 

... ... 
2 .• 6 7 
1. 63 
••••
•••• 
3.17 
3.81 
2. 54 
t'1.9l 
0.25 
•• + .... 

·~··..... 
3.56 
o.zs 
0.05 
:).1)0
••••..... 
1.1")0 
o.oo 
o.·oo 
o.oo 
O.QO. ............... 
6.73. 
'). 1' 
0.03 
1.27 
3.94 

....... 
z. 67 
1.63.......... 
3.17 
3.68 
2. 79 
0.86 
0.23. ........ .............. 
3.61 
o. 2 5 
0.115 
0.03..,........ 
!J.')") 
o.oo 
o.oo 
o.oo 
o.oo 
****..... 
a. 76 
0.13 
0.03 
1.32 
3.94 

...... 
t. 78 
l.07....... 
*Y** 
1. 9 8 
2.74 
1.83 
-:1.61 
o. 13 
••••............. 
2.54 
rJ.L3 
0.03 
0.1)1..... 
... .... 
0.0:) 
o.oo 
o.oo 
o.oo 
o.oo ........ .. ... 
6.98 
o.. oa 
o.oo 
0.84 
2.87 

........ 
1. 60 
1.40

••••...... 
2. ")1 
2. 49 
1.90 
:).46 
o.oa .. ..... ......... .. .......... 
2.11 
a.oa 
o.oo 
0.01).......... 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo...... 
•••• 
6.98 
o.oo 
o.oo 
"0. 7 b 
2.72 

**** 2. 01 
1.09 

****•••• 
2.46 
2.54 
1.78 

·0. 56 
o. 13 

"'······"***:....... 
2.39 
a. 2 3 
o.oo 
·o.l'lo .. ... ... ..... 
o.oo 
o.oo 
o.oo 
o.. oo 
o.oo .. ......... 
6.63 
0.113 
o. 00 . 
1.04 
2.84 

•••• 
2.36 
·o. 94

••••
•••• 
2.59 
3.40

••••...... ....... ........ 
••••........... ·-··o.oo 
0.0']..,... 
**** 
o.oo 
o.oo 
O.Q.I) 
o.oo 
o.oo .. ... 
•••• 
5.77 
o.oo 
o.oo 
1.30 
3.43 

,.. ........... 
2.130 .L.266 ............... 
2.476 
3.030 
2.062 
0.690 
0.1:65.......... 
"**** ..........** 
2.730 
0.178 
0.022 
0.1")1)4.......,. 
**'"** 
b.ooo 
o.ooo 
0.0110 
o.ooo 
0.0110. 
... .......... 
6.778 
11.056 
0.007 
1.076 

. 3.21~ 

39.153 

...... 
2. 41 
1.55 .••••..... 
3.17 
3.48 
2.34 
o.a1 
o. 20 
**"'*............ 
3.38 
0.38 
o.o3 
0.1)3
••••....... 
o.oo 
0.03 
0.110 
o.o3 
o.oo..... 
**** e. 36· 
0.03 
a. o3 
1.• 27 
3. 71 

49.76 

........ * 
0.159 
o.on............ 
0.451 
o. 18 5 
o.l35 
0.046 
o. 001 ......... 
... ....... 
0.185 
11.191. 
o.ooo 
o.ooo 
o.noo........... 
•*:!'** 
o.ooo 
o.ooo 
0.1"11)0 
o.ooo 
o.ooo..,... 
···~· 0.182 
0.000 
o.ooo 
o.~J21 
0.154 

1.791 

•*•Y* 
i.l30 
1.266 

.,..•••••....... 
2.478 
2. 3.24­
2 .ObZ 
0.690 
0.165 ... ..... ....... ,...... 
1. 75 3 
0. 178 
0.022 
0.004....."" 
... ..... 
o.ooo 
o.ooo 
o.aoo 
o.ooo 
o.ooo 

. .............. 
3.526 
0 .. 058 
0.007 
1.078 

"4.699 

35.698 

......... 
0.074 
0.061............... 
o. 182 
o.o8o 
d.066 
0 .. 070" 
0.006....,......... 
0.014 
0.1-19 
o.ooo 
o.ooo 

·o.ooo............ 

....... 
••••• 
0.052 
o.ooo 
o.ooo 
O.ll20 
a. D33 

0.050 

••• 
9 
5

•••
••• 

5 
5 

'5

•1
•••••• 

1 
5 
6 

11 

"•••••• 
19 
19 
21 
24 
26

•••
••• 

12 
14 
16 

5 
5 

MEAN 

.. ....... 
13 
15

•••
••• 

1 
7 
1 
7 

13
•••
••• 

11 
9 
9 

15 
10... 

it•• 
36 
39 
57 
61 
69 

• •• ••• 
20 
27 
35 

5

• 

• •• 
12 
15

•••••• 
10 
10 
11 
12 
15 

••• ... •.. 
11 
12 
l2 
15 
17 

•••
••• 

25 
25 
29 
31 
33

•••
••• 

17 
21 
25 
23 

9 

.. . . 

••••• 
11.33 
11.67....... 
••••• 

7.33 
7.;B 
7. 67 
a.33 

11.67 ........... ... 
9.67 
B.. b·7 
9.67 

13.67 
16 .. 33 

'**"""'· ***•* 
26.67 
27.67 
35 .. 67 
38.6"7 
42.67...... 
***~~<* 
16.33 
20.67 
25.33 
u.oo 
6.00 

17 .o.oo 

... 
20 
18 

•••
••• 

19 
19 
18 
20 
21 

•••
••• 

20 
19 
20 
20 
20

•••
•*• 

19 
20 
23 
21 
20

• •• ••• 
17 
17 
20 
19 
21 

19.-6 

Nt'T'E : THE SY.MBOLS • l'-,!OICATI: MIS"SING DATA 

l 
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TABLE 17 

DAILY ~AINFAll, ~.u:-.;o;::;: AND SC1It-WU!:R SUCTTON OA'rA 

FOR THE MONTH OF FE6PUAR.Yf 1975 

R..AIIIWALI. .1.----SIJJ l-WATER--·1 
 
STAQTI~G 1-·--------".AlNFALl UNDER FOREST COVF.R--:--------1 RAINJ:HL llUN- CO~RESP- RUNOFF SUCTION .O.T 
 •r• 

CLOO: GAGE No.·, CM i~J TH'= OFF, OND!NG TO RAIII:FALL 30 CM DEPTH, CH ·TEMP. 
 
DATE TIM'= I 2 3 4 5 6 7 ME.O.N OPF.N I CH CM RUNOFF, CH RATIO 1· 2 3 ME.6N c 
 

I 09:20 ..... **•"' .......... .......... ....... **** ... ,. .. :t ........ '~~-*** ............ ......... ••• ••• •--:* ••••• •••
*""**"' 2 15:(1~ 4.27 4.711 5.59 4.83 3.78 4.14 4 .. 90 4.MH 6.02 o. 227 2. 616 0.087 5 9 15 9.67 21 
3 09:15 1~68 2. 59 2.16. 2.67 2.01 1.35 .1.93 2.054 2.29 o.l59 1.892 0.084 5 7 10 7.33 20 

09:45 2.13 2.92 3.17 2.03 1.63 1 .·9 8 2.59 2.351 2.79 0.183 2. 351 O.f)78 5 6 11 7.33 19•
5 10: 15 1.-n 1.37 1.65 1.'J2 1).91 1.. 09 1.12 1. 16 8 1.50 0.070 1. 16 8 0.060 6 10 '11 9.00 20 
6 10:45 a. os o.. o5 o.os 0.03 o.oo 0.03 a.nn o.. ozq 0.03 0.1100 0. 029 o.ooo 11 18 15 14.67 20,.,7 10:00 o.oo o.oo o.oo ·a. oo o.oo o.oo o.oa O.OO:J o.-'JO o.OO'J 'J.()(l0 ----- 13 19 18.33 19 
8 1"1:()1) ........ ..... ..... ..... •••• .. ......... ...... ....... ......
**** •••• •••• ••••• ••• ••• ••• ••• 
 

-9 10:00 ...$: • •••• ...... .... .. •••• ..... ....... ...... ..,.,.. .,.... ...... ••• ..•.. ••• ••••• •••

o9:4-o ·~·· 

11 08:50 O.'JO 0.03 0.03 o.oo o.oo o.oo o.oo o.oo1 O.fl'O o.oon o.oo1 o.ooo 20 '46 27 31.00 20 
 
12 oq:rs o.oo o.oo 0.03 o.oo o.oo o.oo o.oo o.oo4 0.05 o.ooo o.oo4 o.ooo 21 56 29 35.33 19 
 
l3 09:45 3.43 r.-.70 4.44 3.35 3.30 3.&3 4.29 3.879 4.62 0.133 3. 879 0.034 7 7 26 13.33 19 
 
14 10:oo 1.02 1. 42 1· 5 z 1. 02 0.94 1.1 q 1.55 z. 237 1. 65 o.035 '1. 237 0.028 6 7 10 7.67 19 
 

10 0.13 J). 15 0.23 0.1'1 1').00 0.15 
 o.oo 0.109 n.o23 O~OO:J Oa 1.09 o.ooo 19 39 26 28.00 20 

TOT~l . . . . . . . . . . . . . . . . . . . . . . . . . 15.-'t-40 '19.18 o. 807 l3. 293 o.061 MEAN • . . . . 16.515 19 ..6 

NOTE· : THE SYMBOLS • tNDICATt fr4[5SING DATA 

1-~ 
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rainstorms~ even t)1e capacity of four barrels was insufficient to col-· 
lect all the runoff. For this reason, the. rainfall received until the 
time of the measured amount of runoff is shown for each day in the 
Tables. 

The daily rainfall varied widely during any given month. Among 
the months recorded, August and September were. the driest, with 11 to 
lij em of rainfall under the canopy. November and January were the wet­
test with 46 and 39 ern, respectively. Rainfall recorded in the open 
was, on the average, 25% more than the amount recorded under .the canopy. 

Runoff from the plot also varied widely from day to day, depending 
upon the rainfall and soil-water status. In the duration of runoff mea­
surements (until the time the barrels were full), 0;5 to 6% of the rain­
fall on the plot ran off. The runoff percentage was smaller in early 
part of the storms; as indicatedparticularly by data for the first few 
months when only two 55-gal barrels were used to collect runoff. This 
finding is explained by the fact that infiltration rates are high ini­
tially when the soil is not completely saturated with water.· The soil 
profile was generally moist to wet all the time. The daily recorded 
soil-water suction at 30 em depth varied between 6 and·69 em water over 
the whole period of measurements. The monthly mean suction ranged from 
15 to 32 em water. 

The re-sults presented above indicat.e that the measurement of rain­
fall-runoff and soil-water relationships under natural watershed condi­
tim-is is useful in characterizing the infiltration of natural Y.ain. ­
Saturated hydraulic conductivities of different soil horizons are deter·· 
mined in_.situ. Analysis of results shows that characterization of in­
filtration also requires a determination of soil hydraulic properties 
when the soil is only partially saturated with water. For some practi­
cal uses, this study provides a rough guide for predicting infiltration 
of natural rain by way ··of runoff to rainfall ratios. 

A System for Continuously Monitoring 
Soil-Water Status on Forest Watersheds 

Soil-water status of a watershed- d€termines to a great degree how 
much of a rainstorm wo.uld infiltrate into the gr:ound and how much would 
runoff. This is so because the initial soil-water status determineS 
the water potential gradients and conductivities which, in turn, govern 
the flow of water through soil. Knowledge of the dynamic so·il-water 
status·through the year would be essential for predicting the rainfall­
runoff relationshiPs. dur.lng different rainstorms. Its cont:i.nuQus moni­
toring would provide a measure o.f drainage water yield and evapotrans­
piration between. the rainstor~s. By a careful analysis of such data, 
one could. determine the soil'S basic propert·ies of water conductivity 
and water storage as a function of soil-water potential. The knowledge 
of soil-water status and basic hydrologic· pr_operties would make water­
shed management more objective. 
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Recent developments ·in the fast-response pressure transducer:-s, 
automatic scanning and recording--systems for field use (Watson; 1967; 
Rice, 1969) make it-possible to continuously monitor the soil-water 
pressure or tensions in the profile at several locations. The soil 
water co~tents can then. b~ derived from ·the tension measuremellts using 
the pre-determined tension-water-content relationship fOr each soil 
ho.riZon. 

Rice ( 1969) described and tested a hydraulic scanning system in 
which twelve tensiometers were connected to a pressure transducer through 
a 12-port scanning valve. The valve was equipped with a solenoid switch-· 
ing motor that was energized with a timer. The signal ·from the trans­
ducer was recorded on a millivolt recorder. The power sourCe for ener­
gizing the tran_sducer, switching motor, .timer and recorder was fr•9m a 
regular 110-volt line. Rice pointed out some limitations of the hydrau­
lic scanning system, the important among them being (a) a response lag 
when switching from one tensiometer to another, (b) mOre cOnnections 
involved, which increases the chance for _air· leaks, and (c) teTflperature 
,effects when some of the temperature-sensitive water-leads are above 
ground. Hhen these limitations are critical, it ·would be best to use 
an electric scanning. system, in whict each tensiometer has its own trans­
ducer, located erose to the tensiometer cup, and the signals are elec­
tronically scanned.· However, the elEctronic system is mUch more ·~xpen­
sive because of the cost of Several ;~1ore pressure te_a,nsducers. 

Objective of the present study Has to assemble a transducer-hydrau­
lic scanning valve-timer-recorder sy~:tem that would run ori battery power~­
for use on remote forest watersheds ·where regUlar_power line may not be 
accessible-, and· test itS use to. monitor soil-water statUs on a Hawaii 1 s 
forest watershed. 

Design of the 1-lonitoring System 

Design of the completely battery-operated monitoring system devised 
for the watershed studies is shown hy a schematic diagram in Fig. l. 
Field tensiometers and reference-pressure channels were connected to a 
pressure transduc-er (Statham, Hodel PH131TC) through a 24-port hydraulic 
scanning valve (Scanivalve, W. Wafe::-). The valve was equipped with a 
solenoid stepping motor which respouded to a 24-volt de pulse emitted 
at controlled time intervals by- a timer-pulser. With each step of the 
_motor, the transducer is connected internally to a different tensiometer; 
with no volume changes in the syste1n when switching from one port to 
another. In this man~er, all the channels are sequentially scanned. 
The timer-pulser was powered by 24-volt de current obtained fr,om tl.,ro 
12-volt. batteries connected in parallel·. The pre,sure transducer re­
qUired an energizi:pg- current of con·stant 5-volts de voltage, which was 
obtained from a 7. 5-volt battery connected to a 5-volt de regulator. 
The regulator gave· a very sta,ble out· put over a lonp; time period. The 
1oil.livolt output. of the transducer was· fed to a strip-chart recorder 
( Weather11easur.:!, EPR-2T), which was operated on a .12-volt automobile 
battery. The recorder had a regulated motor, which is not affected by 
normal changes of· t-he battery's voltage. A 9~-amp autol?obile _battery 

,,. 

;, 

. ' 
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~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~ 
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_________________________________ ­

7.5-Volt 
Battery/ 

Auto 
Battery 

24-Port 
Scanning Valve 

12-Volt 

~ To Tensiometers 

Stepping Motor 

24-Volt 

Timer-Pulser 

'\_Pressure·· 
Transducer· 

12-Volt 
Batteries 

pa ,..,"l~Reroll Adaptor 

Fig. 	1--A schematic diagram-of·:the compl:e:tely ba:t:tery-opera:ted monitoring 
system devised for wate.rshed studies. 

t 	 ",...;. 
-~ -·-·-----·- --~- ------~-- -·-·-··-~--.-~- ..... 
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performed well for one week period, after which it was removed and re­
charged. Two batteries, used alternately, were convenient and satisfac­
tory. The strip chart coming out of the recorder was automatically 
rolled on to a reroll adapter, powered by flash-light cells (3-v de). 

Each port of the scanning valve was connected to an individual ten­
. siometer or reference-pressure channel by 3 mm O.D. nylon tubing. To 

remove air bubbles as they appeared in the valve and leads, a sideline 
was provided between the transducer and scanning valve for flushing in­
dividual channels. The whole monitoring system, shown in Fig. 1, was 
en6losed in a styrofoam-insulated box in order to reduce the effects 
of temperature fluctuations on the units. The nylon tubings connecting 
the tensiometers to the scanivalve were exposed to the environment .. _In 
order to accou~t for the environmental effects on the water pressure 
readings, if any, thr8e reference-pressure channels were provided in 
the scanning cycle (of 24 channels). A frequent record of air tempera...: 
tures was maintained in order to correlate any such.effects~ 

The monitoring was conducted on the forest-watershed plot at the 
U.S. Arboretum, described in the previous subsections. The plot had 
three sets of tensiometers installed along .the slope .. Each set had five 
tensiometers, one for each of the soil depths of nearly 7.5, 30, 60, 90, 
and 120 em below the soil surface at the individual locations. At the 

·site of each tensiometer set, a water bottle was- placed to serve as· the 
reference-pressure channel. Tllus,. there· were a total of 15 individual 
tensiorneters and 3 -reference channels~ Six additis>nal channels were_ 
available on the 24-port scanning valve. So, the two shallower tensio­
meters in each o'f the three sets were connected to these-six ports by 
T-connections. In this way., the shallow_er units were read· twice in the 
scanning cycle of 24. This was advantageous in that the shallower soil 
depths underwent more· frequent soil-water pressure change's. The box 
containing the sensing and recording units was located outside the plot,. 
so as to avoid frequent entry into the plot ahd not to interfere with 
natural conditions of rainfall and runoff. .;' ,, 

''l 
The response time of the scanning system depends on the transducer ..

sensitivity, tensiometer-cup conductance, soil-water conductivity, and 
.1·· 

amount of air in the system. The cup conductance would be critical ·.i 

when the soil is wet, but the soil-water. conductivity may limit the sen­
sitiv.ity when the soil dries up. Testing of the system in-situ for 
some time indicated that· a switching interval of 2 min was satisfactory 
for all different channels. The problem of air bubbles was encountered 
frequently as the soil-water tensions increased, especially for the 
tensiometers located deep in the profile. Continuous vigilance, flush­
ing of just the problem channels when necessary and a biweekly to month­
ly.flushing of all the ·units was required. 

Monitored Data and Applications 

An example of monitored data is given in Fig. 2. ·The figure shows 
the changes in the recorder's reading with the ch;mging of channels 

,..~:~ 
resuiting from consecutive stepping of the motor. The chart speed was 

'-~;~ 
'•. 
. ·.. 

''a 
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Fig. 2~-An example of actually recorded data for all the 24 
channels. 
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18 ern/hr. The stepping interv'al was a little aver 2 min. The complete 
cycle of ·24 channels was completed in 50 min. The numbers written next 
to each step are channel numbers. Channel Nos. 1, 9 and 17 were the 
reference-pressure channels. As the soil-water tensions increased, the 
recorder reading decreased. A.pre-deterrnined calibration of the system 
and the changes in calibration as indicated by the-reference channels 
were used to decipher the recorded data· in terms of soil-water tensions 
as ern of water. For this purpose, the ground leve1 at the location of 
a given tensiometer and its depth below _the soil surface were also re­
quired. 

Fig. 3 shows the cumulative rainfall and soil-water suction changes 
at 5.5 ern and 26 ern soil depths at the location of tensiometer set no. 1 
for 24 hours starting from the morning of August 20, 1974. The data­
indicate a general correspondence between the rainfall and soil-water· 
suction changes. As expected, the suction at 26 ern soil d-epth shows a 
more delayed response than that at 5.5 ern depth. The suctions at 5,5 
ern depth are lower than those at 26 em depth through the 24 hour period, 
indicating the potential gradients and water flow were downwards. Fig. 
4 shows the suction changes at these two depths for another day which 
received no rainfall at all. The soil-water suction increases at both 
the depths, more so at the surface ( 5. 5 em depth). The surface soil had 
'higher suctions due to evapotranspiration and deep percolation of water. 
Fig. 5 shows rainfall and suction changes in the soil on a day in Feb­
ruary, 1975 when the rainfall was higher than that shown in Fig. J. 
The results are an example of more frequent changes of suctions with 
weather_conditions. 

Fig. 6, 7, and 8 illustrate the use of monitored data for calcula­
ting soil water storage gain or loss, infiltration minus evapotranspira­
tion in the profile, evapotranspiration and deep percolation. The water 
storage in the profile at any given time was calculated by converting the 
measured soil-water suctions to water contents usipg the water charac­
teristic curves of the watershed-plot presented in an earlier_ subsection. 
The deep percolation rate below any given soil depth was computed by 
Darcy's Law as a product of hydraulic gradient and appropriate unsat­
urated hydraulic conductivity as a function of soil-water content. The 
sum of deep percolation and water storage gain or loss at any time re­
presented the amount of water infiltration minus the evapotranspiration. 
All the calculations shown in Fig. 6 to 8 were made for the upper 75 ern 
of soil profile from readings of the tensiometer set no .. l. 

Fig. 6 has the calculations -for a day in August, 1974 which received 
only 0.45 em of rainfall and there was no runoff, The·rneasured infil ­
gration shown in the figure is, therefore, just all. the rainfall. The 
figure indicates that the deep percolation below 75 em depth was prac­
tically negligible on this day. There is a great deal of scatter in the 
calculations of infiltratiori minus evapotranspiration~ although these 
values fairly well follow the trend of measured infiltration. 

Fig. 7. shows calculations of evapotranspiration and deep percola­

tion for a day which received no rainfall. Deep percolation was again 
 
very small. Evapotranspiration was' nearly 1.8 ern of water for the day. 
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Fi~. 8. shows the calculations for a day in february, 1975 which 
received an appreciable rainfall (2.2 em), resulting in some runoff. 
The 	 measured infiltration sho.wn in the figure is the difference of mea­
sured rainfall and runoff in the watershed plot. There is a good cor- · 
respondence between the measured infiltration and the calculated infil ­
tration minus evapotranspiration data. The deep percolation on this 

·day was much more than that on the other two days, but was still rela­
tively small. 

In conclusion, based on experience with a wide variety of rainfall 
conditions the. results presented above in(licate a great utll.ity. of the 
devised system for contiriuouS monitoring of soll-water·status of this 
forest watershed which undergoes relatively little (if any) intense 
drying. The precision of measurements could be further improved by 
choosing more sensitive tensionleters and m,inimizing the volume of water 
in the system. When monitoring of the rapid process of infiltration 
under heavier rainstorms is required, it would -be desirable to have a 

separate pressure transducer for each tensiometer and ·an electronic 

scanner. Oh the other hand, for watersheds with more intense drying 
periods, this setup would be useful during only the wet season when the 
soil~water tensions do not exceed 1 bar. For monitoring the drier con-· 
ditions, psychrometric measurement of soil-water potentials or direct 

.soil moi~ture samPling would be r"equired. . 
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Determining Both Water Characteristics and Hydraulic 
Conductivity of a. Soil Core at High Water Contents 

from a Transient Flow Experiment 

Application of the theory of unsaturated flow for describing water 
movement through a soil requires the determination of the soil's suction­
water content. (soil-water characteristics) and unsaturated hydraulic con­
ductivity relationships. The suction-water content relationship is nor­
mally obtained by subjecting a soil core to a sequence of several pres­
sure steps during either water absorption or desorption (wetting or 
drying). At each step, the sample is allowed to come to equilibrium 
with the applied pressure. Hydraulic conductivity of the soil core may 
be Dbtained by. one of several techniques, such as described by Gardner 
(1956)~ Klute (1965), Green and Corey (1971), or Ahuja (1974). Each of 
these techniques has certain advantages and certain limitations. By 
and 	 large, the methods commonly used for determining these two hydrolo­
gic 	 properties of soil are·tim<;o-consuming and tedious. More efficient 
and 	 suitable methods are a subject· for cont-inuing research. Certain 
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simplified approaches, even though somewhat approximate, are very use­
ful for practical purposes. 

In an earlier work, a wetting procedure was presented for simul­
taneously determining both the water characteristics and hydraulic con­
ductivity of a soil core (Ahuja, 1975). In this procedure, the.two re­
lationships were determined by a similarity analysis of cumulative in­
flow and wetting-front position data ·for soil-water-contents below the 
bubbling-pressure value. A supplementary technique proposed for deter­
mining the two. hydrologic properties at high soil-water contents was· 
briefly discussed. This technique involves measurement of cumulative 
water inflow or outflow from· a shOrt soil core as- the water enters or 

·leaves through .a high-resistance porous plate on one end, and a monitor­
ing of soil-water suction at the other end. 

In this report, this proposed technique is examined in some detajl 
to evaluate its utility in transient inflow as well as outflow experi­
ments for two soils of widely differing properties. Transient· measure­
ment of the soil hydraulic·._properties may be superior to a steady state 
measurement in some cases, as was recently suggested by Corey and Brooks 
(1974) ·wh6 reported an appreciable differe-nce between the steady and 
transient measurements. It is recognized that the latter do not simu­
late well the continually flu~tuating conditions experienced by soil 

.water under field situations. 

Principle of the Method 

When water absorption-by or desorption from a short soil core occurs. 
through a porous plate of high hydraulic resistance (considerably re­
ducing the rate of water flow), the hydraulic gradients in the soil are 
generally small. Furthermore, the change in water content with time at 
different positions varies, but only to a small degree.· Under these 
conditions, an average valUe of the soil-water suction, corresponding 

-to the known average water content in the core at any given time, may be 
approximated by a simple mean or.a weighted mean of the two suction 
values at the two ends of the core. Soil water suction at the inlet or 
outlet end for any given time·can_be derived from the. measurement of 
flux (obtained from cumulative flow) at that end, knowing the hydraulic 
resistance of. the porous plate and the suction or water pressure main­
tained on ·one-soil side of the porous plate {Ahuja, 1973). For a hori ­
zonta~. core, the equation is 

To = rv(t) + T [l] 
w 

where To is the suction at the plate-soil interface, v(t) is the water. 
flux as a function of time t, taken positiye for absorption and negative 
for desorptiori, T is the constant suction maintained in the Hater on 
the other side ofwthe porous plate, and r is the hydraulic resistance of 
the plate_._ Hence, only one additional measurement of suction is needed 
at the other end a·f the co;,e. For calculation of hydraulic conductivity, 
the suction gradient across the soil core gives an estimate of the aver­
age gradient in the core. An arithmatic mean of the fluxes at two ends 
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of the core, which would be one-half of the value of flux measured at 
the .inlet or outlet. end, gives an estimat8 of average flux in the core 
corresponding ·to the above gradient .. 

Methods and .Materials 

The method of calculation stated above was first illustrated and 
tested by applying it to several sets of generated numerical-solution 
data for Yolo light clay soil. Numerical solutions were ob1:ained for 
a 1. s em long soil core, for cases. of water absorPtion or desorption 
in t.he suction range of 0 to 150 ern H20 and through porous plates of 
two _different hydraulic resistances. The techniques and the functional 
representations used in obtaining the numerical solutions for suction­
water content and hydraulic conductivity of Yolo soil were as given in 
an earlier paper (Ahuja, 1973). The flux condition of Eq. [1] was im­
posed on the plate-soil boundary, and the condition of no f.Low applied 
at position-x = 7.5 ern. 

The method· was then applied to experimental data for Tantalus silty • 
clay. loam soil, a volcanic ash soil from the island of Oahu, Hawaii. 
This soil was formerly classified within the Kapoho family of the Humic· 
Latosols. In the new comprehensive syst.ern it is classified in the 
medial over cindery isotherrnic family, Typic Dystrandepts subgroup, of 
the order Inceptisols. It .exhibits some swelling and shrinKage as 
visually observed upon wetting and drying and was chosen because of its 
practical importance in representing soils of Hawaii's forest water~ 
sheds. The soil sample was air-dried, passed-through a 1.0 rnrn sieve, 
and packed to a bulk density of "l. 0 g/cc in a plexiglass tube, 7. 0 ern 
in diameter and 7.5 ern long, with temporary extensions on each end. 
The extensions were carefully removed and replaced by perfo.rated plas­
tic disc taped on the ends. The core was then wetted (after' removing 
the plastic disc) by applying water through a high resistance porous 
plate attached ~none end. Water on the outer side of the plate was 
maintained at zero pressure with a constant-head burette and the inflow 
of. water. was recorded with time. After the wet-ting front arrived at 
the other end of.. the core, a sensitive tens~omete.r plate, of the sa;me 
diarneter_as the soil core, was attached at that end and the soil-water 
SuCtion continuously recorded with a pressure transducer-recorder system. 
After wetting, the core was subjected to a sequence of desorption and 
absorption steps under suctions of nearly 100 or 150 ern H20. The_curnu­
lative outflow or inflow at one end and soil-water suction at the other 
end were recorded with time during each step. The hydraulic resistance 
of the porous plate was measured before and after the experiment. The 
plexiglass soil container was provided with holes near the :middle to 
allow flow of air. ~11 experi~ents were conducted in a constant tem­
perature room at 2l±l°C. 

Results and Discussion 

Transient soil-water s~ction and water content distribution curves 
are shown in Fig. 1, A and B, respectively_, for a wetting of- Yolo soil 



®
0.5 6300u 

u 
........ 
 3300 u 
u 
~ 2188 

1­
z 
UJ 1280
1- 0.4z 

7630 
u 474 
0:: 
UJ 
1­ . 121---===--­

~ 
0.30 

2 4 6 8 
POSITION X I CM 

Fig. 	 1--Transitent soil-water suction and water content dis­
tributions. during. water adsorption into a Yolo soil core 
initially at a water content of 0.314 cc/cc (suction of 
150 em) through a porous plate with 10 5 min hydraulic 
resistance. Stated times are based on the start of 
wetting. 

226~ 



107 

initially at a water co~t·en·t of 0.314· cc/cc (suction of 150 em H20) 
through a porous·plate with a .hydraulic resistance of 10 5 min. The 
curves are for several times after the wetting-front has reached the· 
other end. They i~dicate that suction. and water· content change ·rapidly 
near the inlet end (x = 0) initially, but later level out and become 
more _even throughout the core. To some degree, the curves show an. S­
shaped character. It may be·mentioned here that the hydraulic conduc­
tivity at the initial water content of soil.(0.314. cc/cc) was nearly 
8.0 x 10- 6 em/min. The average.hydraulic resistance of soil at this 
water content as estimated by using the middle of the core as the aver­
age distance of flow was nearly.5.0 x 10 5 min •. This value is about five 
times the hydraulic resistance of the porous plate .. Fig. 2, A and B, 
present similar data as Fig. 1 .for the case of desorption of soil·ini~ 
tially saturated with water, with the water on the outer side. of the 
porous ·plate maintained at a suction of 150 em. The pattern of suction 
and water content changes at different times and positions generally 
resemble those for the absorption case in Fig. 1. HoweVer, the curves 
do not show the S-shaped character observed above. 

Fig. 3, A and.B, show the soil-water suction and hydraulic conduc­
tivity as a function of water content for Yolo soil. These were calcu­
lated as described above for a·porous plate resistance of 10 5 min from 
the data of Fig. 1 and 2, and are compared· with the actual.functions 
used in generating the ·numerical solutions for both absorption and de-. 
Sbrpt-ion ca_ses. For" the desorptj_on data, the suction value, T, corres­

ponding to a given average water content in the core was calculated as 
 
a weighted mean of the two values To at x = 0 and T 7 5 at x = 7. 5 em 
as given by the expression (To + 2 T 7 • 5)/3. This latter expression is 

.derived assuming that the suction-position curve is best fitted by a 
parabola passing through the two end points and having a slope of zero . 
at·x = 7.5 em .. Better results were obtained by· this method than by 
using the simple arithmetic mean of suction values at the two ends, ·as 
would be expected from the shape of curves in Fig. 2A. In contrast, and 
as expected from Fig. lA, the parabolas did not give a good fit to the 
suction-position curves for the absorption data as they have an S-shaped 
character. The average values of suction shOwn in Fig. 3A for this case 
are simple arithmetic means of the two end values. 

Fig. 3 indicates that both the absorption and desorption data give 
a fairly good calculation of the suction-water content relationship. 
The hydraulic conductivity values calculated from the absorption data 
agree closely with the true values except for the two points correspond­
ing to the early times when. the wetting front had just barely reached 
the other end. Those calculated from the desorption data are fairly 
good for water contents above 0.45 ~cjcc, but are 20 to 30% below the 
actual values at lower water contents. Overail, the'absorp~ion data 
seem to give better results. ljowever, b.ecause reliable data during ab­
sorptio~ are only obtained after the water co~tent at the other end of 
the cOre starts to increase, the range of water contents for which the 
dete~minations are ffiade is reduced. 

·To show the effect of a reduction in hydraulic resistance oY the 
por-ous plate, the suction~ and hydraulic conductivity-water content re­
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lationships were calculated for the Yolo soil from numerical-solution 
data generated with a plate resistance. of 1.727 x 104 .rnin and are pre­
sented in Fig. '+, A and B. The calculations are for two wetting cases, 
one in which the initial soil water content· was 0.31'+ cc/cc as in the· 
case of .the higher :t'esistance discussed above, and the other in which 
the initial water. content was 0.3'1 cc/cc (corresponding to a sucti611 of 
100 ern H20). The suction data calculated with the step of 150 ·ern are 
satisfactory only for suctions less than 50 ern, while those calculated 
with the step of 100 ern are satisfactory up to the maximum mean suction 
value of 65 ern. Not much difference between hydraulic conductivity va­
lues was calculated for_ the two suction steps. ~owever, these wel:'e not 
as close to actual K values as were those calculated with the higher 
plate resistance (shown in Fig .. 3B),' although they still seem satisfac­
tory. Therefore, it appears for a given. suction step, the higher plate 
resistanc~ gives better calculations, and is good over a wider range of 
water contents than is the low plate resistance.' A smaller plate resis­
tance requires a ·smaller suctiOn step. These tests seem. to indico1te that 
a plate resistance equal to nearly orte-fifth of the average hydraulic re­
sistance of soil at the lowest water content in the suction step would 
be a good choice. The specific valu<!S of plate resistances used 'nere 
were chosen for a 7. 5 ern long soil core. The required value of plate 
resistance, as. we·ll as th8 duration- of the experiment would decrease as 
the. length of the.core decreases. 

Table ·1 summarizes experimental data obtained for Tantalus silty 
clay loam. and used for calculation of required functions. Fig. 5 shows 
·the suction-water content data calculated from these experimental mea­
surements during t.wo desorption-absorpt.ion sequences. The solid lines 
in the figure represent the main hysteresis loop between 0 and 200 ern 
suctions as experimentally determined by small equilibrium steps on two 
similarly-packed but different soil cores. Hydraulic resistance of the 
porous plate ·was nearly constant during the experiment at 1.008 x 104 

min. The data indicate that the desorption step·of 18 to 100 ern suction 
and the absorption step of. 100 to lf ern give fairly satisfactory estimates 
of the suction-water content relationship. While the absorption step of 
150 to lf seems to give good agreement with the experimental equilibrium 
absorption data, the desorption step of '+ to 150 ern suction overestimates 
them. The final water content in the soil core at 150 ern suction is 
higher for direct· desorption from '+ to 150 ern than for the incremental 
equilibrium value. This may indicate a lack of equilibrium in the first 
case, although the desorpt·ion step was terminated when a suction of near­
ly 150 ern was recorded on the far ·end of the core. This descrepancy may 
 
be just a transient effect caused by very slow diffusion of air to some 
 
pore sequences (Corey and Brooks, 1975). In general, with the plate 
 
resistance used, a suction step of 100 em seems more a_ppropriate -for·this. 
·soil. 

Fig. 6 shows the corresponding. hYdraulic conductivity~,vater content 
relationship data calculated for Tantalus soil. The data from different 
 
suction steps agree fairly well, although there is appreciable scatter. 
 
There is no _apparent consistent hysteresis in the data from desor..,ption 
 
and absorption steps, in contrast tO the effect noticed in suction-water 
 
content data of Fig. 5. 
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Fig. 	 5--Suction-water content relationshills of Tantalus silty clay loam 
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absorption steps. ··The solid curves represent the main hysteresis 
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.It is of interest to compare the soil-water characteristics and 
hydraulic conductivity changes with water content for the Yolo soil, a 
semi-arid-zone soil from. alluvial origin and classified as a Non-Calcic 
Brown, and the Tantalus soil, a humid-tropical forest soil from volcanic 
ash 	 origin and classified as an InceptJsol. Examination of Fig. 4A and 
5 (obtained with relatively close plate resistance;) reveals a much 
steeper change of water content for the. second than for the first ..This 
reflects the more aggregated nature of the (dried) .Tantalus soil. This 
is further illustrated by. comparing hydraulic conductivities in Fig. 4B 
and 6. It is seen that the Tantalus soil displays much higher hydraulic 
conductiv-ities near saturation water· contents, and a slightly ·lower hy­
draulic conductivity in the less wet range. This is consistent with ob­
served properties of these soils. The Tantalus soil also undergoes a 
much sharper decrease in K with decreasing water content (particularly 
in the wetter range) than does the Yolo soil. Presence of stable aggre-. 
gates favors .uneven distribution of pore sizes, while the Yolo soil 
probably cont.ains more gradation of different-size· pores. 

ConclusiOns 

The results presented here show an interesting possibility of de­
termining (subject to some tolerabl.e error) both the water characteris­
tic and hydraulic conductivity of a short soil core from a single trans­
sient flow experiment. The hysteresis in water characteristics is fair­
ly well determined for two soils of widely different water retention and 
transmission properties. Theoretically, the method would be adaptable 
to larger suction steps by choosing a porous plate of high-enough resis­
tance. However the applicability of the method may be limited to the . 
wet so;i.l-water region when ad~quacy o.f the plate-soil contact, time con­
sUmed f9r measurements, and .oth8r problems associated w~th very high-· 
resistance porOus plates are considered. But, then, this region is often 
of most interest, pa:rt icularly in soils of wet for8s.t watersheds such as 
are 	 very common in Hawaii and the. tropics. Preliminary data· of the 
Tantalus soil in the field indicates that soil water suction was almost 
always within the range employed here. The method can be adapted for 
use 	 .with pressure-plate cells commonly available in soil-water.labora­
tories. For me·asuring soil-water suction on one end of the core, ordi­
nary tensiometers witP water manometers may be used, as suction changes 
during wetting or drainage through a high_:resistance porous plate would 
be slow. 

One additional advantage of the proposed method is that it .lends 
itself well for use ·with undisturbed· soil cores. 
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IV. MECHANISMS OF WATER RETENTION BY· HAWAII"S TYPIC HYD](ANDEPTS 

:trJtroduct ion 

Research On water r.etention characteristics of Hawaii soils has 
been largely confined to soils that are tinder intensive agricultural 
cropping, primarily under ir,;igation (e.g;, Thorne, 1950 and Sharma, 
and Uehara, 1968). Highly weathered volcanic ash soi:l,s, many of which 
are under foresta, have received little attention in this regard. 
Least understood of these soils are the Typic Hydrandepts, previously 
classified as Hydrol Humic Latosols. . 

Typic Hydrandepts are a S1illgroup of the Hydrandepts Great Group, 
Andepts Suborder, of ·the Order Inceptisols. These soils are derived 
from volcanic ash and thus have beeri traditionally linked with the x-ray 
amorphous, allophanic, soils of Japan and New Zealand. They are charac­
terized by very low field bulk densities (sometimes as. low as 0. 2 g/cc) 
and by thixotropic behavior, i.e., tendency to exhibit structural fluid­
ity upon mechanical disturbance followed by a regain.of rigidity upon 
setting (Trouse,.l96~ and Rahman, 197~). Bydrologic~lly, the most signi­
ficant characteristic is the excessively high field water content, which 
may be as high as ~-0 g/g. In the absence of disturbance, such as for­
est· clearing and subsequent cropping, these soils undergo no signi.ficant 
drying. Under the relatively high annual rainfall (normally ~00 em or 
more) received rather uniformly by such soils, it may be presumed that 
their field water contents fluctuate only betWeen saturati9n and "field 
c_apacity". 

Kanehiro and Sherman (1956), Sherman (1957), Bates (1960), Dias 
(196~), and Sherman et al. (1964), among others, reported that drying 
of Typic Hydrandepts resulted in significant changes in many of their 
physical and physico-chemical properties. They further reported that 
when the drying proceeded below a certain, yet undefined, point such 
changes are not reversible upon re-wetting. It was pointed out that the 
natural behavior of such soils is markediy influenced by the abundant 
presence of x-ray amorphous Colloidal constituents. It was presumed by 
Sherman and his colleagues that the· drying process, even at ordinary 
room temperatu-res, enhanced the transformation Of these constituents 
into crystalline minerals which do not return to the amorphous form upon 
re-wetting; The ·clearly visible mixtures of light and da~k-colored 
aggregates which segregate during soil drying were reported to be more 
enriched in such minerals as compared to the original soil. Sherman 
et al. (1964) elaborated on this crystallization process· a;1d proposed it 
as the mechanism responsible for changes in·soil propertie.3 upon drying. 

Other than the above works, little has ·been done to assess and ex­
plain reasons for the effects of drying on the physical properties of 
Typic Hydrandepts in gener·al and on their abilities to retain water in 
particular. Avatlable information relates only .to effects of undefined 
drying treatments (e.g., air-drying or drying under direct sunlight). 
The objective of this study was to determine water retention by selected 
volcanic ash soils under dE=fined environment~l conditions and to atteTJpt 
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to explain mechanisms responsible for the large losses of water reten­
tion capacity upon drying. 

Theory 

Water presep.t in any soil system- experiences a variety of for•ces 
 
which·may be gravitational, pressure caused, osmotic, or matric .. Thus, 
 
the total potential of soil water, . 1jJt , is normally expressed as the sum 
of four terms as follows 

1jJt=1jJ tljJ tljJ tljJ [1]
g p o m 

where -the four right hand terms represent the gravitational, pressure, 
-osmotic, and matric potential ·component-s, respectively. Our conct:!rn in 
this study is the matric component 1jJ which applies to all forces origi­

--nating from the soil matrix. This c:g;mponent_, therefore, may· be further 
·subdivided into the following categor•ies (El-Swaify and Henderson, 1967) 
in order of increasing eDergy of remuval: 

1jJ = ,,, t ,,, t ,,, t ,,, 
m ·o/me o/mc o/mh o/ms [2] 

where the right hand terms represent the.water retained due to expansion. 
caused by interacting diffuse double layers (swelling), capillarHy, 
ionic or surface hydration, and watei' incorporated within the minaral 
structure, respectively. The relative importance of each category de­
pends on the make-up of the soil under study. Thus, when sufficient 
water is available, the capillary term prevails in sandy soils while the 
swelling term prevailsin expansive heavy soils. For Typic Hydrandepts, 
however, this distinct~on is yet to be made. 

Mineralogical· transf9rmations involving losses or gains of water 
may also be described theoretically. If, in Typic Hydrandepts, the 
change of.amorphous aluminum gels into boehmite at 25°C and later pro­
ceeds as 

2Al(O!-l), h · = Al20,·H20b .h 't -t- 2H20 amorp ous oe ml_ e 

then the standard free energy change for the reaction may be. calculated 
from the· standard free ·enevgies of for~ation of water, -amOrphous alumina,. 
and boehmite using available standard tables (Garrels and Christ, 1965 ). 
For the aPove reaction 

{',GO • = GO ~· - GO 
reactlon . products reactants 

= -435 + 2(-57) - t-272) 

= -223 Kcal/mole · 

indicating that the crystalline constituent is considerably more. stable 
 
in soils than the amorphous. Although gibbsite is also more stable 
 
than the amorphous constituen_ts, that transformation invo.lves no los.s or 
gain of water. It niay be argued, therefore, that even·long term dehy­

.... 
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dration would not cause crystallization of amorphous · Al ( OH) 3 • Rathe<', 
the phase change still incorporates all OH groups as structural water. 

Materials and Methods 

Soils and·Synthetic Hyd;ooxides: 

Most of the work ;oeported here was conducted on Hila silty clay, a 
member of the thixotropic isohyperthermic family of the Typic Hydrandepts'. 
Mineralogical and chemical prope;oties of this soil a;oe given elsewhere 
(Voss, 1959 and Chan, 1972). Akaka silty clay, a thixotropic isomesic 
Typic Hydrandept,and Kawaihae silty clay loam, a. medial isohype;othermic 
Ustollic Camborthid,were also used during certain phases of the study. 
Voss (1959) and Ga;odiner (1967) provide mineralogical and chemical in~ 
for.mation on these two soils, respectively. Surface horizons of all 
soils were uSed in this investigation. 

Goethite, a hydroxide of Fe ( III),.and gibbsite, a hydroxide of Al, 
were synthesized f;oom the p;oecipitation p;ooducts of FeClJ or AlCl3 and 
NaOH in the manner described by El-Swaify and Emerson (1975). 

In treatments involving controlled drying, the soils were eithe!'. 
dried in the oven at 105°, over P2 0 5 at room temperature, or freeze 
dried. Organic matte;o removal f;oom ce;otain subsamples was achieved 
using H20 2 digestion at 70°C. 

All x-ray diffraction analysis was conducted using a powder camera 
and a Norelco diff;oactometer with a CoKa x-ray source. Electron-micro­
scopic examinations were made using a Jeol Jem 6A electron microscope 
using the mounting techn.ique described by El-Swaify and Emerson (197 5). 

Water Retention and Surface Area Measurements: 

Water retention. by filter cakes or molded flakes. (containing approx­
imately 1 g of soil) was measured at 0, 10, 20, 50, or 100 em suctions 

., using ceramic plates equipped with hanging water columns, with adequate 
' .protection provided against evaporation. Periods ranging from 3-6 weeks 

were allowed for equilibration before water contents were determined. 
Water vapo_r sorption at relative humidities of 76% and 96% were meaSured 
in dessicators. containing saturated solutions of NaCl and K2S04, respec­
tively. Aggregate breakdown for ;oehydration studies was conducted in a 
Spex model 1800 mixer mill. B.E.T surface areas were meas\)red lising N2 
adso;option f;oom defined oxygen- or helium-nitrogen mixtures following 
outgassing for 2 hours at l05°C. 

Results and Discussion 

The Basis for Water Content Measurements: 

The relative humidity (P/Po x 100) of an atmosphere overlying .P'20s 
in an evacuated dessicator at 25°C (room temperature) is zero. On the 
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other hand, an oven adjusted at 105°C (for which Po = 906 mm Hg) in 
equilibrium with a surrounding environment a~ room temperature with 
P/Po = 0.75 (and thus a water vapor pressure of 0.75 x 23.8 =17.9 mm · 
Hg) wo\Jld maintain a P/Po = 0.0198or a·2% relative humidity. Therefore, 
if only differences in relative humidity. are considered, water retention 
by· soils· in the oven would be expected to exceed retention over P20s. 

·conversely, more water is expecteG to b€ driven out of moist so.ils by 
drying over P20s than by oven drying. Figure [1] shows that this was 
not the case for any of the soils under investigation when subjected 
to drYing from field-moist conditions. For the Kawaihae soil, used in 
this study as a reference, the two methods differ only slightly. How­
ever for both typic Hydrandepts appreciably rn~re water is driven out 
faster by oven. than by P20s drying. This excess was more for the Akaka 
than for the Hila soil. When oven. drying is used, as usual; to express. 
the water content of the soils after P20s drying, air.drying, and freeze 
drying the results in Table [1] are obtained. It is noted that little 
difference exists between P2Ds and freeze drying, both exhibiting more 
water retention than oven drying. Freeze drying, however, is favored 
for studies involving natural soil structure as it is presumeQ to pro­
duce iess collapse·of structural units than other: drying methods. As 

· expected, air drying is shown to alloW more water- to be .retained as a 
result· of the relatively high relative humidity in the laboratory atmos·­
phere. It was interesting to note that when oven dried soils were placed 
over P20 s · a water content gain of 3·. 56%,- 3. 23%, and 1. 59% occurred in 
 
the Akaka, Hila, and Kawaihae soils, respectively. However, the soils 
 
displayed water lo·sses of 8. 71%, 5. 63% and 1. 76% after a second cycle 
of oven drying. The reference, Kawaihae soil, behaves normally in exhib- .. 
iting complete reversibility of water loss or gain under the two condi­
tions. However, it Is difficult tO explain the higher water losses as 
a ·result of the second than the first drying. It is clearly illustrated, 
nevertheless, that when a higher temperature is involved' during drying, 
water losses occur above and beyond the water present in a free or ad­
sorbed state. This may be explained by .the tendency of certain colloid­
al con-stituents, e.g., gibbsite, to exhibit losses of structural water 
(see Equation 2) near 100°C (Jackson, 1956). In terms of· accurate 
assessment of free or reactive water,_ therefore, Overi drying does not 
represent an ideal choice for Typic Hydrandepts. 

Table 1--Water contents of soils subject to .. ;" 
various.drying methods 

i'· . 
8,'; % 

g 

Method Akaka Hila Kawaihae 

Air. Drying 26.3 21.1 7.29 

Freeze drying 4.50 3.28 0.584 

P20s 4. 75 3.23 0.876 

Oven 0.00 0.00 0.00 

,., All on oven dry gravimetric basis. 
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Fig. 	 1--Effect. of drying time and method on. water contents of soils. 
Water contents for each method were calculated based on the 
final soil weight obtained by each method. 
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Effects of Drying.on Subsequent Water Retention Properties: 

The very large volume losses associated with drying field-moist 
Typic Hydrandepts under low relative humidities are not fully compen­
sated when the soils are rewetted. Rather, it is usually observed that 
the soil substantially retains its dried volume and absorbs only suffi­
cient water to fill the pore space present therein. This implies that 
the swelling mechanism. (equation 2) is responsible. to a large extent 
for the water retention in natural soils ·but is eliminated after one 
drying cycle. Figure [2] shows that more than 1 g of ·water per g of 
soil was held in undried soil flakes by this mechanism which was not 
recoverable upon ;,ewetting of dried flakes regardless of the.drying 
method. It is interesting to note that while freeze-dried~soil had a 
more open structure with subsequent higher water retention than P2 0s­
dried soil, freezing drying stili exhibited substantial irreversible 
changes. These, however·, Were shown ·to be physical rather than mineral­
ogical in nature. 

Rehydration of Hilo.Soil: 

The amount of water present with the soil during a shaking process 
can determine the' effectivenesS of a shaking ·process in ach~eving ul ti­
mate separation of soil particles for the purpose of regaining the ori­
ginal state of hydration. In theory, .this is based on the fact that 
interpartical attractive forces de~ay rapidly with increasiTig di,stance 
between particles. Figure' [3] shows that an optimum water content for 
dispersion exists for each of the untreated soils under study when sub­
jected to vigorous shaking in a mixer-mill for lQ·(Kawaihae) or 20 (Hilo 
and Akaka) minutes. For these three soils the optimum soil water ratios 
were 1:4, 1:6, and 1:8, respectively, which are probably good indications 
of_ their relative surf-ace areas. At ratios corpesponding to lower water 
contents, water film thickness would be insufficient to provide adequate · 
interparticle separations. At higher water contents there .is insuffi­
cient friction provided between aggregates during shaking to allow their 
adequate physical breakdown and release of constituent particles. In a 
separate experiment, it was Shown _t.hci.t the full effectiveness of this 
shaking process required a period ranging from 20-30 min. 

Table [2]. shows that a substantial regain of water retention was 
obtained when dried Hila soil samples ·were subjected to such vigorous· 
shaking for 25 min. This indicates that when sufficiently high energies 
are provided, interparticle bonds formed during drying may be broken and 
the .initial condition of the system substantially rEstored. The high 
organic matter contents of Typic Hydrandepts (Approximately 6% in the 
Hilo sample) appear to cOntribut.e significantly to· interpart i9le cemen­
tation during dryin~. As shown in Table [2] removal of organic matter 
prior to drying substantially reduces the resulting irreversibility in·. 
water retentiOn characteristics. However, it. is recognized that the 
very fine fraction (e.g., x-ray amorphous) present in these soils must 
provide an important contribution to in-terparticle cemelltation du_ring 
drying. This accounts for the remaining irreversibility in Hilo soil 
after organic matter removal. . This is also illustrated in Table [2] by 
data on water retention by filter cakes of two rather poorly crystallized 

http:Drying.on
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synthetic hydroxides which reflect an. extreme loss of water retention 
capacity. after one drying cycle. 

Table 2--Water.retention (%) by filter cakes of Hilo silty clay, 
goethite and gibbsite at 50 em water suction. 

Hilo silty clay 

H202 Treated goethite gibbsite. 
control H202 

208 228 264 87 

77 136 37 23 

That the above changes are not mineralogical but rather physical, 
and specifically strUctural, in natur.e .was confirmed by water vapor . 
adsorption experiments at ratheJ:' low relative humidi t i~s. · Saturated 
samples from various drying .treatments were equilibrated at P/Po = 0. 76 
or 0.96 and the results are sh01m in Table [3). :tt is noted that the 
drying treatment had tittle effect on water retention in this range 
when· sqil or mineral samples for similar· pretreatments are compared. 
It is also noted that removal of organic matter as such did not affect 
water retenti_on in this range. Compa:·rison with the control treatment 
indicates that the observed· effects of the digestion are not .as much· 
due to organic matter as they are due to the mechanical dlsruption of 
soil structural units during the treatment and subsequent exposure of 
adsorptive surfaces. In the absence of heating verificat·ion of optimum 
conditions favoring mechanical disrupt ion would be helpful in experi­
mental restoration. of natural soil reactiv~ty. ­

Specific Surface Areas: 

As indicated in Table [4], the N2 specific surface area of the Hilo 
·Soil seems to undergo a slight decrease due to drying over P20s as com­
pared with freeze drying. This confirms the previous conclus·ion that 
]_ess structural collapse and mutual blocking of particle surfaces is 
experienced by the soil with the latter method. The water vapor sur­
face area reflects rio difference between drying treatments indicating 
that the soil surface or ions attached to it are equally able to hydrate 
regardless of prior drying methods (Quirk, 1955, reported a surface 
area of 165 m2 /g based on the water adsorption measurements for an 
unidentified soil from the Hilo coast as reported by Wadsworth, 1944). 
This emphasized the conclusion that changes upon drying are not mineral­
ogiCal in nature. Direct electron-microscopic examination explained 
the high specific surface of approximately 200 m 2 /g obtained by N2 sorp­
tion measurements. Figure [4] shows that the bulk of the Hilo soil is 
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Fig. 4-- Electron-micrographs of carbon-grid mounted Hilo soil. 
(a) · Untreated sample. 
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. Fig. 4--Electron-micr6graphs of carbon-grid mounted Hila soil. 
(b) Untreated sample, higher magnification. 
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Fig. 4--Electron-micrographs of carbon-grid mounted Hilo soil. 
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made up of beaded-rod-shaped particles admixed with other types of par­
ticles. Since x-ray diffraction indicated the presence of mainly goe­
thite and gibbsite in these samples (see powder camera patterns in Fig­
ure 5) and since deferration treatment with sodium-diothionite resulted 
in eliminating the rod shaped particles, these particles are identified 
as go-ethite. .The CoK x-ray radiation. used in ·this study provides a 
better means of ident~fying Fe(III) minerals than does the CuK radia­
tion which has been, thus far, the orily source used on studiesaof Ha.wa.ii 's 
Hydrandepts (e.g., Lai and Swindale, 1969 and Chan, 1972). These authors 
were able to confirm the presence of gibbsite in .certain fractions of 
this soil. 

Table 4--Surface area data for Hilo silty clay· 

Treatment B.E.T. surface area m2/g 

02-N2 He-N2 H20 
adsorption adsorption adsorption 

Freeze-dried 196 222 148 

P20s-dried 167 206_ 156 

It is estimated that each goethite rod particle is 40A in diameter 
and 0.111 in length. Using these dimensions to calculate the specific 
surface area for l g of pure goethite (density = 4.28 g/cc) would re­
sult in a specifi~ surface area for the Hilo soil of 234 m 2/g or only 
slightly higher than the experimental value. The difference is clearly 
explained by the fact that other constituents, mostly larger in particle· 
size and lower in particle density than is goethite, are present in the 
Hila soil. The particle density for the Hilo soil as· a whole was 2. 90 
g/cc.. Removal of goethite by deferraticin enhances the presence· of 
other constituents as shown in Figure 4c. This figure also shows the 
presence of certain fibrous constituents which resemble 11 imogolite 11 in· 
appearance. 

Conclusions 

The water retention properties of Typic Hydrandepts are- well account­
ed- for based on its identifiable constituents. Of particular ini:erest 
are the higher water retl!!ntion_capacity in the field and the effects of 
drying. 

Swelling is presumed to provide an important water retention mecha­
nism (equation 2) in field-moist Typic Hydrandepts. The fact that field 
water contents for the Hila soil seldom fall below 150% and that the 
shrinkage limit for this soil is only 45-50% indi.cates that direct par­
ticle-particle contact ·under field condit-ions is probably only very lim­
ited. This is concluded from the thickness of the water layer surround­
ing each soil particle under field conditions which may be estimated as 

http:Ha.wa.ii
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Fig. 5--X-ray camera powder diffraction patterns for Hilo soil. 
(a) Whole, non-dried sample. 
(b) Yellowish separate. from dried soil. 
(c) Dark brown separate from dried soil. 
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.7 5A0 from the. volume of water held by 1 g of soil and the ·specific sur­
face area assuming homogeneous water distributiona This indicates a 
particle separation of l50A0 or roughly 4 times the magnitudes observed 
for cylindrical particle diameters. Drying to the shrinkage limit pro­
duces a mean particle separation of 45A0 at that point which is the· 
same order of magnitude expected when appreciable contact occurs between 
particles; perhaps by approaching a more or less parallel orientation. 
The closer contact between particles achieved during further drying 
enhances the formation of stronger interparticle attractions either 
directly due to electrostatic or hydrogen bonds, (El-Swaify and Emerson, 
1975) or by indirect bridging due to the presence of abundant organic or 
gelatinous constituents as noted in the background of figures la, lb and 
reported by Jones and Uehara (1973 ). . As illustrated, these bond forma­
tions require much energy if particle separation is to be restored to 
original conditions. · 

In :the dry range, i.e., .at P/Po = 0, 76 or 0. 96, capillary water reten­
tion may be examined by use of the Kelvin equation (Aylmore and Quirk, 
1962) 

= - 2Vy ln~r 
c RT Po 

where rc is the radius of a cylindrical pore containing a· hemispherical 
miniscus of water at an equilibrium vapor pressure of P, Po is the satu­
ration pressure, V the molar volume, y the surface tention (72 dynes/em 
at 25°C), R the gas constant, and T the absolute temperature. The equa­
tion predicts that cylindrical pores with radii of .19A0 and 46A0 and . 
smaller would be filled with water at relative humidities of 76% and 96%, 
respectively, For a meniscus occurring between parallel plates the 
·raqius of curvature rp is 

r = 1/2 r 
p c 

so that the above pore radii may be regarded.as approximate particle 
separations resulting 'in film thickness of 9. 5A0 and 23A0 at the above 
two relative humidities. Assuming uniform coverage around the substrate 
soil these values can be converted to water contents. The resulting i 

0 

values of 0.19· and 0.46 g/g compare with contents of·approximately 0.13 
 
. and 0.22, respectively, as measured during dehydration of untreated Hila 
 
. soil (Table 3). It may be concluded that the Kelvin equation overesti ­

mates water retent·ion by these. soils or· that· only 68% and 48.% of· the· 
 
volume of pores in the stat~d class ·participate in water retention in 
 
the manner predicted by the equation. 

At lower relative humidities yet, the B.E.T. surface area measured 
 
for the Hila soil by water vapor adsorption (reported above) reveals a 
 
water retention value of 0.045 g/g of soil as necessary for monolayer 
 

.coverage. According to Quirk (1955) this best corresponds to a P/Po = 
0. 20. This indicates that. the ionic and surface hydration term (lJ!mh in 
 
equation 2) represents ·only 3% ·of the total water held by the soH (1. 5 
 
g/g) at field moisture. No differences in this amount were noted for 
 
different drying pretreatments indicating that the surface and exchange­

able cation hydration remained unchanged. 
 

http:regarded.as
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It has been indicated that the normal technique for measuring soil 
·water contents by·oven drying leads to inaccurate asses~ment of the 
water contents of oxide- or hydroxide-rich soils in general and of Typic 
-Hydrandepts in particular. Losses .of some structural water due to heat­
drying may lead to overestimation of the quantity of soil water that is 
actually ava"ilable for participation in important reactions; e.g., solute 

. transport (Rao, 1974) and availability to plants. The overestimate 
amounts to approximately 10%. · Vacu.um drying. over P20s is suggested as 
a better alternative for this purpose. 

Finally, the results of this study indicate that freeze-drying is 
the best alternative· studied hel'e for drying Typic Hydrandepts (to ensure 
easy storage and handling for laboratory purposes) and also maint·a ining · 
a relatively open structure. H•)wever, other drying methods need to be 
investi_gated to e_nsure pr~servation of natural struct'l}.ral conditions and 
thus easy restoration of soil p:coperties upon rehydration. 
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V. QUALITY TRENDS FOR WATERS FROH VARIOUS SOURCES 
AT 	 THE UNIVERSITY OF HAWAII LYON.ARBORETUH 

FOR THE CALENDAR YEAR 197~ 

.Introduction 

Waters yielded by undisturbed forest watersheds .may be looked upon 
as sUbject to the least possible interference from humans." Rather, tqeir 
characteristics and composition reflect only the- contributions of rain, 
vegetation, and soil or rock under a ·natural steady-state ba:cance. The 
quality of such water, therefore, provides a ·feasible baseline for j udg­
ing whether or not changes in water characteristics resulting from mana­
gement practices imposed along the watershed basin are detrimental. Real­
istic criteria may then be adopted for the purpose of establishing accep-· 
table water quality standards in various regions. · 

Forest lands in temperate areas have been subjected to many studies 
which involved the cycles of nutrients ·and their distributions among 
various components, including soil and water, of the forest system (e.g., 
Duvigneand ·and de Sme-i:, 1972). Some such information is also available 
for tropical forests (Greenland and Kowal, 1960 and Nye, 1961). Recent­
ly, in·an intensive study of irradiation and eclol~y at El-Verde, Puerto 
Rico, Odum and Pigeon, (1972) presented some detailed information on · 
mineral cycling in .a tropical rainforest. Their study included investi ­
gations of the three parameters examined in this report, namely nitrates, 
electrical conductivities, and acidity. 

In Hawaii, despite the availability of annual water quality records 
(USGS, 1967) ,. little is known on the composition of waters of forest >la­

tersheds. The objective of this study was to establish trends for ni­
trate content, electrical conductivity, and pH under various vegetative. 
types· and in the rainfall and runoff waters in selected locations. at 
the University of Hawaii Lyon's Arboretum, Manoa Valley, .Oahu, Hawaii. 

Experimental 

Water collection sites: 

Water samples were collected at biweekly intervals from :the sites 
marked on the attached map of the Arboretum. Rainfall fiamples were col­
lected from two sites·: the first (R-1) on an open Canna lily field and 
the second (R-2) under a clcised.canopy of Chinese banyan (Ficus retusa) 
on the plot delineated for rainfall-runoff experiments. Runoff samples 
were collected from barrels installed under ):.he above plot to collect. 
runoff waters. Soil solution samples were collected by suction extrac-· 
tion from 15 and 120 em depths from three locations.· Soil water samplers 
consisting of ceramic cups installed on PVC tubing were used for this 
purpose. Vegetativ~ covers at the three locations were dominated by a 
full canopy of Eucalyptus sp. (Site. 1), a full canopy of mio:ed Ceropia 
sp. and Citharexylum sp. (S'ite 2), and by a partial canopy of Terminalia 
sp, (Site 3), respectively. 

' 
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Samples were collected in polythelene bottles, returned immediately 
to the laboratory, and analyzed soon thereafter. 

Analyses of water samples: 

Acidity was evaluated using pH measurements with a Beckman Expando-. 
matic or an Orion Model 8000 digital pH meter. Electrical conductivi­
ties were measured using an-Industrial Instruments solu bridge and a con­
ductivity cell with a constant of 5. Nitrates were always determined 
potentimetrically, using an Orion Nitrate ion electrode attached _to the 
above pH-meters, and occasipnally determined by reduction and subsequent 
distillation in a micro Kjeldahlunit followed by titration of boric acid­
trapped NH 3 by standa~dized H2 S0 4 . Values obtained by the two methods 
were generally comparable with slightly higher values obtained by elea~ 
trade measurements (Fig. 1), particularly in the low range of N03 con­
centration. It would appear, therefore, that-interference errors during 
electrode measurements exceeded errors due to the reCovery of forms 
other than N03 during distillation which were, probably, also affected 
by incomplete recovery of produced NH4 during distillation. A regression 
equation relating both measurement methods is presented in Fig. l. The 
value of correla:t ion coefficient for this equation was 0. 92. 

Results 

Quality characteristics of rainfall waters: 

The acidity of water collected from the open field (sample R-1) 
remained rather steady as indicated in figure 2 by the pH values which 
ranged from 6.0 to 6.8. Excessive acidhy, occasionally reported in 
other· regions and Sl\spected during .certain times of volcanic activity 
in Hawai.i, was noted only on September 21) when the pH of the sample fell 
to 4;5. As expected, the electrical .conductances of ·these samples were 
lowest among the Siilllples investigated; ·ranging from 0. 02 to 0. 06 mmhos/cm 
and indicating a low content of soluble material (10-30 ppm). These 
values closely correspond-to others previously reported for tropical 
rainfall. Nitrate contents were also extremely low ranging from 0.4 to 
0. 8 ppm most of the year. .It would be reasonable to assume, therefore, 
that this sample provides a natural reference for discussion of effects· 
of various forest Components on water quality. 

The second rainfall sample (R-2), collected under a relatively 
closed can.opy, is considered to represent the effect of throughfall and 
contact with overlying tree leaves and branches on water quality. Figure 
3 shows that pH values. for this sample were slightly higher than those 
for sample R-1 from the beginning of collection until mid-July with close 
agreement between t-he samples noted thereafter. It is of interest to note, 
however, that on September 26, the sample pH fell only to 5.2 in contrast 
to the value of 4.5 measured for the R-1 sample. It would_appear, there­
fore, that throughfall is subject to consider.able decreases of acidity, 
compared to original rainfall' due to contact with overlying segments of 
the .canopy. It must be also emphasized that rainfall waters are expected 
to be weakly buffered and that their pH values are, therefore, sensitive 
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Fig". 	 1--Comparison between !!03 concentrations as measured !J'J the 
nitrate electrode and by Kjiddahl d-istillation. 
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to exposure by contact. Electrical conductances of the R-2 samples ex­
ceeded their counterparts for theR-1 sample early in the year, a trend 
previously noted for a Puerto Rico forest by Sollins and Drewery (1970). 
However, ·after the collection of August 10, the trend was reversed for 
a while a.nd then a closer agreeme.nt noted between· the two samples pro­
gressively toward the year end. It would be difficult to explain the 
reduction of soluble ion concentration noted occasionally in throughfall 
except by the possibilit·y of nutrient absorption from rainfall during 
contact with vegetations. Apparently this·, if it did occur, did not 
involve N03 as comparison between figures 2 and 3 reveals nitrate con­
tents to be nearly identical for rainfall and throughfall. 

Quality characteristics.of runoff water: 

The composition of water collected from the runoff (upper pLJt) 
represents the contribution of brief contact with the forest to changes 
in the quality of· throughfall. This is because, as stated in the Experi­
mental section, throughfall sample R-·2 was collected from raingages 
placed on that plot. Figure 4 shows th.at the pH of runoff water varied 
less. with time than the pH's. of eith"r of' the rainfall samples ranging 
only between 5.1 and 5.5. This indicates that the brief contact between 
rainfall and forest floor (litter an<i ·the uppermost mineral so:ll layer) 
results in sufficient stabilization of water acidity levels. It is also 
clearly indicated, from the above pH values, that litter contributes only 
slight acidity to .runoff water. 

•larkedly higher total soluble ion contents are observed in runoff 
 
water than in either of the two rainfall water samples. The contact of 
 
rainfall with the decomposing forest litter and uppermost soil layer 
 
during overland flow resulted in approximately doubling the electrical 
 
conductivities. Sollins and Drewery (1970) recorded appreciably higher 
 
electrical· conductivities for the. steniflow than those for rainfall, 
buy no information· is available in the literature on the contribution of 
overland contact to changes in electrical conductivities of water. In­
terestingly, the N03 content of runoff water, as shown in_fig. 4, was 
not appreciably different from that of either of the rainfall samples.· 

Because N03 salts are highly soluble, this may be explained by the ten­

dency of any N03 resulting from organic litter decornpos_ition to be car­


-. ried with the very first increments of rainfall. These increments enter 
 
the soil and by the tiine runoff is initiated, little 1m; is left in the 
 
l.itter. It is clear tJlat· insufficient amounts of.N03 are consi~;t..ent·ly 


produced by the .litter to result in significant enrichment of runo~f 


wateY. within rainstorms. Only in few occasions, did its concentration 
 
in this water ex_ceed 1 ppm. 
 

Quality characteristics of extracted· soil--water: 

Sanples were collected for this pur;>ose from 15 and 120 em depths 
at three locations.. These samples will be referred to as top and bottom 

.samples, respectively. Results of analysis of these samples are present~ 
· ed in figures 5 to 10. 

http:characteristics.of
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Fig. 	 ~--Trends during 197~ of pH, Electrical Conductivity (E.C.), and nitrate 
concentration in runoff samples from the "upper plot". 
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Some differences in water acidity are noted in the top sam~les 
of site 1 (Eucalyptus) as compared to rainfall samples (figs. 2, 3, and 
5). Values of pH were generally lower than those from rainfall until 
August at which time they began to be higher. This trend continued 
until October at which time, and for the remainder of the year, pH 
values were nearly equal to those of rainfall samples. In contrast, a 
very appreciable increase was noted in the electrical conductivities of 
these soil samples. As shown in fig. S, E.C. values generally ranged 
from 0.08 to 0.2 mmhos/cm, representing a 3-4 fold increase in soluble 
ion content as compared to rainfall. This is a clear indication that 
appreciable mineralization of organic matter occurs continually at this 
site. This was confirmed by the very high N03 concentrations noted in 
these waters, ge.nerally ranging from 2 to 7 ppm.. When compared with 
the concentration in rainfall, this represents an enrichment of S-9 fold. 
It is estimated, therefore, that nitrogen mineralization contributes 
twice as much soluble·material as the mineralization of other elements 
on this site. 

For the bottom sample on site 1, figure 6 shows that pH values were 
generally lower and E.C. and N03 higher than for the top sample .. Values 
for pH generally were below 6 and throughout.the year ranged between 5.5 
and 6.2, representing the highest levels of acidity noted among sites 
used in this study. Electrical conductivities significantly exceeded 
those for the top sample early in the.year but .had almost equal values 
after August • Similarly, N03 concentrations for bottom samples exceeded 
those for the top until the month of October after which the samples 
had nearly the same concentrations for a short period before the trend 
was reversed for the latter part of the year. The N03 levels observed 
for· this sample, reaching as high as 12 ppm, were the highest observed 
in this study. What little ·such data is available in the literature 
(Viets and Hageman, 1971) ·indicate that these levels exceed expectations. 
The possible roles of Eucalyptus and ground cover (palm grass) in this 
phenomenon needs further investigation. The palm grass genus _is known 
to accunmlate large quantities of nitrates in the plant body. As high· 
a~ 2000 ppm nitrates concentration has been m~asured (personal communi­
-catio~ with Dr. Y. Kanehiro, Dept,·Qf Agronomy and Soil Science, U~iv~ 
of Hawaii}. 

Top samples from site 2_, where prevailing vegetation was composed 
of Cecropia .sp. and Citharesylum sp., show no expected trends in their 
contents of acidity, total soluble constituents, or N03 (fig. 7). The 
pH ranged between 5.6 and 7.0, the low values prevailing during the 
summer months, and the high during the winter. Electrical conductivi­
ties generally remained below 0.10 mmhos/cm and N03 below 2.0 ppm. Ex­
cept for cthe· September interval, little fluctuations were noted in these. 
two· parameters throughout the year. 

The qua.lity of bottom samples from site 2 (figure 8) was generally 
comparable to that of top samples. However, pH and electrical conducti­
vities values were consistently higher in the first than in the latter. 
Nitrate concentrations·were almost equal for both throughout the year 
remaining in the range of 0.5 and 2.0 ppm. 

~-
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Top samples from site 3 (figure 9) exhibited higher pH values than 
samples from other sites, ranging from 6. 0 to 7. 0. How-ever,.· electrical 
conductivities for this site, dominated by Terrninalia sp., were compara­
ble in value to those observed_for the Eucalyptus site. Nitrate levels, 
on the other hand, remained closer to tho'se observed for site 2, generally 
ranging from 0.5-2.0 ppm. It would appear·, therefore, that HOi mineral­
ization at this site does not comprise the appreciable prop~Pties relative 
to other elements as was the case under .Eucalyptus. 

For the bottom sample of site 3 (figure 10) .similar patterns were 
noted as already .described for the top .sample. Thus, pH valnes ranged 
generally between 6.0 and 7.0. Electrical conductivities increased to 
a range of between -o.os and 0.13, slightly higher than the t0p sample 
and also very high .in comparison with the other sites. N03 ~oncentra­
tions were only slightly higher than for the top sample but still in the 
expected range of 0. _5 to 2. 3 ppm. 

Discussion and COnclUsions 

Variations of the amount of precipitations, as shown in fig. 11, 
offer some explanation for- the variation3 of water· composition ·through­

. out the year. This results from dilution of water constituents when 
rainfall is more abundant and from theircoricentration when rainfall is 
less. · Examples of. the first case include lower observed electrical con­
ductivities and N03 concentrations in the collections of June 13, July 3, 
September 26, and November 11 when preceding 24-hour precipitation was 
very high. Examples of the second case include the higher observed E.C. 
values and N03 concentrations in the collections of September 12, October 
23, and November 26-. It is realized, howeyer, that seasonal variat'ions 
in mineral contents of. plants are,normal (Reichle, 1970) and can account 
for some of the seasonal variations in water composition. It is also 
important to emphasize the possible role of mineral inputs into the ~or­
est· system from outside sources. Ocean-spray, although not well docu­
mented in the Hawaiian Islands, is expected to contribute soluble salts 
as noted by the relatively high values of .electrical conductivities in 
certain rainfa,ll samples (figure 2 and 3). This would be particularly 
true during the days of southern (Kona) ·winds or of strong northern 
(common trade) winds. After sufficient time has elapsed, runoff and 
soil-solution samples reflect such abnormally high electrical conductivi­
ties as noted in figures '4 to 10. 

On the other hand, differences i(l composition among collected water 
samples are generally so consistent that water qualities on various loca­
tions are con~idered inhe~ent to these locations, ~t is_realized, how­
ever, that additional supporting data would be needed to verify why these 
differences occur. Most obvious of these would be the mass and composi­
tion of organic litter contributed by the prevailing vegeta·tions. Also 
further delineations would be needed to establish the roles of various. 
forest components, e. g. , stem flo·w, throughfall from different vegeta­

tions, as well as proximity of sam_pling site from t·rees in affecting 
 

. water composition. Finally, the definite possibility exists that some 
of the soil nutrients are in adsorbed form and therefore that soluble 
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nutrient- contents in ."Water,_ as. r~ported above, only represent a fraction 
of th8 total nutrient reservior in the soils~ This would be true even 
for anions (e.g. , N03) since at prevailing pH values in these location~, 
which ranges from 5.0 to 6.2 in dilute· dispersions, considerable posi­
tiv~ chai-ges would be expected ·at surfaces _of soil constituents. 

The differences ·in soluble N03 concentration among the three soil 
lo.cations, with Eucalyptus providing the highest levels,· are woJ;>thy of 
elaboration. Edmisten (1970) reported wide differences in N03 concen­
trations from 4 to 21 ppm under six different vegetative types in soils. 
of one rainforest. His values are rather high as they comprise total 
soil nitrate contents (not just the content of soil solution) of the 
upper 5 em only. It is now well established.that different plants, even 
within one species, tend to.accumulate nitrates to different degrees in 
their tissue (Viets and Hageman, 1971) and thus would be expected to 
affect soil N03 levels differently. Indeed, it is also well established 
(e.g., by Ovington and Olson, 1970) that different plant organs within 
one species contain different levels of nitrogen and that these vary with 
plant age. For a representative of Ceropia sp. on site 2 (C. peltata), 
the latter authors showed nitrogen contents to be 0.53-0.96% for small 
roots, 0.19-0.38% for butt roots, 0.12-0.40%f'or boles, 0. 55-0,62% for 
branches, and 1.66-1.85% for leaves. Unfortunately, no such data is 
available for Eucalyptus species or any of the underlying ground covers 
at the various collection sites. HOwever•, even if nitrogen levels in 
Eucalyptus tissues are not abnormally high, these trees have been shown 
by some workers to enhance salt storage in forest ·catchments as indicated 

·from chloride balance estimates (Peck and Hurle, 1973). It may be assumed, 
therefore, that very high N03 concentration in the soil solution around 
these trees in enhanced, at least in part, by their tendency to use ex­
cessively large amounts of water and to thus cause large water and nutri ­
ent mo.vement gradients toward the vicinities of their root~. The effects 
of depth on N03 concentration in soil solution, i.e., the increased 
 
concentration in relation to depth, waS m6st clearly noted for the Euca­

lyptus site and may eitt:ier reflect the natu;,e of gradients or resulting 
from continuous flushing of the soil surface by rainfall. Difference in 
soil properties in the upper and lower layers may also be responsible. 
These would include the nature of adsorptive surfaces which determine 
affinity for N03, such as the content of organic matter. 

Although some of the N03 levels detected in soil solutions exceeded 
 
the limits normally considered desirable for human water consumption 
 
(F\,PCA, 1968), they remain safely under those which are permissible 
 
(10 ppm as N or 44 ppm as N03). . It is hard, however, to estimate from 
 
the data presented here the extent to which N03 may be allowed to perco­

late with ground water recharge. It may be safely assumed that the 
 
vigorously growing vegetation will act as a very effective sink for N03 
 
and other nutrients resulting _in .much less concentrations in deep water 
than· measured here. It is important also to emphasize that t.he majority 
of the soil solution samples contained extremely low N03 concentration 
as did all runoff waters. 

http:1.66-1.85
http:0.19-0.38
http:0.53-0.96
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VI. SUMMARY 

The present study on hydrologic characterization of soils on a 
forest watershed in Hawaii had three specific objectives, which may 
be briefly stated as: (l) evaluating alternative ·methods of measuring 
infiltration and deep percolation, (2) studying mechanisms of soil water 
retention and movement, and (3) studying interrelationships between the 
prevailing vegetat.ion, soil and chemical composition of wate!' yielded 
by the watershed. The study, thus, included the appropriate balance 
between direct, practical, field measurements and interpretive laboratory 
and theoretical investigations \lhich is required for a scientifically· 
sound investigation of the hydrologic characteristics of watershed soils. 
This was the first effort of this kind to be.undertaken in Hawaii .. 
Accomplishments under each of the above objectives are summaPized below 
in the same sequence in which the objectives are stated: 

l. The study established that the well designed use of multi­
depth tensiometers in a double ring infiltrOmeter is a goOd means 
of determining ponded-water infiltration, lateral flow, saturated 
hydraulic conductivities of different soil hoi--izons, drainage wqter 
yiel~ and unsaturated hydraulic conductivities. It was noted that 
lateral flow decreased with time during infiltration and generally 
was not appreciable for wet soils of the University of Hawaii 
Arboretum. That the final lateral flow percentages aPe not appre­
ciable was also confirmed by direct m~asurements~ However) it is 
recognized that lateral flow may be more appreciable for different 
soils or in the same soil under.different initial.moisture condi­
tions. Considering this and the need to know the initially chang­
ing infiltration rates as well as the final rates and saturated 
conductivities of each different soil horizon, it is important that 
full hydraul:ic characterization of the soil profile be established. 
This study indicates that ·the combined use·of ring infiltrometers 
and multiple-depth tensiometers achieves this purpose. The set-up 
can also be used for measuring the equally important unsaturated· 
hydraulic conductivities of soil and deep percolation during the 
drainage phase, the methodology for which has been presented. The 
set-up is portable and lends itself well for field use. 

Measurement of .soil-water status in addition to rainfall-run­
off relationships on a forest watershed plot under natl!rai conditions 
is shown to be useful fop characterizing the infiltration of natural 
ra_in and subsequent drainage.· Saturated hydraulic conductivities 
of different soil horizons determined in-situ from mea~~urements 
during selected he·avy rainstorms were in very good agreement with 
the values determined on undisturbed soil cores. Detailed analysis 
of a variety of rainfall-runoff- infiltration patterns indicated 
that the saturated flow properties of the soil ·ier)'/a:lone, insufficient 
to describe the process of rain infiltration. Methodology has been 
developed by which tensiometric measurements in the field olot 
during the process of drainag:e are. shown to give satisfactOry deter­
mination of unsaturated flow properties, provided the plot is well 
protected from subsurface lateral flow of rain water from the sur­
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rpundings. These unsaturated flpw prPperties did not appear to be 
influenced by land slope which,.in this study, was 18%. The study 
provided a practical guide for predicting infiltration of natural 
rain by way of runoff to rainfall.ratios. Interestingly, the run­
off represented only 0.5 to 7% of rainfall at the University of 
·Hawaii Lyon's Arboretum. 

A system for continuously monitoring the soil-'water status on 
forest water~sheds, which runs on battery power, has been devis-ed_ 
and tested. This portable system lerids itself well for use ·in re­
mote forest watersheds. Results are presented which illustrate. its 
usefulness under a wide variety of ra.lnfall conditions for deriving 
different components of the forest water balance., including infil ­
tration, deep percolation and_evapotranSpiration. 

Three new simplified methods have been developed for measuring 
wa·ter conductivity and suction..:..water- c·ontent relationships on unq..is­
turbed soil cores. The methods,· «hich require simple laborat'ory 
measurements, are promising, economical, and cOnvenient, ·partiCu ..... 
larly for establishing hydrologic properties of soils of remote 
forest locations. . · . 

Among the alternative techniques investigated under. this objec­
tive l, one would he better suited than the others for certain con­
ditions as stated in the report. In practice, a judicious combination 
of two or more techniques is often desirable. 

2. Water retention properties of Typic· Hydrandepts, which con­
tain excessiv~ amounts of wat~r in the field; were well accounted, 
for· based on their identifiable constituents. The swelling mech­
anism was found to be responsible for the majority of such water. 
Calculations of water film thickness based on surface area measur­
rilents showed that little particle-particle contact occurs in the . 
soils under field conditions but that appreciable. contact is pre­
sent at the shrinkage limit at which the capillary mechanism be­
comes most dominant. Ionic hydration_ and ~ur£ace ac}.sorption re­
presents only a small fraction of the water retained even at the 
shrinkage limit. 

Dehydration of the soils under controlled conditions of low 
 
relative humidity results in significant changes in the water re­

tention characteristics. However, such changes· were found to be 
physical (structural) rather than mineralogical in nature as evi­
denced by water vapor adsorption and by B.E.T. N2 surface area 
mea9urements. Furthermore,_when sufficient disruptive energy is 
applied to water dispersion.s of the dried soil, it is possible to 
gradually restore the .initial water retention properties. Removal 
of-agents which-enhance c~mentation U:pon drying was shown to _reduce 
the severity of changes in properties as a result of drying. Freeze­
drying was the best alternative studied here for drying Typic Hydran­
depts (to ensure easy· storage and handling for laboratory purposes) 
and also,maintaining a relatively open structure .. However, o~her 
drying methods need to b.e investigated to ensure preservation of 

http:which,.in
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natural structural conditions and thus. easy restoration .of soil pro­
perties upon rehydration. Th.e tendency of structural water to be 
lost from .constituent minerals upon oven drying suggests that this, 
and'other drying methods of water content determination that involve 
heat·, overestimate the quantity of "free" water present in the soil. 
Therefore' drying over PzOs is f.avored for more accurate assessment 
of water content in Typic Hydrandepts . 

. Studies on intact cores established detailed water sorption, 
desorption, 'and hysteresis characteristics of two Arboretum.soils 
in the low suction. range .. The successful use of these characte.r­
istics for describing water movement under saturated and unsaturated 
conditions indicates that the theory of soil-water movement based 
on Darcy's Law and conservation of mass holds well in these soils. 

3. Quality trends for rainfall; throughfall, runoff, and ex­
tracted soil-water samples from the Onivers·ity of Hawaii Lyon 1 s 

.Arboretum were established for the 1974 Calendar year. It was fotihd 
that s·easonal variations occur in pH, electrical conductivity, and 

. nitrate contents of the waters, some of which may be due to rain­
fall fluctuations.· Consistent differences in these properties were 
noted among collected samples which indicated that canopy contribu­
tions to water composition are appreciable .. Of pa~ticular interest 

. was the very high N03 concentration measured in the soil solution 
on a site in a Eucalyptus .grove with ground cover of palm grass, 
reaching as much as 11 ppm in certain samples. Whether Eucalyptus 
or palm grass is responsible for high nitrate levels has not been 
definitely established. It is important to note, however, that 
despite the high content of N03 noted in some soil-water samples, 
the measured levels remain safeXy under those that are permissible 
for human consumption. Runoff waters seldom contained more than 

.1 to 2 ppm of ·-this co.nstituent. 






